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ABSTRACT
This study was conducted to quantify the variation in environmental impacts of strawberry production across Europe to inform 
breeders and fruit producers on practical ways to improve the sustainability of their products. We assessed the environmental im-
pact of different strawberry genotypes and cultivation systems, including open field and protected systems, conducted by seven 
different partners in Europe. The Life Cycle Assessment (LCA) methodology was applied. Fifty-seven strawberry genotypes were 
included in the analysis, covering 19 different field trials. The functional unit (FU) was 1 kg of freshly harvested ripe strawberry 
fruit at the farm gate, produced between 2017 and 2024. The results for the climate change impact category showed an average of 
0.58 kg CO2 eq./FU among all the genotypes analyzed. The highest value was 3.8 kg CO2 eq./FU for a greenhouse system, and the 
lowest was 0.21 kg CO2 eq./FU for a polyethylene-covered tunnel system. The results highlighted the crucial roles of cultivation 
systems, genotype selection, produced yield, and various input and management practices in the environmental performance of 
strawberry production. The work was based on trials connected to the breeding and testing of strawberry genotypes. The results 
thus help breeders to develop high-quality strawberry cultivars designed to meet sustainable production under different climatic 
environments by showing the critical environmental impacts associated with their products. The comparison of the environmen-
tal performance of different strawberry cultivation systems across Europe even provides a benchmark to support fruit producers 
and policymakers in decision-making for shaping sustainable strawberry production in Europe.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
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1   |   Introduction

The agricultural sector accounts for nearly 21% of global 
greenhouse gas emissions, making it a major driver of cli-
mate change (Lamb et  al.  2021). Therefore, given agricul-
ture's close link to the environment and the significant threat 
climate change poses to food security, improving the envi-
ronmental sustainability of agricultural products is crucial. 
In this context, breeding new, more resilient, and resource-
efficient cultivars has become essential to ensuring food 
security and improving sustainable food production while 
preventing economic losses. This is the primary goal of the 
BreedingValue project, funded by the European Commission 
under the Horizon 2020 program (https://​breed​ingva​lue.​eu/​). 
This initiative includes strawberry (Fragaria × ananassa), as 
well as other fruits like raspberry and blueberry (Mezzetti 
et al. 2023, 2018).

The production of strawberries, together with other small 
fruits, represents a significant component of the European 
economy. Strawberry is one of the most popular and culti-
vated crops in the world (Mezzetti et  al.  2018). In 2023, the 
agricultural production value of strawberries was estimated 
to be USD 26.0 billion in the world and almost USD 5.0 bil-
lion in Europe. The European Union contributed 22% to the 
total global production, producing around 1.2 million tons 
of strawberry on 77,860 ha of cultivated area (FAO  2023). 
Strawberry is a high-value fruit widely used in prepared 
foods like beverages, preserves, confectionery, and desserts, 
as well as fresh. The distinctive aroma, bright red color, juicy 
texture, and sweetness, as well as the recognized beneficial 
effects on human health that its regular consumption brings 
(Charoenwoodhipong et  al.  2025; Nemzer et  al.  2020) make 
it popular among consumers. It has a high content of anti-
oxidants and other beneficial compounds such as vitamin 
C, flavonoids (mainly anthocyanins), hydrolysable tannins 
(ellagitannins and gallotannins), and dietary fiber (Afrin 
et  al.  2016; Hotchkiss et  al.  2024; Newerli-Guz et  al.  2023; 
Sarıdaş et  al.  2022), the amount of which depends on the 
genotype, cultivation techniques, postharvest practices, and 
storage conditions (Akhatou and Fernández Recamales 2014; 
Ariza et al. 2021; Lozano et al. 2016; Martínez-Ferri et al. 2016; 
Nemzer et al. 2020).

Strawberry cultivation is highly resource-intensive, requiring 
specialized knowledge and resource-intensive inputs for its 
production, such as water, infrastructure (protected systems), 
fertilizers, and plant protection (Qaderi et al. 2023). The plant 
is highly vulnerable to water stress and other aspects of the 
changing climate, including pests and diseases, which can re-
duce productivity (Husaini and Xu 2016; Lahiri et al. 2022). For 
this reason, strawberry cultivation is often associated with large 
use of pesticides, which can negatively affect human health and 
the environment (Mezzetti et al. 2018; Paula Cecatto et al. 2013).

Sustainable strawberry production can be influenced by culti-
var selection and cultivation system. According to Prohaska 
et  al.  (2024), there is a relevant genotype-dependent response 
to environmental conditions that influence phenotypic traits. 
Therefore, the development of new high-performing strawberry 
genotypes is important to sustainable strawberry production. 

Furthermore, it is important to consider the cultivation system. 
In Europe, this choice for strawberries depends not only on 
the climate but also on the tradition of production. Open field 
cultivation is commonly used in mild-temperature regions of 
Southern Europe, such as Italy and Spain, but also in Nordic 
countries. However, modern methods allow strawberry cultiva-
tion in a wide range of environmental conditions (Akhatou and 
Fernández Recamales 2014). These methods include protected 
cultivation such as polyethylene-covered tunnels with soil beds, 
greenhouses, and soilless systems. The latter offers alternatives 
that can be rather independent of environmental conditions 
(Akhatou and Fernández Recamales  2014). Different cultiva-
tion systems have varying environmental impacts, influenced 
by factors like infrastructure, resource inputs, and management 
practices. These environmental impacts often correlate with dif-
ferences in productivity, input efficiency, and crop quality. As a 
result, conducting a comprehensive assessment of the environ-
mental impacts associated with key parameters, such as cultivar 
selection, use of agrochemicals, infrastructure, growing media, 
and energy use, is essential for identifying the most sustainable 
approaches to strawberry cultivation.

One of the most widely used approaches to evaluate environmen-
tal sustainability is the Life Cycle Assessment (LCA) method. 
This standardized methodology is used to assess the environ-
mental burdens of a product or service throughout its entire life 
cycle, considering all the inputs and outputs (ISO 2006a, 2006b). 
LCA is commonly used to evaluate the environmental perfor-
mance of agricultural products to help improve the production 
system, promote sustainable products, and support decision-
making at different levels of production (Alhashim et al. 2021).

LCA on strawberries has been largely investigated. Several stud-
ies conducted on different strawberry growing systems show 
that agrochemicals like fertilizers, pesticides, and plant protec-
tion compounds, and their related emissions, are key contrib-
utors to the impacts of open-field production systems (Parajuli 
et  al.  2022; Romero-Gámez and Suárez-Rey  2020). Building/
construction materials are the relevant contributors to tunnel 
and soilless systems, while electricity consumption also rep-
resents a critical factor in greenhouse systems due to heating and 
climate control (Ilari et al. 2021; Mousavi et al. 2023). However, 
protected growing systems, in general, offer the advantage of 
reducing the use of pesticides and other plant protection sub-
stances (Ilari et  al.  2021; Khoshnevisan et  al.  2013; Valiante 
et  al.  2019). A review of the scientific literature indicates that 
the carbon footprint of strawberry production falls within a 
wide range of 0.1–10.2 kg CO2 eq./kg of marketable strawberry 
fruit. However, it is important to note that these studies are often 
difficult to compare due to key differences in areas such as the 
type of cultivation system, system boundaries considered, and 
the LCA methodological choices.

Many studies have focused on assessing the environmental 
impact of strawberry cultivation by comparing different pro-
duction systems in a limited number of cases or regions. For 
instance, Soode et al. (2015) compared the carbon footprint of 
various horticultural products, including strawberries, grown 
in Germany under both open-field and greenhouse condi-
tions. Their results indicated that the greenhouse cultivation 
systems had the highest environmental impact. The results 
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revealed that consumers were responsible for a large part of 
the product's impact if shopping trips occurred by private car, 
followed by electricity input for production and fuel for soil 
management. Soode-Schimonsky et al.  (2017) also examined 
different strawberry cultivation systems (organic, conven-
tional, polyethylene-covered tunnel, and greenhouse) located 
in Estonia and Germany. The greenhouse system was the most 
impactful, mainly due to electricity for climate control, fol-
lowed by the organic system, which was attributed to a low 
yield and the use of machinery.

Galafton et al.  (2023) used LCA to compare strawberry plasti-
culture production methods in Germany to open-field produc-
tion. Plasticulture generally reduced environmental burdens 
and increased yield. Mulching with row covers was the best 
plasticulture scenario, while macro tunnels and greenhouses 
were the worst. Plastic emissions varied by plastic type. For ex-
ample, a biodegradable mulch film led to high plastic emissions 
but lower plastic pollution scores due to its degradability, while 
polypropylene mulch film caused the highest plastic pollution. 
The study emphasized the need to integrate plastic pollution 
into LCA. In Spain, Legua et al. (2021) explored innovative sub-
strates for strawberry cultivation. They found that replacing 50% 
of peat with dredged sediment slightly increased the environ-
mental impact. However, this substitution could have a positive 
environmental effect by reducing the use of peat (considered a 
non-renewable resource) and by valorizing the sediment ma-
terial without compromising yields. In Italy, Ilari et  al.  (2021) 
compared the environmental impact of two strawberry cultiva-
tion systems (mulched soil in tunnels vs. soilless cultivation in 
tunnels) and packaging and found very similar global warming 
potential (GWP) for both production methods. These results 
highlight the difficulty in sometimes determining the most sus-
tainable production system, as it depends on the specific envi-
ronmental objective. However, despite similar GWP scores, the 
contribution analysis revealed substantial differences among 
impact categories.

Girgenti et al.  (2014) also conducted an LCA study comparing 
traditional mulching systems and polyethylene packaging with 
bio-based alternatives, biodegradable mulch, and compostable 
basket packaging. The bio-based alternatives showed a 20% re-
duction in non-renewable energy use and greenhouse gas (GHG) 
emissions, eliminated plastic waste, and extended strawberry 
shelf life. Valiante et al. (2019) also investigated the impact as-
sessment from crop-cycle duration and regional variability per-
spectives. They analyzed strawberry production in Northern 
Italy (2 or 3-year open field cycles) and Switzerland (1-year 
tunnel cultivation system). The Swiss system had higher envi-
ronmental impacts than the Italian system across all categories, 
mainly due to soil sterilization. The study suggested switching 
to renewable energy for steam sterilization to improve environ-
mental performance. In Italy, the 2-year production cycle had 
lower impacts than the 3-year cycle because the lower yield in 
the third year did not offset the high environmental costs of crop 
protection.

Genotype × Environment interactions play a fundamental 
role in determining the yield potential of plants (Egea-Gilabert 
et  al.  2021). In this context, the BreedingValue project aimed 
to explore diverse berry germplasm to develop high-quality 

cultivars that support sustainable production across EU 
countries. The project involved 20 partners from eight coun-
tries (European Commission  2021). For the LCA study, se-
lected strawberry genotypes were assessed in 19 field trials by 
BreedingValue partners at various cultivation sites across two 
growing seasons, covering the major climate regions in Europe. 
The selection considered traits including plant yield, fruit qual-
ity parameters (size, color, shape, firmness, and sugar content), 
and resilience to water stress and diseases (Senger et al. 2022). 
Therefore, this study investigated the agronomic performance 
and environmental sustainability of new and existing straw-
berry cultivars across different cultivation systems.

Our study aimed to provide, for the first time, a large-scale assess-
ment of the environmental impact of strawberry by LCA, useful 
to provide a guideline for fruit producers, breeders, and future 
breeding programs for fostering a more sustainable production 
in Europe and in other countries. The strength of this work lies 
in the representativeness of the analysis. The assessment cov-
ers key aspects of cultivation, including location, yield, growing 
system (typically represented by an open field, high tunnel, and 
greenhouse), infrastructure (materials for protected systems and 
irrigation systems), mulching techniques, fertilization practices, 
irrigation systems, electricity usage, substrates, and field opera-
tions. Each European partner tested the most suitable strawberry 
genotypes for their geographical location and climate, ensuring 
an optimized approach to regional growing conditions. While the 
study considers a wide range of variables, it maintains a consistent 
time boundary and functional unit, and is conducted by the same 
LCA practitioners. These factors enhance the representativeness 
and reliability of the study, making it a valuable reference for sus-
tainable and efficient strawberry production in Europe.

2   |   Methodology

2.1   |   Goal and Scope Definition

This LCA was conducted to assess the environmental performance 
of various strawberry cultivation systems in test trials across multi-
ple European countries as part of a breeding program. An attribu-
tional LCA framework was followed, focusing on how strawberry 
production influences environmental impacts rather than eval-
uating the consequences of its consumption. Thus, the decision 
context aligned with Situation A (micro-level decision support) as 
outlined in the ILCD Handbook (Joint Research Centre—Institute 
for Environment and Sustainability 2010). The results will inform 
decision-making at the breeding and farm levels and within the 
strawberry supply chain without necessitating structural changes. 
Given that the overall objective was to establish a baseline sus-
tainability assessment for strawberry cultivation in Europe, to 
guide breeders and producers in enhancing the environmental 
performance of production under various cultivation systems, this 
study identifies the key environmental hotspots associated with 
each system. Special attention is given to the significant influence 
that cultivation system choices have on the overall sustainability 
of strawberry production. The findings are intended for a broad 
audience, including strawberry breeders, producers, processors, 
retailers, agricultural experts, and policymakers, to support the 
development of strategies that reduce the environmental impact of 
the strawberry value chain.
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The scope of the study followed a cradle-to-farm gate ap-
proach and considered all the input and output flows of re-
sources in terms of materials, energy, and emissions (Figure 1). 
Transportation of materials, packaging, distribution, and waste 
management were excluded, as they were considered outside the 
scope of the study. The function of the system was to produce 
ripe strawberry fruit for the fresh market. Therefore, the selected 
functional unit (FU) was defined as 1 kg of freshly harvested ripe 
strawberries at the farm gate, produced between 2017 and 2024. 

No allocation was considered, as the system only produced one 
main product.

The environmental impact of different strawberry production 
systems, including the type of production (open field and pro-
tected—greenhouse, high tunnels) and kind of growing media 
(soil and soilless), was evaluated in different countries. The 
summary of partner profiles and the production system they 
represent is reported in Table 1.

FIGURE 1    |    The system boundaries of the presented LCA case studies of strawberry cultivation systems considered in this study.

Production of inputs

Nursery

Infrastructure

Irrigation

Field operation

Fertilization

Pest and weed
management

Electricity

Crop production Harvested strawberry

Emissions to air, soil, and water

system boundary
Technosphere

Ecosphere

TABLE 1    |    The main characteristics of the strawberry production systems assessed by each partner.

Partner Production system Culture medium
Number of 
genotypes Location Year

1 Open field Open field Soil 5 Italy 2021–2022

2 11 Finland 2017–2019

3a 10 Germany 2022–2024

3b Protected Glass greenhouse Soilless–peat 10 Germany 2022–2024

4 High tunnel Soilless–coir 10 UK 2022

5 Soilless–peat 3 Italy 2022–2023

6 Soilless–peat 
(50%) + coir (50%)

4 Italy 2022–2024

7 Soil 4 Turkey 2022
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2.2   |   System Description and Life Cycle Inventory

Primary data for this study were provided by seven partners 
in the BreedingValue project, who evaluated several differ-
ent strawberry genotypes in test trials (Table  1). These part-
ners, comprised of universities, research institutions, breeding 
companies, and strawberry producers, tested new genotypes 
developed to meet specific regional needs. Testing was con-
ducted under different cultivation systems to determine opti-
mal growing conditions for each genotype within its respective 
geographic context. Information on the cultivation system and 
practices (sequence of field operations, infrastructure, and ag-
ricultural inputs, e.g., plants, fertilizers, plant protection com-
pounds) was obtained from the partners through questionnaires 
(Tables 2 and 3). Secondary data were obtained from databases 
for LCA studies (Ecoinvent version 3.9), or they were estimated 
using data from other partners to supplement missing data, es-
pecially on the infrastructure.

Open field systems involved cultivation on soil beds covered 
with plastic mulch. Depending on specific needs (e.g., pedo-
climatic conditions, varietal characteristics, or selected exper-
imental setups), the systems include variations such as raised 
beds (P2), additional coverings on top of the plastic mulch, 
such as dry straw (P3a). Regarding high tunnels, protection 
is ensured by installing arched metal structures, forming 
a frame over which a plastic film is secured. The type and 
thickness of the plastic covering vary across partners based 
on agronomic and technical choices specific to each context. 
All partners used unheated tunnels with fixed walls. For the 
same tunnel infrastructure type, some partners cultivated di-
rectly in the soil, while others used substrate. In the case of the 
greenhouse, the structure consists of a metal frame and glass 
walls. Plants are grown in pots placed on elevated alumin-
ium scaffolding (seedling tables), to which the heating system 
pipes are attached. The floor is covered with a plastic film. 
The irrigation setup was consistent across both open field and 
protected cultivation systems, and similar among partners. In 
general, all systems are based on drip irrigation, characterized 
by a main tubular line running along the crop rows (larger 
diameter), branching into secondary lines (smaller diameter) 
equipped with either bronze nozzles (P3a) or direct emitter 
outlets in the main plastic pipes (trickle irrigation) (all other 
partners). The type of plastic used varied according to the ex-
perimental conditions and application context. Water was dis-
tributed via dedicated pumps.

Data were provided in aggregated form. Most partners di-
rectly reported quantities per material type, while some pro-
vided aggregated primary data on infrastructure from which 
specific quantities were calculated. For all infrastructures, 
the indicated lifespans reflected either values communicated 
by the suppliers or estimates provided by the partners based 
on prior experimental trials conducted with the same kind of 
materials. Where primary data were missing, they were sup-
plemented using either qualitative or quantitative (average) 
primary data from other partners applying the same variable. 
However, for the glass greenhouse (P3b), the external metal 
structures for supporting the glass walls were not included 
due to the unavailability of representative data. The data col-
lection form, standardized across all partners, was designed to 

remove redundant entries for certain elements (e.g., fertilizers 
→ total N content and commercial product names, including 
N concentration). This approach enabled partners to complete 
the form in line with the available level of qualitative and 
quantitative detail. Emissions from fertilizers (nitrogen and 
phosphorus compounds) were calculated following the rules 
presented in the PCR for arable and vegetable crops (Product 
Category Rules (PCR)  2020). Emissions due to the applica-
tion of pesticides and herbicides were calculated based on the 
dispersion rate of active ingredients within the environment: 
85% to soil, 10% to air, and 5% to water (Margni et al. 2002). 
Background data regarding the production of the different 
production factors used (fertilizers, plants, pesticides, energy, 
agricultural equipment, infrastructure) were obtained from 
the Ecoinvent database version 3.9 (allocation, cut off by clas-
sification) (Wernet et al. 2016).

2.3   |   Life Cycle Impact Assessment

The characterization of inventory data for potential environ-
mental impacts was carried out using the characterization 
factors provided by the Environmental Footprint (EF) 3.1 
midpoint life cycle impact assessment (LCIA) method (Fazio 
et al. 2018). We evaluated the impacts of strawberry cultiva-
tion expressed per the functional unit. The impact categories 
were climate change (CC) estimated over a 100-year horizon, 
ozone depletion (OD), ionising radiation (IR), photochemical 
ozone formation (PCOF), particulate matter (PM), acidifica-
tion (A), eutrophication freshwater (EF), eutrophication ma-
rine (EM), eutrophication terrestrial (ET), human toxicity, 
non-carcinogenic (HTNC), human toxicity, cancer (HTC), 
ecotoxicity freshwater (ETF), land use (LU), water use (WU), 
resource use, fossils (RUF), and resource use, minerals and 
metals (RUMM). We conducted this study using the SimaPro 
software version 9.5.

2.4   |   Interpretation

The range of absolute midpoint characterization results for the 
cultivated strawberry genotypes from the various case stud-
ies, per the selected functional unit, is presented in this study. 
Results are reported for multiple impact categories, focusing on 
climate change due to its global significance. A detailed analysis 
of the key processes and substances (hotspot analysis) is pro-
vided to contextualize and interpret these findings.

3   |   Results

The first part of the results presents the absolute midpoint 
characterization scores, expressed per the functional unit 
(1 kg of strawberries). The environmental performance of 
the strawberry genotypes in different cultivation systems is 
shown using scatter plots, with each point representing the in-
dividual score of a genotype (Figure 2). A horizontal line indi-
cating the overall mean was added to serve as a benchmark for 
comparison. The graphs show the variation in scores across 
the genotypes and cultivation systems, highlighting those 
that perform above or below the population average. This 
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visualization allows for the identification of genotypes with 
particularly high or low performance, as well as the general 
distribution trend of the dataset. Additionally, the results are 
presented on a partner-specific basis using box-and-whisker 
plots (Figure 3). These plots also show both the mean values 
and potential outliers. For brevity, only four of the 16 assessed 
impact categories are presented, namely climate change, land 
use, resource use (minerals and metals), and water use. The 
complete results are available in the Supporting Information. 
The second part of the section focuses on the hotspot analysis 
for each partner. This analysis identifies the primary activity 
data contributing to the environmental impacts within each 
cultivation system.

3.1   |   Absolute Midpoint Environmental Results

Figure 2a–d shows the variability in the selected midpoint im-
pact scores for strawberry cultivation among European partners 
(per kg of harvested and marketable strawberries). Although 
some individual data points showed notable differences, the 
overall trend revealed that most results were comparable. The 
average impact scores were calculated as an indication of the 
baseline results for a comparative basis and possible improve-
ment. The remaining results are reported in the Supporting 
Information.

3.1.1   |   Climate Change (CC)

The average climate change (CC) score of the assessed straw-
berry genotypes was 0.58 kg CO2 eq./FU (Figure 2a). However, 
greenhouse-grown strawberries had substantially higher CC 
scores (1.49–3.8 kg CO2 eq./FU). Some tunnel-soilless gen-
otypes also had recorded CC values slightly exceeding the 
overall average. Inter-partner comparisons (Figure  3a) re-
vealed a wide range of CC scores, spanning from 0.2 to 3.8 kg 
CO2 eq./FU, highlighting the influence of specific produc-
tion practices. Specifically, open field (P1, P2, and P3a) and 
tunnel-cultivated (P4, P5, P6, and P7) strawberries generally 
presented CC scores within the range of 0.2 to 1.0 kg CO2 eq./
FU, with mean scores below 0.5 kg CO2 eq./FU, except for P4 
and P5. Despite these variations, the data did not demonstrate 
substantial differences in CC impacts between open field and 
tunnel-grown strawberry production.

3.1.2   |   Land Use (LU)

The average land use score was 14.4 Pt/FU. Like CC impact, 
greenhouse-cultivated strawberries recorded the highest LU 
scores. Some open field and tunnel-soilless systems also exceeded 
the average, while all tunnel-soil systems were below it (Figure 2b). 
P3b (greenhouse) showed the greatest impact (approximately 
40–110 Pt/FU), indicating a greater LU impact compared to other 
partners (Figure 3b). In contrast, P1 and P2 (open field), P6 (tunnel-
soilless), and P7 (tunnel-soil) had scores below average. P3a (open 
field) and P4 and P5 (tunnel-soilless) had average scores slightly 
above the overall average (15–22 Pt/FU). These findings suggest 
that greenhouse cultivation could be more land-intensive than 
other production systems, due to infrastructure and management Pa
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practices when productivity is low. The comparable LU impact be-
tween tunnel and open field systems suggests that the increased 
land use associated with infrastructure in tunnel systems may 
be offset by the potential for more efficient land management or 
higher yields per unit area compared to open field systems.

3.1.3   |   Resource Use, Minerals and Metals (RUMM)

Tunnel-soilless cultivated strawberry had the highest impact 
scores for RUMM, more than twice the average value of 3.9 

× 10−6 kg Sb eq./FU (Figure  2c). All the cultivation systems 
had some scores above the mean, with the greenhouse straw-
berry having almost all its scores above the mean value. 
Concerning the performance of the partners (Figure  3c), P4 
had the highest value compared to all other partners, with an 
average of 9.5 × 10−6 kg Sb eq./FU and a range extending be-
tween 7.0 and 12 × 10−6 kg Sb eq./FU. In contrast, the other 
partners had values ranging between 2.0 and 6 × 10−6 kg Sb 
eq./FU, with a mean around 4.0 × 10−6 kg Sb eq./FU except 
for P3b, which had a slightly higher mean of 5.0 × 10−6 kg Sb 
eq./FU.

TABLE 3    |    Life cycle inventory: Infrastructure and other auxiliary equipment materials used in the different cultivation systems, expressed per 
hectare.

Partner Material Use Unit Value Lifespan (years)

P1 Low density polyethylene Irrigation system kg 92.21 3

Polypropylene Mulching kg 170.77 3

P2 High density polyethylene Irrigation system kg 353 3.25

Low density polyethylene Mulching kg 295 3.25

P3a Bronze Irrigation system kg 0.09 10

High density polyethylene Irrigation system kg 10.51 10

Polypropylene Mulching kg 3.07 6

Straw Mulching t 20 1

P3b High density polyethylene Irrigation system kg 113 10

Polypropylene Irrigation system kg 105 6

Polypropylene Pot kg 713 4

Polypropylene Floor covering kg 175 6

Greenhouse, glass walls, and roof Greenhouse m2a 814 25

Aluminium Greenhouse structure kg 647 25

P4 High density polyethylene Irrigation system kg 881 3

Chromium steel pipe Tunnel kg 7252 30

Low density polyethylene Tunnel kg 21253 3

P5 Low density polyethylene Irrigation system kg 332 10

Chromium steel pipe Tunnel kg 828 30

Low density polyethylene Tunnel–cover kg 2125 3

P6 High density polyethylene Irrigation system kg 29 3

Low density polyethylene Growing bag kg 170 3

Chromium steel pipe Tunnel kg 763 30

High density polyethylene Tunnel–anti-hail net kg 54 10

P7 High density polyethylene Irrigation system kg 122.5 3

Polypropylene Mulching kg 213.5 1

Chromium steel pipe Tunnel kg 583.30 30

Ethyl vinyl acetate, foil Tunnel kg 7.68 3

Note: Cultivation systems: P1 (Open field, Italy), P2 (Open field, Finland), P3a (Open field, Germany), P3b (Greenhouse, Germany), P4 (High tunnel, UK), P5-P6 (High 
tunnel, Italy), P7 (High tunnel, Turkey). Data sources: 1 (Avg. P6-P7), 2 (Avg. P5-P7), 3 (P5).
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9 of 15Food and Energy Security, 2025

3.1.4   |   Water Use (WU)

For water use, the average value for different genotypes across 
various field trials conducted by multiple partners was 2.9 m3 
depriv./FU. Strawberries cultivated in open field systems ex-
hibited both the highest and lowest WU values (Figure 2d). All 
other cultivation systems reported some values above and below 
the average. Regarding the individual partners (Figure 3d), the 
highest WU potential was observed for P1 (open field), with a 
mean over 10 m3 depriv./FU and a range exceeding 12 m3 de-
priv./FU. P4 and P5 showed moderate WU, with P5 slightly 
higher (mean around 4.6 m3 depriv./FU). P3b and P7 had 
comparable and lower WU, clustered around 3 m3 depriv./FU. 
However, P2 (open field) had the lowest WU potential, clustered 
around 0.82 m3 depriv./FU.

3.2   |   Relative Contribution Analysis

Figure 4a–h presents the contribution analysis for the various 
strawberry cultivation systems evaluated for each partner. For 
each environmental impact category, the relative contribution 
of different inputs and outputs was identified. The figures high-
light key activity data, including materials, energy use, emis-
sions, and associated processes.

3.2.1   |   Open Field

Figure  4a–c shows the contribution analysis of the different 
open-field strawberry cultivation systems assessed across the 
three partners (P1, P2, and P3a). The results revealed that the 
relative contributions of activity data varied across environmen-
tal impact categories and partners. For P1, fertilizer use and as-
sociated emissions from agrochemical applications were among 
the most significant contributors to environmental impacts. 
Fertilizer use accounted for over 30% of the total impacts across 
all assessed categories, except LU, EFT, MEU, FEU, and WU. 
Emissions related to agrochemicals were particularly dominant 
in ETF, MEU, FEU, and TEU, in which they contributed to more 
than 50% of the total impacts in each category. In the CC cate-
gory, the main contributors were identified as plants (35%), fer-
tilizer use (32%), and agrochemical emissions (18%). Similarly, 
in the case of P2, fertilizer use and associated emissions were 
the dominant contributors across most impact categories, ac-
counting for over 30% of the total impact. Agrochemical emis-
sions contributed significantly to the ETF (96%), MEU (82%), 
FEU (54%), and HTNC (95%). In both P1 and P2, plants also 
made contributions to LU. Regarding P3a, the primary envi-
ronmental hotspot across several categories was the mulching 
material (straw), which contributed to over 50% of the total 
impact of A, PM, MEU, TEU, HTC, HTNC, and PCOF. Other 

FIGURE 2    |    (a–d). Midpoint impact characterization results for the strawberry cultivation systems with different genotypes (on the x-axis) across 
various field trials conducted by multiple partners. Dotted lines refer to the average score. (a) climate change, (b) land use, (c) resource use (minerals 
and metals), (d) water use.
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key contributors included plants for WU (90%), LU (68%), CC 
(35%), and RUF (41%); fertilizers for ETF (68%), IR (53%), and 
RUMM (55%); emissions for FEU (65%); and plant protection for 
OD (33%).

3.2.2   |   Greenhouse

Regarding the glass greenhouse system of P3b, various activity 
data contributed to the overall environmental impacts, with 
the most significant being the greenhouse infrastructure, peat, 
fertilizers, and agrochemical emissions (Figure 3d). The green-
house infrastructure, comprising glass walls and roofing, alu-
minum support poles, and polypropylene floor coverings, was 
a major contributor, accounting for over 40% of the impacts 

in categories such as A, PM, HTC, HTNC, IR, PCOF RUMM, 
and WU. Peat also had a big share of several categories, with 
its highest contributions recorded in CC (65%), LU (84%), and 
RUF (60%). Other major contributions were made by fertilizer 
use in ETF (41%); agrochemical emissions in MEU (63%); plant 
protection compound use in OD (33%); and plants in WU (22%).

3.2.3   |   Tunnel—Soilless

For soilless tunnel strawberry cultivation systems (Figure 3e–f), 
the primary environmental hotspots across most impact catego-
ries were identified as tunnel infrastructure, fertilizers, soilless 
growing media (coir and peat), and agrochemical emissions. The 
degree to which these components contributed varied between 

FIGURE 3    |    (a–d). The midpoint impact characterization results of the strawberry cultivation systems by partners with different production sys-
tems. P1 (Open field, Italy), P2 (Open field, Finland), P3a (Open field, Germany), P3b (Greenhouse, Germany), P4 (High tunnel—soilless, UK), P5 
(High tunnel—soilless, Italy), P6 (High tunnel—soilless, Italy), P7 (High tunnel—soil, Turkey). (a) Climate change, (b) Land use, (c) Resource use 
(minerals and metals), (d) Water use.
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partners, P4, P5, and P6. For example, in the CC category, the 
tunnel infrastructure and soilless medium contributed 56% and 
10% to P4, 32% and 45% to P5, and 23% and 22% to P6, respec-
tively. Coir was a major contributor to LU for all three partners. 
However, electricity was relevant in P6, contributing substan-
tially to several categories like HTNC, IR, PCOF, OD, RUF, and 
RUMM. Other minor contributions included plant protection 
product use in the OD category for P5 and P6, as well as plants, 
which impacted both LU and WU.

3.2.4   |   Tunnel—Soil

Figure  4h illustrates the relative contribution analysis for the 
tunnel-based soil strawberry cultivation system for P7. The key 
contributing activities were tunnel infrastructure, emissions, 
fertilizer use, and electricity consumption. Tunnel infrastruc-
ture was a major contributor to CC, PM, FEU, HTC, HTNC, IR, 
and PCOF. Agrochemical emissions were a dominant contrib-
utor, particularly in A (32%), ETF (55%), MEU (76%), and TEU 
(53%). Fertilizers also significantly impacted several categories, 
including ETF, PM, and RUMM. Electricity had a share of 26% 

in FEU. Plants (seedlings) also contributed to impact categories 
like LU, WU, CC, and RUF. Plant protection contributed mainly 
to OD, with a share of 58%. Irrigation water was also a major 
contributor in the WU category.

4   |   Discussion

The environmental sustainability of strawberry cultivation is 
evidently influenced by a range of interrelated factors, par-
ticularly yield, type of cultivation system, selected cultivar, 
and seasonal variability. Based on our results, the genotypes 
grown in the glass greenhouse system (P3b) showed the low-
est relative yields among all systems. Consequently, this sys-
tem had the worst environmental performance across several 
impact categories, including CC. However, it is important to 
emphasize that the glass greenhouse used in the study was 
not exclusively dedicated to strawberry production. It also 
supported the cultivation of high-value ornamental plants, 
bringing about the need for a more specific allocation pro-
cedure. As such, the system and the plant material may not 
be fully optimized for strawberry cultivation, which largely 

FIGURE 4    |    The relative contribution analysis of the strawberry cultivation systems. (a) P1 (Open field, Italy), (b) P2 (Open field, Finland), (c) 
P3a (Open field, Germany), (d) P3b (Greenhouse, Germany), (e) P4 (High tunnel—soilless, UK), (f) P5 (High tunnel—soilless, Italy), (g) P6 (High 
tunnel—soilless, Italy), (h) P7 (High tunnel—soil, Turkey). A = acidification, CC = climate change, ETF = ecotoxicity freshwater, PM = particulate 
matter, MEU = eutrophication, marine, FEU = eutrophication, freshwater, TEU = eutrophication, terrestrial, HT = human toxicity (_c = carcinogen-
ic, _nc = non-carcinogenic), IR = ionising radiation, LU = land use, OD = ozone depletion, POCF = photochemical ozone formation, RUF = resource 
depletion, fossils, RUMM = resource depletion, minerals and metals, WU = water use.
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explains the relatively low productivity and associated inef-
ficiencies. In contrast, the highest yield was recorded in the 
tunnel-soilless system (P5). Despite this high productivity, P5 
had the best performance only in the MEU impact category. 
This suggests that higher yields do not necessarily translate 
to better overall environmental sustainability, as other con-
tributing factors, such as infrastructure, growing medium in-
puts, and agrochemical requirements, play a significant role 
in shaping environmental outcomes.

Although open field strawberry cultivation generally had lower 
yields, it had lower environmental impacts than the protected 
systems, except for strawberries cultivated in greenhouses. Open 
field cultivation is more vulnerable to climatic variability com-
pared to protected systems, often resulting in greater year-to-year 
fluctuations in yield. This reflects a trade-off between the envi-
ronmental burden of infrastructure in protected systems and the 
yield benefits they may provide. The field trials conducted by P1, 
P2, and P3a revealed different environmental hotspots within 
the open field cultivation systems. For P1 and P2, the primary 
contributors to environmental impact were fertilizers and their 
associated emissions in most impact categories. In contrast, for 
P3a, the main hotspot was the use of straw as a mulching mate-
rial, which dominated across several impact categories.

These findings indicate that case-specific strategies are nec-
essary to enhance the sustainability of open field strawberry 

cultivation. Regarding fertilizer use, if optimal production is 
achieved, there may be limited room for further reduction with-
out compromising yield. However, mitigation strategies could 
focus on the mulching material. Mulching with straw, com-
monly applied at around 20 t/ha to achieve a coverage thickness 
of approximately 5 cm, serves multiple agronomic functions like 
protecting plants from frost injury, suppressing weed growth, 
retaining soil moisture, and preventing erosion (El-Beltagi 
et al. 2022; Iqbal et al. 2020). While effective, its environmental 
impact can be considerable. A potential strategy would be to op-
timize the application rate, identifying the minimum quantity 
required to achieve desired agronomic benefits through field 
trials. Additionally, exploring alternative mulching materials 
with lower environmental impacts, such as residual wood chips, 
shredded leaves, or grass clippings, may offer a more sustainable 
solution (El-Beltagi et al. 2022).

For protected cultivation systems, tunnel-based systems 
yielded significantly higher productivity, although the asso-
ciated infrastructure made substantial contributions to the 
environmental impacts. The tunnel infrastructure included 
metal rods, trellis systems, plastic covers, and, in some cases, 
anti-hail nets. The lifespan of the materials plays a critical 
role in determining the sustainability of strawberry produc-
tion under these systems. For instance, in the case of P6, using 
an anti-hail net with a 10-year lifespan contributed to better 
environmental performance when compared to other tunnels, 

FIGURE 4    |     (Continued)
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in which the plastic covers had a lifespan of only 3 years. This 
highlights the importance of not only selecting durable mate-
rials but also accurately quantifying their weight and estimat-
ing their service life, which is often overlooked by breeders 
and producers who tend to prioritize data collection on yield 
and agrochemical use. To improve sustainability, it is import-
ant to consider the entire life cycle of infrastructure materials. 
Regular maintenance can extend the lifespan of materials by 
reducing the frequency of replacement and the associated en-
vironmental burden. Moreover, the development of innovative 
tunnel systems using more sustainable materials, such as bio-
plastics, could lead to impact reduction (Mohanty et al. 2002). 
However, it is crucial that these alternatives are functionally 
equivalent to conventional materials and do not compromise 
strawberry yield or fruit quality.

The choice and quantity of growing medium, specifically peat 
and coir, influenced the environmental impacts of soilless straw-
berry cultivation systems, contributing to the relatively higher 
impact scores for P3b, P4, P5, and P6. While P3b and P5 used 
peat, P4 used coir, and P6 used a 50:50 mix of both substrates. 
The environmental performance was strongly affected by the 
type and amount of substrate used, which may also influence 
the yield. For instance, P6 used over three times the amount of 
coir per ha compared to P4. However, due to P6's higher yield, 
the environmental difference was offset. In contrast, although 
P3b used more than three times the amount of peat compared to 
P5, its yield was significantly lower, increasing its environmen-
tal burden. Considering the greater environmental impact of 
peat (carbon release during extraction and habitat destruction) 
compared to coir (a renewable byproduct of coconut processing) 
(Gruda 2019; Machado et al. 2021), replacing peat with coir and 
optimizing the amount of growing medium used (while main-
taining functionality, fruit yield, and quality) could present a 
viable strategy for improving the sustainability of soilless straw-
berry production systems.

In this study, the sustainability assessment was conducted using 
a mass-based functional unit, because producers tradition-
ally prioritize yield as a key indicator of performance. While 
this approach is practical and aligns with commercial produc-
tion goals, it does not fully capture the broader aspects of fruit 
quality, which are increasingly important to consumers and 
the market. Strawberry quality encompasses attributes such as 
sensory properties (e.g., flavor, texture, appearance) and nutri-
tional characteristics (e.g., antioxidant content, vitamin levels), 
both of which can vary significantly across different cultivation 
systems and farm management practices. Factors like irrigation 
techniques, fertilization regimes, and growing environments 
can influence these quality parameters (Ariza et  al.  2021; 
Roussos et al. 2022; Xu et al. 2025). Therefore, there is a need 
to adopt a more holistic functional unit that integrates both 
quantity and quality dimensions. A possible solution could be 
to develop a strawberry quality index, which would aggregate 
key sensory and nutritional metrics into a standardized frame-
work. Integrating such an index, coupling both the quality and 
quantity of yield, into sustainability assessments would allow 
for a more comprehensive evaluation of the performance of dif-
ferent strawberry genotypes. This would enable the selection of 
cultivars that offer optimal fruit quality alongside superior en-
vironmental performance (Boakye-Yiadom et al. 2025). Future 

research efforts should aim to characterize these quality param-
eters systematically and explore how they correlate with envi-
ronmental impacts. This would enhance the ability of breeders, 
producers, and policymakers to make more informed decisions 
that balance productivity, quality, and sustainability objectives 
in strawberry production systems.

5   |   Conclusions

This study provides a comprehensive baseline assessment of the 
environmental sustainability of strawberry cultivation under 
different systems in Europe using the EF 3.1 method. By eval-
uating new genotypes across different cultivation systems and 
management practices, the study provides valuable insights not 
only for fruit producers but also for breeders. This information 
enables them to prioritize genotypes that balance high pro-
ductivity with a reduced environmental impact in strawberry 
cultivation.

In addition to genotype selection, the results also support the 
development of environmental benchmarks for strawberry pro-
duction in Europe. These benchmarks can serve as reference 
points for fruit producers and policymakers seeking to ensure 
sustainable production. For instance, in terms of climate change, 
the global average impact was 0.58 kg CO2 eq./kg strawberry. 
Such values offer a clear indication of what is typical across 
diverse systems and can be used to assess whether specific op-
erations are performing above or below expected sustainability 
thresholds.

Results from the study demonstrate that the environmental per-
formance of strawberry production is highly influenced by the 
type of cultivation system, yield levels, infrastructure inputs, 
and farm management practices. Open-field systems generally 
had lower environmental impacts, although they were charac-
terized by greater yield variability and sensitivity to climatic 
conditions. Tunnel-soilless systems, while achieving higher 
productivity, showed variable impacts depending on substrate 
type and infrastructure lifespan. The glass greenhouse system 
gave rise to the highest environmental burdens, largely due to 
infrastructure and low yield efficiency, though it is important 
to note that the facility was not solely dedicated to strawberry 
production.

The findings from the study emphasize the complex trade-offs 
between productivity and environmental impact, highlighting 
the need for a holistic approach to evaluating the sustainability 
of strawberry production systems. Hotspot analyses identified 
fertilizers, agrochemical emissions, substrates, and infrastruc-
ture materials as major contributors, with differences in the 
partner-level results reflecting both technical and operational 
variability. These insights underline the importance of site-
specific strategies to mitigate impacts, such as optimizing fer-
tilizer regimes, extending infrastructure lifespan, and selecting 
lower impact growing media. Additionally, exploring the po-
tential of alternative substrates and biodegradable materials, 
along with innovative low-impact cultivation technologies, may 
further support the transition toward more sustainable straw-
berry production systems in Europe. By establishing both en-
vironmental performance-based benchmarks and identifying 
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low-impact plant breeding materials, this study provides ac-
tionable guidance for advancing more resilient and sustainable 
strawberry production systems across Europe.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: (a–l). Midpoint impact 
characterization results for the strawberry cultivation systems, pre-
sented for different cultivars across various field trials conducted by 
multiple partners. Dotted lines refer to the average score. Figure S2: 
(a–l) shows the variability in some selected midpoint impact scores for 
strawberry cultivation among European partners (per kg of harvested 
and marketable strawberries). The results are presented using box-and-
whisker plots, which highlight the distribution of the data, the degree of 
variability, and the presence of potential outliers. Figure S2: (a–l). The 
midpoint impact characterization results of the strawberry cultivation 
systems. (a) P1 (Open field, Italy), (b) P2 (Open field, Finland), (c) P3a 
(Open field, Germany), (d) P3b (Greenhouse, Germany), (e) P4 (High 
tunnel—soilless, UK), (f) P5 (High tunnel—soilless, Italy), (g) P6 (High 
tunnel—soilless, Italy), (h) P7 (High tunnel—soil, Turkey). 
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