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Abstract

Purpose Using plastic for strawberry cultivation (so-called plasticulture) is widespread to extend cultivation, reduce weed
stress and water and nutrient demand, and protect plants. We assess the environmental impacts of different plasticulture
methods, including possible impacts caused by the (accidental) emission of plastics. The goals are to help farmers determine
the most environmentally friendly cultivation technique and to test the inclusion of plastic pollution in life cycle assessment
(LCA).

Methods An LCA is conducted for a baseline scenario without plasticulture and 11 plasticulture scenarios. The scenarios
are modeled using the regionalized ecoinvent 3.8 cut-off database. The functional unit is 1 kg of strawberries of marketable
quality at the farm gate produced in the year 2021. The amounts of fertilizer, irrigation, and strawberry output of the scenarios
are adapted depending on the plasticulture method based on an extensive literature review. The environmental impacts are
assessed using the life cycle impact assessment methods of the Product Environmental Footprint (PEF) recommended by the
Joint Research Centre of the European Commission, which is extended to account for plastic-related impacts. The impacts
are normalized, weighted, and aggregated, resulting in one single impact score per scenario.

Results and discussion The scenarios using either a combination of conventional mulch film and row cover or biodegrad-
able mulch film have the lowest total impacts; a macro tunnel or greenhouse causes the highest impacts. There seems to be
no trade-off between maximizing productivity and lowering environmental impacts: the scenario with the highest yield also
has one of the lowest overall impacts. Only direct emissions are considered regarding plastic pollution. Besides, the plastic
pollution impact category is currently limited to the persistence of plastic in the environment and is extendable to but is not
yet accounting for exposure and effect of plastic emission on humans and ecosystems.

Conclusion Plasticulture can increase the yield and reduce environmental impacts for strawberry cultivation compared to
open field cultivation. With the used normalization and weighting factors, plastic pollution makes up a considerable share
of the overall environmental impact of strawberry cultivation, supporting the recent efforts of different research groups to
include plastic emissions in LCA by developing suitable characterization factors.
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1 Background and aim

Although politicians, the industry, and consumers agree that
plastic should not be released into the environment (Nielsen
et al. 2020), plastic pieces can be found in nearly all eco-
systems worldwide (Li et al. 2020), including remote areas
(Li et al. 2016; Bergmann et al. 2019). The call to action
“Our Ocean, Our Future” at the conference organized by the
United Nations (2017) calls on all stakeholders to conserve
and sustainably use the oceans, seas, and marine resources.
Alarmingly, current studies increasingly indicate that plastic
in the environment can threaten biodiversity and ecosystem
services, such as food production (Steinmetz et al. 2016;
Horton et al. 2017; Wong et al. 2020).

Commercial agriculture often relies on plastic usage
(so-called plasticulture) to extend cultivation periods and
adjust the harvest time within the year to meet market
demands with local production, improving the division of
labor year-round and increasing earnings (Lieten 2005).
Plasticulture is assumed to affect fruit quality and pro-
ductivity positively (Galati et al. 2020) while reducing the
demand for water and nutrients (Kasirajan and Ngouajio
2012), thus making agricultural production possible in
areas with otherwise unfavorable conditions (e.g., water
stress) (Kader et al. 2017; Gao et al. 2019). Usually, most
plastic is recollected from the environment after serving
its purpose and disposed of in the local waste manage-
ment system. Different end-of-life treatment options for
agroplastics can be found, e.g., in Galati and Scalenghe
(2021). However, the used plastic (e.g., mulch film) may
rip during recollection and pieces remain on the soil.
Besides, erosion of plastic products during their use may
lead to emission of plastic particles into the environment
(Bertling et al. 2018; Kalberer et al. 2019). If not ade-
quately removed and recycled, agroplastics are left on the
field or burnt outside of proper treatment plants, releasing
harmful substances into the air (Briassoulis 2006; Kader
et al. 2017).

One commonly used methodology to determine and
compare the environmental impacts of processes and prod-
ucts, such as agroplastics, is life cycle assessment (LCA)
(ISO 14040:2006 2009; ISO 14044:2006 2006). The LCA
research community largely agrees that the method needs
further development to consider plastic emission-related
environmental impacts (Sonnemann and Valdivia 2017).
To characterize these impacts, (at least) four aspects need
to be considered (Woods et al. 2021; Maga et al. 2022): (i)
emitted plastic masses, (ii) the fate of the plastic emission
in the environment, (iii) exposure pathways and probabili-
ties of organisms to the emission, and (iv) the effects of
such exposure on the well-being of the organism, popula-
tion, and ecosystem.
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While the environmental impacts of different end-of-life
treatment options can be modeled using existing databases
(e.g., openLCA, Gabi) and impact assessment methods (e.g.,
product environmental footprint (PEF), ReCiPe, Impact-
World +), the impacts of plastic pieces emitted during the
usage in plasticulture have not yet been fully understood
and incorporated into impact assessment methods. Several
attempts have been made to include plastic emission-related
environmental impacts in LCA. For example, Civancik-
Uslu et al. (2019) proposed a littering indicator to quantify
emitted plastic masses and Siegfried et al. (2017) and Unice
et al. (2019) mapped out textile fiber and tire wear pathways
into the environment. More comprehensively, the members
of the “Plastic Leak Project” generated life cycle inventory
(LCI) data for plastic litter emissions into the environmental
compartments marine water, freshwater, and terrestrial for a
variety of processes such as tire use, textile manufacturing
and use, and packaging production (Peano et al. 2020). When
considering plastic emissions in LCI data, Maga et al. (2021)
highlighted the relevance of correctly assessing the initial
release to allow for accurate impact assessment. Regarding
the fate of plastic emissions, Maga et al. (2022) suggest using
fate factors based on the emissions’ persistence in the envi-
ronment to develop characterization factors (CFs) linked to
existing or new impact categories such as ecotoxicity. Regard-
ing the effect factor, Woods et al. (2019) suggest a method to
assess the risk of entanglement of organisms in marine plastic
debris and its impact on marine biodiversity. Likewise, Saling
et al. (2020) and Lavoie et al. (2021) propose dose-dependent
toxicity—based effect factors. However, the link between toxi-
cological consequences on individual organisms and an entire
species’ population viability and assemblage remains unclear
(Browne et al. 2015). While Corella Puertas et al. (2022)
developed CFs based on persistence-based fate factors com-
bined with the effect factors of Lavoie et al. (2021), the appli-
cability of these marine and freshwater-focused approaches
to terrestrial impacts must still be verified and other threats
posed by plastic emissions, e.g., the transport of pollutants or
invasive species, incorporated. A comprehensive LCIA mod-
eling framework for marine plastic litter impacts has been
developed by Woods et al. (2021), which may be extended
regarding impacts also on terrestrial environments. However,
no framework currently exists to assess the terrestrial impacts
of plastic emissions in LCA comprehensively.

As the first case study applying the persistence-based
fate factor suggested by Maga et al. (2022), this study
assesses the impacts of cultivating strawberries with the
help of different plasticulture methods based on an exten-
sive literature research. The usage of plastic for straw-
berry cultivation (so-called plasticulture) is widespread
in Germany (Society for plastics in agriculture 2019) for
the following purposes:
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i. Extension or advancing of the cultivation period and
protection against frosts (non-woven fabrics, flat or
perforated film applied on 5965 of a total of 11,500 ha
used for strawberry cultivation in Germany (51.9%))

ii. Weed management (conventional, embossed, and bio-
degradable mulch film applied on 3627 ha (31.5%))

iii. Protection systems (tunnels, greenhouses, roofs,
nets, and a combination thereof applied on 1314.5 ha
(11.4%))

There are areas where strawberry is cultivated without
plasticulture (open field production), while a combination
of more than one plasticulture method may be used in other
areas. Besides the plasticulture methods, there are several
further possible entry pathways of plastic into soil during
strawberry cultivation, e.g., as impurities in compost (Blédsing
and Amelung 2018; Weithmann et al. 2018; Bertling et al.
2021) or via soil enhancements, planting containers, trays,
grow bags, swellable plugs, packaging used during nursery
(Bertling et al. 2021), or irrigation pipes (Bertling et al. 2018;
Blasing and Amelung 2018). However, these practices do not
represent stand-alone cultivation methods.

The primary goal of this study is to determine the dif-
ferences regarding the environmental impacts of different
strawberry cultivation practices in Germany, which can help
farmers decide on the most suitable cultivation technique.
Secondly, the study contributes to developing the LCA meth-
odology to include possible environmental impacts caused
by plastic emissions by testing the approach suggested by
Maga et al. (2022) and applying it to a real-life example. The
result can serve as a practical basis for scientific discussion
regarding incorporating plastic emissions into LCA.

2 Materials and methods
2.1 Goal and scope definition

An LCA is conducted for Germany’s most typical strawberry
cultivation plasticulture scenarios, employing a cradle-to-
farm-gate approach. The impacts of the plasticulture sce-
narios are compared to each other and to a “no treatment”
scenario (NT), which serves as a baseline and represents
strawberry cultivation in the open field without plasticulture.
The compared scenarios are: base scenario without treatment
[NT]; mulching with a film made of conventional polymers
(50-um-thick polyethylene (PE) film) [T1], embossed film
(105-um-thick polypropylene (PP) film) [T2], and biode-
gradable film (20-um-thick polyester-complexed starch
biopolymer film) [T3]; row covering alone (200-um-thick
spun-bonded PP film) [T4] and in combination with conven-
tional mulch film [T5]; soil solarization alone (100-um-thick
PE film) [T6] and with the film left on the ground after

solarization for mulching (50-um-thick PE film) [T7]; low
tunnel alone (200 um thick low-density PE (LDPE) film
over steel arches) [T8] and in combination with conven-
tional mulch film [T9]; macro tunnel (film made of ethyl-
ene-vinylacetat-copolymer (EVA) over steel arches) [T10];
and greenhouse (double-layer air-inflated EVA sheets over
plastic or steel arches) [T11]. Figure 1 presents the scenarios
and the cultivation methods they entail.

The analyzed strawberry cultivation system can be
divided into a background and a foreground system (see
Fig. 2), which are both part of the considered system
boundaries.

The background system includes pre-farm processes, such
as the extraction of resources (e.g., oil to produce diesel),
the production of inputs (e.g., fertilizer) and their transporta-
tion to the farm, and nursery (seedling production), as well
as post-farm processes, such as the end-of-life of the inputs
used, e.g., plastic film. The foreground system includes on-
farm strawberry production and harvest processes, namely
seedling planting, irrigation, fertilizer and pesticide appli-
cation, machine operations (e.g., tillage), crop protection
(plasticulture), and harvest. Infrastructure only employed for
some of the LCA scenarios, such as greenhouses or tunnels,
is part of the foreground system.

2.2 Compilation of the life cycle inventory

The LCA scenarios are modeled using the software open-
LCA (Ciroth et al. 2020) and the regionalized ecoinvent 3.8
cut-off database (Wernet et al. 2016). The functional unit
is 1 kg of strawberries of marketable quality at the farm
gate produced in the year 2021. The amounts of fertilizer,
irrigation inputs, and strawberry outputs for the plasticulture
scenarios are adapted depending on the cultivation method
based on an extensive literature review. Research papers
were identified from peer-reviewed journals accessible via
the search engine ScienceDirect based on different combina-
tions of the search terms “strawberry,” “plastic,” “polymer,”
“non-woven,” “fleece,” “mulch,” “LCA,” and “life cycle”
in the abstracts, titles, and keywords. Following a snowball
approach, research papers cited in the identified publications
were also considered. The extracted datasets regarding input
or output parameters are provided in Online Resource 1. The
data used for the LCI can be found in Online Resource 2.

99 <

2.3 Estimation of plastic emission

Most agricultural plastic is removed from the soil; the ero-
sion of the materials and the subsequent emission of micro-
plastics into the environment are undesired side effects
(Serrano-Ruiz et al. 2021). Bertling et al. (2021) estimate
that all plasticulture methods are relatively open environ-
ments with a considerable probability of plastic emission to
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Fig. 1 Summary of the analyzed
scenarios of the treatment
options NT to T11; the blue
color represents the plastic
material

P~

ed dcd

NT no treatment T01, T02, TO3 Mulching with T04 Row covering
conventional, embossed, and

biodegradable film

T05 Mulching +
row covering

TO08 Low tunnel

T10 Macro tunnel

the environment. Based on the expected exposure to weather
conditions, mechanical stress, and the separability from the
soil of the plastics employed, Bertling et al. (2021) estimate
annual mass loss rates of 3.2% for mulch and soil solari-
zation film, 0.32% for row covers and embossed film, and
0.032% for tunnel and greenhouse film. We assume that so-
called biodegradable film is tilled into the soil after usage;
therefore, a loss rate of 100% is assumed in scenario TO3.
Like Bertling et al. (2021), we assume plastic losses are
directly emitted to the soil.

2.4 Life cycle impact assessment

The environmental impacts are assessed using the life cycle
impact assessment (LCIA) method of the Product Envi-
ronmental Footprint (PEF) 3.0 recommended by the Joint
Research Centre of the European Commission (EC-JRC)
(Publications Office of the European Union 2012), which is
extended by a method accounting for plastic-related impacts.
The PEF-characterized midpoint indicator results are nor-
malized using global normalization factors (Joint Research
Centre of the European Commission 2018) for the reference
year 2010. Two different sets of weighting factors (WFs) for
the PEF LCIA method provided by the EC-JRC are applied;

@ Springer

T06 Soil solarization

TO07 Soil solarization + mulching

G

TO09 Low tunnel + mulching

T11 Greenhouse

one is referred to as “33:33:33”-approach because it com-
bines the weighting results of three sources equally, and the
other is referred to as the “50:50”-approach because it com-
bines the weighting results of two approaches equally. The
two approaches are (i) panel based and (ii) a combination
of evidence-based (building upon the research described in
Soares et al. 2006) and expert judgment. For the panel-based
approach, two different groups were asked: (a) individuals of
the general public and (b) LCA experts (Joint Research Cen-
tre of the European Commission 2018). As recommended by
the EC-JRC, toxicity impacts (human toxicity cancer, human
toxicity non-cancer, and freshwater ecotoxicity) are excluded
from the normalization and weighting because those impact
categories are not seen as sufficiently robust (Joint Research
Centre of the European Commission 2018).

Since plastic impacts on the environment are currently
not considered by the PEF LCIA method, the analysis is
extended by assessing the persistence of the scenarios’
plastic emissions measured in plastic pollution equivalents
(PPe). The persistence of plastics is defined as the time a
plastic emission remains in the environment (Maga et al.
2022). PPe depend on the degradation time of a plastic in
the environment (expressed by the specific surface deg-
radation rate, SSDR), the diameter of the emitted plastic
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Fig.2 System boundaries of the
presented LCA of strawberry
cultivation
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item, the initial environmental compartment, and redistri-
bution patterns. Results in the “plastic pollution” category
are expressed as kg PPe. The CFs provided by Maga et al.
(2022) encompass redistribution mechanisms within the
environment. However, the impacts of the redistribution of
adjacent pollutants or leached additives to other compart-
ments (van Cauwenberghe et al. 2013, Jambeck et al. 2015,
Chae and An 2018, de Souza Machado et al. 2018, Wong
et al. 2020) are not considered. The biodegradability of the
starch-blend film is factored into the impact assessment
by applying the corresponding fate factor of Maga et al.
(2022). Nevertheless, it must be noted that this fate factor
is based on starch blends whose compositions differ from
the one used in this study, possibly impacting the quality
of the results. While Maga et al. (2022) do not provide fac-
tors for EVA, they suggest using an SSDR of 0.001 pm per
year for polymer types with no degradation data available.
Based on this SSDR and the redistribution patterns, CFs
are calculated. A time horizon 7, of 100 years is applied
as for global warming potentials in the PEF LCIA method.
By choosing a time horizon 7 of 100, short-term effects
of plastic pollution are addressed, and long-term conse-
quences are not overestimated.

For plastic pollution, no normalization factor exists to
date. Some authors have quantified plastic emissions, e.g.,
Jambeck et al. (2015) (only mismanaged plastic waste),
Bertling et al. (2018) (including emissions that might be
recovered, e.g., by street cleaning), Amadei et al. (2022)

fertilization L “ep _ _
management protection input materials
N
7
Foreground system
harvest

| Background system

(only marine and beach litter), and the OECD (2022).
However, these values only quantify plastic emission,
which still needs to be characterized to calculate plastic
pollution. A first attempt to develop a normalization factor
for plastic pollution was made by Bertling (2022) for Ger-
many but has not yet been subjected to peer review. Based
on an emission of 4.0 kg/(cap a) and an assumed share of
easily degradable polymers such as polyhydroxyalkanoates
or polycaprolactone of 1% (1 kg PPe/kg), medium degra-
dable polymers such as rubber or polylactic acid of 34%
(10 kg PPe/kg), little degradable polymers such as poly-
sulfones or polyamides of 20% (50 kg PPe/kg), and hardly
degradable polymers such as polyolefins, polystyrene, or
polyvinylchloride of 45% (90 kg PPe/kg), they estimate the
annual PPe to be ~215 kg PPe/(cap a). Applying the same
assumptions to a global annual emission of 2.8 kg/(cap a)
based on the plastic emission estimate of the OECD (2022)
and population data provided by the United Nations (2022)
leads to a normalization factor of ~ 150 kg PPe/(cap a) for
plastic persistence. Because their assumptions have not
yet been scientifically verified, this normalization factor
can only be used as a proxy to give a rough indication of
the scope of the plastic problem. Because no WF exists for
plastic pollution, this category’s results will be weighted
with the highest and lowest WF of each approach. The
WFs of the PEF impact categories are scaled down accord-
ingly to reach a total of 100%. The WFs used can be found
in Online Resource 4.

@ Springer
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3 Results

The results of the literature review can be found in Online
Resource 1. Online Resource 2 includes a summary of
the parameters used for the compilation of the LCI of the
scenarios regarding water and nutrient demand, yield, and
plastic emissions based on the literature review. The nutri-
ent demand was adapted based on the molecular mass of
the nutrient (N, P, K) in the fertilizer inputs of the original
datasets. Details regarding the environmental impacts of the
plasticulture scenarios can be found in Online Resource 4.
NT has one of the three highest impact scores in 9 of the 17
impact categories and one of the lowest three scores regard-
ing plastic pollution. T10 (macro tunnel) and T11 (green-
house) also reveal comparably high impacts in the PEF
impact categories compared to the other scenarios. TOS5 (row
covering combined with conventional mulch film) has one of
the three lowest impact scores in all PEF impact categories.
However, the impact score of plastic pollution of TO5 only
ranks eighth. TO1 (conventional mulch film) and TO7 (soil
solarization in combination with conventional mulch film)
also have one of the lowest three impact scores in 12 and
8 out of the 17 impact categories, respectively. However,
regarding plastic pollution, NT, T04 (row covering), and TO8
(low tunnel) have the lowest impact scores. All scores per
impact category can be found in Online Resource 4.

Figure 3 displays the amount of emitted plastic masses
on the x-axis and plastic pollution on the y-axis. TO3 emits
the highest amount of plastic: 3.98 g per kg strawber-
ries because the biodegradable mulch film used for T03

Fig.3 Emitted plastic mass per
scenario and plastic persistence 10
in the environment
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-
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L)
&= 5
@
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0
Scenario NT @ TO1
T08 @ TO9
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is entirely tilled into the soil after the cultivation period.
NT and TO4 emit the least plastic (0.0 and 0.00006 g per
kg strawberries, respectively). Figure 3 shows that plastic
pollution is not linearly correlated to the amount of plastic
emitted. Due to the biodegradability of the starch-based
mulch film in TO3, the plastic pollution score of TO3 is
only one-tenth of the one of conventional mulch film (TO1).
Plastic pollution is the highest in T02 with 0.01014 kg PPe
because the yield is comparatively low in this scenario
(1.17 kg compared to 1.0 kg in NT) and the polymer used
for the embossed mulch film (PP) hardly degrades.

The normalized and weighted impact scores can be found
in Online Resource 4. When applying the 50:50-weight-
ing approach, TO3 and TOS have the lowest total impacts
(8.65E-04 and 8.33E-04 with WF ;,qic poltution = 3-47, and
8.06E-04 and 1.00E-03 with WF},ic poitution = 13.61). The
highest environmental impacts are caused by T10 (2.46E-03
or 2.21E-03, depending on WF ;. ¢ pottution) @and T11 (3.29E-
03 or 2.99E-03). NT ranks eighth with WE},ic potiution =347
and sixth with WF . i poiuion = 13.61, starting with the low-
est overall impact score.

When applying the 50:50-weighting approach, 8.2-19.2%
of the overall environmental impacts are contributed by the
impact category “climate change” depending on the scenario
and WFj,ic poltution- Further top three contributing catego-
ries to the total environmental impacts are “plastic pollution”
(0.0-54.4%), “water use” (5.0-18.4%), and “marine eutroph-
ication” (5.3—-12.1%). Plastic pollution is among the top three
contributors to the overall environmental impacts in three

scenarios (TO1, TO2, and TO7) with WE,qic portution = 3-47
®
1 2 3 4
Plastic emission [g]
To2 @ TO3 To4 @ TOS T06 T07
TiIO @ Ti1
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and six scenarios (T01, T02, TO5, T06, TO7, and T09) with
WF,jastic poltution = 13-61. In TO3, “acidification™ is the sec-
ond largest contributor, accounting for 11.9-12.4% of the
impacts due to direct emissions (54.7%) and diesel burned
in agricultural machinery (40.2%). In T09, “resource use
(fossil)” contributes 9.9-12.8% to the overall impacts caused
mainly by the low tunnel production (45.8%), diesel burned
in agricultural machinery (33.7%), and mulch film produc-
tion (17.4%). In T10 and T11, “resource use (minerals and
metals)” is the third largest contributor to the environmental
impacts due to the production of the infrastructure. If the
33:33:33-weighting-approach is applied, the same categories
contribute most to the overall impacts; only the categories’
shares of the total impact change slightly. No matter which
weighting approach is used, the ranking of the scenarios
according to their overall impact score is the same. In con-
trast to the weighting approach, WFj,ic poitution influences
the ranking of the scenarios: while the two scenarios with
the lowest and highest environmental impacts are the same,
the ranks of four scenarios change by more than one rank
with the higher WF,,gic pottution cOmpared to the lower one:
the ranking of scenarios with a comparatively low plastic
pollution score NT and T04 improve by two ranks, each.
Contrarily, the ranking of T02 worsens by four ranks and the
ranking of T0O9 by two ranks due to the comparatively high
impact score for plastic pollution.

Regarding “climate change,” the biggest contributor in
most scenarios is diesel burned in agricultural machinery
(e.g., 52.2% in NT, 44.5% in T05, 49.6% in T07). In TO8S,

Acidification

Climate change

Ecotoxicity, freshwater

Eutrophication, marine

Eutrophication, terrestrial

Human toxicity, cancer
Human toxicity, non-cancer I

Tonizing radiationl

Land use

Ozone depletion

Particulate matter

Photochemical ozone formation .

Resource use, fossil_

T09, T10, and T11, it is the production of the respective
infrastructure (33.5% in TOS8, 47.6% in T09, 48.9% in T10,
and 72.4% in T11). In NT, direct emissions of strawberry
cultivation contribute 21.3% to the global warming impacts
and irrigation 20.6% due to the operation of the water pump.
The contribution of plastic production to climate change is
less than 1% in TO4 and ranges between 3.4 and 7.7% in
the other scenarios involving a mulch film or row cover. In
mulch film scenarios, plastic waste management contributes
up to 13.7% to the global warming impacts if a PE film is
used and 9.6% in TO2 where a PP film is used.

Most of the impacts on “water use” are generated via irri-
gation (54.4-99.6% depending on the scenario). The produc-
tion of mulch films, row covers, tunnels, and greenhouses
contributes up to 45.4% to the water use impacts. During
strawberry cultivation, small amounts of water are released
back to surface water and groundwater, resulting in a nega-
tive contribution to water use accounting for 2.4-4.5% of
the impacts.

In NT, 79.0% of the marine eutrophication impacts are
generated by direct emissions, mainly via fertilizer applica-
tion, and 18.8% by diesel combustion in agricultural machin-
ery. Although the shares vary among the scenarios, the main
contributors do not change.

Figure 4 visualizes the contribution of different processes
to the environmental impacts of strawberry cultivation in each
impact category. Scores are given for TO1 as an illustrative
example. Data on the other scenarios can be found in Online
Resource 4. Plasticulture (indicated in dark blue) refers to

l Contributor

direct emissions

. plasticulture
diesel, burned in agricultural machinery

irrigation

transport

packaging, for fertilisers
potassium chloride production
production of ammonia (fertilizer)

strawberry seedling production

land use change

Resource use, minerals and metals
water use |

Plastic pollution
0 50

100

Fig.4 Contribution analysis of an example scenario: mulching with conventional film (TO1)
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material production, installation, and end-of-life of the mate-
rials needed for the plasticulture method. Indicated in light
blue, direct emissions (e.g., leaching of fertilizer to soil) cause
more than 50% of the impacts in six to eight of the considered
impact categories for the scenarios NT and TO1-T09. For these
scenarios, plasticulture contributes less than 50% to all impact
categories, except for “resource use, minerals and metals” for
scenarios TO1 and TO5-T09 and “resource use, fossil” for T09.
In T10 and T11, direct emissions only contribute 50% or more
to two impact categories: “marine eutrophication” and “land
use.” For these scenarios, the contribution of plasticulture to
the impacts is greater: it contributes more than 50% to four
categories in T10 and nine categories in T11.

Figure 5 displays the total normalized and weighted
impact scores for all scenarios and four variations: the
50:50-approach with WF, . ic polution = 3-47 (@) and 13.61
(b) and the 33:33:33-approach with WF =3.74
(c) and 14.65 (d).

In scenarios with low plastic pollution (NT, T03,
TO04, TO8, T10, T11), the overall impact score is 7-12%
lower when the higher WF is chosen for plastic pollu-
tion, regardless of the weighting approach. Independent of
WEF lastic poltutions the 50:50-approach leads to 1-5% lower
impacts for all scenarios than the 33:33:33-approach.

Figure 6 displays the contribution of the impact catego-
ries to the total impact scores for all scenarios and two vari-
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ations: the 50:50-approach with WE ¢ poliution = 3-47 (a)
and 13.61 (b).
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TO2

The scenarios can be grouped according to the contribu-
tion pattern of the impact categories to the overall results.
In group A (NT, T04, T08), plastic pollution contributes
less than 0.1% to the overall impacts because no plasticul-
ture is employed (NT), very little plastic is emitted dur-
ing plasticulture (T04), or the plastic emission degrades
comparably rapidly (T08). Group A scenarios have no
impact on the water and nutrient demand during cultiva-
tion. Group B consists of all scenarios employing con-
ventional or embossed mulch film (TO01, T02, TOS5, TO7,
T09), leading to a contribution of plastic pollution to the
impacts of 8.7-54.4% and reducing the water and nutrient
demand during cultivation. T06 also employs plastic film
for soil solarization, leading to plastic pollution impacts of
4.4-17.7%, but does not affect water and nutrient demand.
Because of this difference to the scenarios in group B, T06
forms group C. The scenario with the biodegradable film
(T03) does lead to a lower water and nutrient demand,
but plastic pollution impacts are low compared to the sce-
narios in group B (1.2-5.5%). Therefore, group D consists
of TO3 only. The last group, E, contains T10 and T11, the
only scenarios where resource use for infrastructure instal-
lation is among the top three contributing categories to the
overall impact score (contribution of 9.8—12.0%). Plastic
pollution occurs, but its contribution to the overall impact
score is small (0.1-1.9%). Water and nutrient demand are
not affected by the scenarios in this group.

)
9
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4 Discussion

4.1 Overall environmental impacts of strawberry
cultivation

Surprisingly, there seems to be no trade-off between maxi-
mizing productivity and lowering environmental impacts.
Instead, the scenario with the highest yield (T05) also has
the best or second-best overall impact score, depending on
WE astic polution- This finding is supported by other authors,
e.g., Tabatabaie and Murthy (2016). Substituting conven-
tional with biodegradable mulch film (TO1 vs. T03) reduces
the overall impacts by 8.2-32.1% depending on the weighting
approaCh and WFplastic pollution* With a hlgh WFplaslic pollution®
using biodegradable mulch film results in the lowest over-
all impacts. Figure 7 displays the yield according to the
literature review on the x-axis and the total impact score

on the y-axis using the 50:50-weighting approach with
WEF lastic poltution = 3-47. Located in the top left corner, the
scenarios using a macro tunnel (T10) or greenhouse (T11)
for strawberry cultivation result in the highest environmen-
tal impacts and only seem attractive if out-of-season yields
generate a much higher profit for farmers or out-of-season
labor is considerably cheaper. Regarding the plastic pollution
impacts, as outlined in Sect. 2.4, no CFs were available for
the material used in the macro tunnel and greenhouse (EVA);
therefore, the highest possible CF was used. This does not
necessarily represent reality. Assuming a degradation speed
of EVA equal to one of the fastest materials in this study
would improve the ranking of T10 and T11 regarding plastic
pollution to ranks second (T10) and third (T11) of all scenar-
ios. Nevertheless, the overall impacts of these two scenarios
would still be the worst. Moreover, the yields obtained are
mediocre (rank 9 for T10 and rank 6 for T11).
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Likewise, while NT renders the lowest yield, the environ-
mental impacts are intermediate (ranks 6-8). That explains
why most of the area used to grow strawberries in Germany
is cultivated using one or more methods of plasticulture
(Society for plastics in agriculture 2019). Similarly, as
depicted in Fig. 7, embossed mulch film (T02), row covers
(T04), and soil solarization (T06) alone score low regarding
the yield and intermediate regarding environmental impacts
(located at the lower left side of Fig. 7). The yield of TOS8 is a
bit higher, but the environmental impacts are only intermedi-
ate. Instead, combining mulch film with row covers (T05)
seems the best option (located at the lower right side of
Fig. 7). Although it might be expected that increased plastic
usage by combining two plasticulture methods would worsen
the environmental performance, the increased yield obtained
by combining the techniques in TOS offsets the increased
plastic pollution impacts. TO1, TO3, and TO7 also result in
comparably low environmental impacts, but the yield is only
intermediate. The yield is higher in T09, but so are the envi-
ronmental impacts.

Concerning plastic pollution, all impact scores are rela-
tively low (0.0-0.001 kg PPe). In the worst scenario regard-
ing plastic pollution (T02), producing 1 kg of strawberries
causes the emission of ~ 10 g of plastic, which remains in
the environment for around one year. Nevertheless, after
normalization and weighting, plastic pollution makes up
a considerable share of the overall environmental impact
of strawberry cultivation (up to 54.5%, depending on the
scenario and the weighting method applied). These results
exemplify the influence of the normalization and weight-
ing step on the total score in general and, more specifically,
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for the plastic pollution impact category. Hence, while we
are using a preliminary normalization and a best/worse-case
estimate for the weighting factor, this calls for further inves-
tigation of global plastic emission inventories and inclusion
of future considerations in weighting approaches to estimate
the, although subjective, relevance of the plastic pollution
matter compared to other environmental impacts.

4.2 Applicability of the plastic pollution
methodology

This study is the first to include potential impacts caused by
plastic emissions in an LCA by implementing the prelimi-
nary impact assessment method developed by Maga et al.
(2022). First, the method can point out polymer-specific
pollution impacts, which is relevant to compare innovative,
biodegradable materials to conventional ones and provide
improvement potentials to technology developers. As dis-
played in Fig. 3, there is a clear difference in the gravity of
the impacts of different polymer types, such as biodegrada-
ble and conventional ones, but also of different conventional
polymer types (e.g., PE vs. PP). This differentiation can sup-
port product design and make the environmental impacts of
different materials tangible. Nevertheless, for some materi-
als, the fate factors are rather generic. For example, the fate
factor for the biodegradable material in this study is based on
starch blends whose compositions differ from the one used
in this study. Besides, because no fate factor was available
for EVA, a generic SSDR was used. This may impact the
quality of the results and increase the uncertainty regarding
the derivation of (technical or political) measures.
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Second, the method utilizes environmental compartment-
specific degradation rates and thus allows for an analysis of
impacts focusing on a particular compartment. Neverthe-
less, a compartment-specific analysis is of little interest in
our case study because all plastic is emitted to soil and 97%
remains there. A compartment-specific analysis might be
helpful, especially for applications where plastic is emit-
ted to a different environmental compartment with greater
redistribution or for developing mitigation measures for a
particular compartment. Third, the characterization factors
provided by Maga et al. (2022) are specific to Germany,
which is also the focus of this case study. Based on the lit-
erature research and the formulas provided, it is possible
to calculate characterization factors for different locations.
Besides the location, characterization factors might also
change if additional knowledge regarding degradation rates
becomes available. The factors are, therefore, adaptable, and
a comparison of future plastic pollution studies needs to con-
sider the geographic location and date of publication of the
characterization factors used.

Overall, the question remains how to integrate plastic pol-
lution into existing impact assessment methods. The LCIA
methods considered by the PEF currently do not address the
impacts of plastic emissions on the environment and should,
therefore, be extended. However, this is challenging consid-
ering that the method has been developed by the European
Commission jointly with stakeholders. A first attempt was
made in this study, but it relies on normalization and WFs that
have not yet been scientifically developed. The value used for
normalization in this study is the first estimate and needs to
be further validated. Instead of choosing and recommending a
particular WF, we employed both the lower and upper bound
of the WFs suggested by the EC-JRC for the original impact
categories of the PEF LCIA method (Joint Research Centre of
the European Commission 2018). The most accurate WF may,
however, lie somewhere in between. The WF does not make
a difference when ranking the scenarios according to their
overall score, but it does when determining the contributing
impact categories to the overall score.

4.3 Comparison to the results of other authors

When comparing the results of the present study to those of
other authors, several limitations must be considered. First,
system boundaries and modeling assumptions are often dif-
ferent. Second, most other authors focused on individual
impact categories, such as climate change or water use,
and did not calculate impacts regarding all PEF categories
for strawberry cultivation. Third, different indicators and
assessment methods may be used for specific impact catego-
ries. Fourth, some authors do not disclose all the necessary
information for a proper comparison or only display certain
results in a graph (e.g., Soode-Schimonsky et al. 2017).

Nevertheless, Online Resource 5 displays data found in
the literature regarding a complete PEF (including all impact
categories suggested by the EC-JRC and a corresponding
normalization and weighting) and the most contributing indi-
vidual impact categories in this research: global warming and
marine eutrophication. Although water use is also a relevant
contributor to the environmental impacts in this study, the
results cannot be compared to other authors (e.g., Yoshikawa
et al. 2008; Gonzilez et al. 2011; Sorgiiven and Ozilgen
2012; Khoshnevisan et al. 2013; Webb et al. 2013; Valiante
et al. 2019; Hosseini-Fashami et al. 2019) who assessed the
total water use instead of the deprivation-weighted water con-
sumption according to the available water remaining model
as recommended by UNEP (2016). Scenarios that have been
examined regarding their environmental impacts by other
authors are NT, TO1, TO5, T10, and T11, as well as further
combinations not covered in our research, such as macro tun-
nel in combination with conventional mulch film, row cover,
or both, and greenhouse in combination with conventional
or biodegradable mulch film or row cover. When comparing
the PEF-compliant results found to our results, please keep
in mind that our study is not PEF-compliant due to deviations
from the PEF methodology, mostly in the LCI phase and
regarding the system boundaries.

Few comparable studies are available regarding plastic
pollution caused by strawberry cultivation. According to
Galati et al. (2020), 86 g of plastic polymers are used when
producing 1 kg of marketable strawberries, including com-
post, soil enhancements, and planting containers. However,
the authors do not quantify the share of plastic emitted into
the environment. Bertling et al. (2021) estimate the amount
of plastic emission into agricultural soil in Germany caused
by agricultural and non-agricultural processes, including lit-
tering. They present emission data for fields cultivated with
different types of mulching, row cover, low tunnel, macro
tunnel, and greenhouse cultivation; however, the data are not
specific to strawberries but to plant cultivation in general.
Because the presented data are expressed on a per-hectare
basis without a correlation to the yield, a comparison to the
results of the present study is difficult.

4.4 Limitations

When interpreting the results of the present study, some
limiting factors need to be considered. First, specific data
quality inadequacies and uncertainties need to be embraced.
For example, the different parameter values used during the
compilation of the LCI of this study are derived from a liter-
ature review of several authors who conducted experiments
that differed in setups, e.g., regarding within-row plant spac-
ing and between-row spacing. Paranjpe et al. (2008) showed
that these factors influence the marketable yield per plant.
Besides, different cultivars chosen according to climatic
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conditions or consumer tastes also result in different yields
(Sgnsteby et al. 2013). Due to the various factors considered
in the presented cultivation models, the impacts of the plant
density and the cultivar were neglected.

Second, the models of the plasticulture scenarios are
based on a generic dataset initially developed for strawberry
cultivation in the USA. The provided data were adapted to
German conditions and a pesticide forbidden in the EU
(trichloromethane) was deleted. The adoptions, however,
were made without verifying them in conversations with
strawberry farmers in Germany. While a comprehensive
and detailed census of cultivation inputs for all plasticul-
ture scenarios in Germany exceeded the scope of the present
study, it needs to be kept in mind that differences in legal
and practical prerequisites may lead to the usage of different
inputs in different countries. Nevertheless, we assume that
the used models reflect strawberry cultivation in Germany
with acceptable certainty.

Third, the plastic material inputs are modeled focusing
on their primary polymer. Any mixtures of polymer types
or additives are considered neither during the LCI phase nor
adequately by the characterization factors provided by Maga
et al. (2022). On the one hand, such additives might acceler-
ate the degradation, leading to an overestimation of plastic
persistence in the environment. On the other hand, additives
may cause toxic environmental reactions (Serrano-Ruiz et al.
2020), whose impacts are not addressed.

Fourth, when interpreting the results of plastic pollution,
it needs to be kept in mind that so far, only direct plastic
emissions are considered. Any plastic emissions during
upstream or downstream processes, e.g., mulch film blow
molding or recycling, are not yet included in the models.
Assuming that plastic is emitted during those processes, the
total plastic pollution is likely (much) greater. Besides, the
fact that the plastic pollution impact category is currently
limited to the mere persistence of plastic in the environment
and is extendable to but does not yet include integration with
exposure and effect factors needs to be considered.

Finally, it lies in the nature of the PEF LCIA method
that impacts on a macro level and at an endpoint level are
not considered. For example, on a macro level, plasticulture
(especially macro tunnels and greenhouses) significantly
prolongs the cultivation period of strawberries in Germany,
making cultivation possible both earlier and later in the
year. Besides the direct economic benefits for farmers who
are thus able to achieve a higher selling price outside the
most common harvest period, this also increases the share
of locally produced products, possibly influencing the envi-
ronmental impact of strawberry consumption on a national
scale. Since LCI data and characterization factors for plas-
tic pollution are specific to Germany, it is not possible to
extrapolate the results of this study to other geographic set-
tings. Furthermore, the indicators of the PEF LCIA method
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package are on a midpoint level and do not quantify impacts
on an endpoint level, e.g., regarding areas of protection.

5 Conclusion and outlook

Plastic is widely used during strawberry cultivation to adjust
specific parameters for farmers’ convenience, e.g., soil tem-
perature or moisture. While several other studies estimate
or quantify the abrasion or erosion of these plastics during
the cultivation and their release into the environment, the
present study is the first to relate such emissions to differ-
ent cultivation methods and put them into the broader con-
text of other environmental impacts. The study presents the
effects of eight plasticulture methods and three combinations
thereof on the yield, water and nutrient savings, and plastic
masses that are to be employed and are assumed to be partly
released into the environment. The main highlight is that
all cultivation methods using conventional or biodegradable
mulch film or a row cover outperform the open field sce-
nario, whether plastic pollution is considered or not. Based
on the present results, farmers should opt for the combina-
tion of row covers with conventional mulch film. Cultiva-
tion management should not focus solely on economic gains,
e.g., by adjusting the timing of the harvest with the help of
greenhouses, but also consider the environmental impacts of
these plasticulture methods and reduce these impacts of the
material input by reuse and proper recycling.

This study has several implications for the scientific com-
munity. First, the CFs provided by Maga et al. (2022) rely
mainly on SSDRs obtained from literature. However, the
setups of the experiments vary, making a consolidation into
CFs difficult. Besides, the CFs do not consider additives
or encompass all polymer types, such as EVA. There is,
therefore, a need for further research and standardization.
Additionally, the methodology for including plastic-related
impacts in LCA needs further development. Although the
persistence of plastic in the different environmental compart-
ments enables and facilitates the exposure of organisms and
ecosystems to plastic emissions, more research is needed
to link it to effects, e.g., on ecotoxicity or soil productivity.
The exposure and effect pathways outlined by Woods et al.
(2021), the effect factors provided by Saling et al. (2020)
and Lavoie et al. (2021), and the CFs developed by Corella
Puertas et al. (2022) can serve as a starting point for marine
and freshwater. Nevertheless, due to the limited redistribu-
tion of plastic initially emitted from soil to other compart-
ments, corresponding frameworks must also be developed
for soil and river sediment. Additionally, suitable impact cat-
egories need to be defined by incorporating plastic-related
impacts into existing or new ones. To assess environmental
impacts also on an endpoint level, the effects of plastic pol-
lution on areas of protection need to be further studied and
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the methodology presented by Maga et al. (2022) further
developed. To integrate plastic impacts into existing impact
assessment systems, such as the PEF LCIA method, a suit-
able weighting method needs to be developed for plastic pol-
lution compared to the other impact categories. The normali-
zation and WFs used in the present study are a first attempt
and need to be scientifically discussed and evaluated. With
the factors used, plastic pollution makes up a considerable
share of the overall environmental impact of strawberry cul-
tivation, supporting the recent efforts of different research
groups to include plastic emissions in LCA by developing
suitable characterization factors. Besides, the background
processes in existing LCA databases need to be adapted by
an estimation of plastic emissions to consider the impacts of
upstream and downstream processes.

To reduce the environmental impacts of the plasticul-
ture methods, materials scientists should improve con-
ventional materials, e.g., regarding their rip resistance, to
limit emission rates. To make biodegradable agroplastics
competitive, their effects on the cultivation parameters,
such as water and nutrient demand and yield, as well as
their degradability under real-life conditions on the field,
need to be enhanced.

Concerning the political dimension, the results of this
study lead to the suggestion to regulate certain param-
eters of plastics that are in direct contact with soil, such
as rip resistance and permitted polymer types and addi-
tives. Besides, the legal framework should incentivize
the complete recovery and proper end-of-life treatment of
agroplastics. Possible legal restrictions should encourage
the use of plasticulture methods that reduce environmental
impacts compared to open field cultivation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11367-023-02167-9.

Funding Open Access funding enabled and organized by Projekt
DEAL. This work was carried out within the project PlastikBudget
(grant: 01UP1702A-B), which is part of the funding program “Plastics
in the Environment — Sources e Sinks e Solutions” funded by Germa-
ny’s Federal Ministry for Education and Research (Bundesministerium
fiir Bildung und Forschung—BMBF).

Data Availability All data generated or analyzed during this study are
included in this published article and its supplementary information
files.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated

otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Amadei AM, Sanyé-Mengual E, Sala S (2022) Modeling the EU plas-
tic footprint: exploring data sources and littering potential. In
Resour, Conserv Recycl 178:p. 106086. https://doi.org/10.1016/j.
resconrec.2021.106086

Bergmann M, Miitzel S, Primpke S, Tekman MB, Trachsel J, Gerdts G
(2019) White and wonderful? Microplastics prevail in snow from
the Alps to the Arctic. In Sci Adv 5(8):eaax1157. https://doi.org/
10.1126/sciadv.aax1157

Bertling J (2022) Towards an Plastic-Pollution-Budget. Fraunhofer-
Institut fiir Umwelt-, Sicherheits- und Energietechnik UMSICHT.
Available online at https://bmbf-plastik.de/sites/default/files/2022-
04/Bertling.pdf

Bertling J, Bertling R, Hamann L (2018) Kunststoffe in der Umwelt:
Mikro- und Makroplastik. Ursachen, Mengen, Umweltschicksale,
Wirkungen, Losungsansitze, Empfehlungen. Fraunhofer-Institut
fiir Umwelt-, Sicherheits- und Energietechnik UMSICHT. https://
www.umsicht.fraunhofer.de/content/dam/umsicht/de/dokumente/
publikationen/2018/kunststoffe-id-umwelt-konsortialstudie-
mikroplastik.pdf. Accessed 20 Dec 2018

Bertling J, Zimmermann T, Rodig L (2021) Kunststoffe in der Umwelt:
emissionen in landwirtschaftlich genutzte Bdden. Fraunhofer
UMSICHT. Available online at https://doi.org/10.24406/umsicht-
n-633611

Blising M, Amelung W (2018) Plastics in soil: analytical methods and
possible sources. In Sci Total Environ 612:422-435. https://doi.
org/10.1016/j.scitotenv.2017.08.086

Briassoulis D (2006) Mechanical behaviour of biodegradable agri-
cultural films under real field conditions. In Polym Degrad Stab
91(6):1256-1272. https://doi.org/10.1016/j.polymdegradstab.
2005.09.016

Browne MA, Underwood AJ, Chapman MG, Williams R, Thompson
RC, van Franeker JA (2015) Linking effects of anthropogenic
debris to ecological impacts. In Proc R Soc B 282(1807):20142929.
https://doi.org/10.1098/rspb.2014.2929

Chae Y, An Y-J (2018) Current research trends on plastic pollution and
ecological impacts on the soil ecosystem: a review. In Environ
Pollut 240:387-395. https://doi.org/10.1016/j.envpol.2018.05.008

Ciroth A, Di Noi C, Lohse T, Srocka M (2020) openLCA 1.10. Com-
prehensive user manual. Edited by GreenDelta GmbH. Available
online at https://www.openlca.org/wp-content/uploads/2020/02/
openLCA_1.10_User-Manual.pdf

Civancik-Uslu D, Puig R, Hauschild M, Fullana-I-Palmer P (2019) Life
cycle assessment of carrier bags and development of a littering
indicator. In Sci Total Environ 685:621-630. https://doi.org/10.
1016/j.scitotenv.2019.05.372

Corella-Puertas E, Guieu P, Aufoujal A, Bulle C, Boulay AM (2022)
Development of simplified characterization factors for the assess-
ment of expanded polystyrene and tire wear microplastic emis-
sions applied in a food container life cycle assessment. In J Ind
Ecol. https://doi.org/10.1111/jiec.13269

de Souza Machado AA, Kloas W, Zarfl C, Hempel S, Rillig MC (2018)
microplastics as an emerging threat to terrestrial ecosystems. In
Glob Change Biol 24(4):1405-1416. https://doi.org/10.1111/gcb.
14020

Galati A, Sabatino L, Prinzivalli CS, D’Anna F, Scalenghe R
(2020) Strawberry fields forever: that is, how many grams of

@ Springer


https://doi.org/10.1007/s11367-023-02167-9
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.resconrec.2021.106086
https://doi.org/10.1016/j.resconrec.2021.106086
https://doi.org/10.1126/sciadv.aax1157
https://doi.org/10.1126/sciadv.aax1157
https://bmbf-plastik.de/sites/default/files/2022-04/Bertling.pdf
https://bmbf-plastik.de/sites/default/files/2022-04/Bertling.pdf
https://www.umsicht.fraunhofer.de/content/dam/umsicht/de/dokumente/publikationen/2018/kunststoffe-id-umwelt-konsortialstudie-mikroplastik.pdf
https://www.umsicht.fraunhofer.de/content/dam/umsicht/de/dokumente/publikationen/2018/kunststoffe-id-umwelt-konsortialstudie-mikroplastik.pdf
https://www.umsicht.fraunhofer.de/content/dam/umsicht/de/dokumente/publikationen/2018/kunststoffe-id-umwelt-konsortialstudie-mikroplastik.pdf
https://www.umsicht.fraunhofer.de/content/dam/umsicht/de/dokumente/publikationen/2018/kunststoffe-id-umwelt-konsortialstudie-mikroplastik.pdf
https://doi.org/10.24406/umsicht-n-633611
https://doi.org/10.24406/umsicht-n-633611
https://doi.org/10.1016/j.scitotenv.2017.08.086
https://doi.org/10.1016/j.scitotenv.2017.08.086
https://doi.org/10.1016/j.polymdegradstab.2005.09.016
https://doi.org/10.1016/j.polymdegradstab.2005.09.016
https://doi.org/10.1098/rspb.2014.2929
https://doi.org/10.1016/j.envpol.2018.05.008
https://www.openlca.org/wp-content/uploads/2020/02/openLCA_1.10_User-Manual.pdf
https://www.openlca.org/wp-content/uploads/2020/02/openLCA_1.10_User-Manual.pdf
https://doi.org/10.1016/j.scitotenv.2019.05.372
https://doi.org/10.1016/j.scitotenv.2019.05.372
https://doi.org/10.1111/jiec.13269
https://doi.org/10.1111/gcb.14020
https://doi.org/10.1111/gcb.14020

624

The International Journal of Life Cycle Assessment (2023) 28:611-625

plastics are used to grow a strawberry? In J Environ Manage 276,
p. 111313. https://doi.org/10.1016/j.jenvman.2020.111313

Galati A, Scalenghe R (2021) Plastic end-of-life alternatives,
with a focus on the agricultural sector. In Curr Opin Chem
Eng 32:p. 100681. https://doi.org/10.1016/j.coche.2021.10068 1

Gao H, Yan C, Liu Q, Ding W, Chen B, Li Z (2019) Effects of plastic
mulching and plastic residue on agricultural production: a meta-
analysis. In Sci Total Environ 651:484—492. https://doi.org/10.
1016/j.scitotenv.2018.09.105

Gonzalez AD, Frostell B, Carlsson-Kanyama A (2011) Protein effi-
ciency per unit energy and per unit greenhouse gas emissions:
potential contribution of diet choices to climate change mitigation.
In J Food Pol 36(5):562-570. https://doi.org/10.1016/j.foodpol.
2011.07.003

Horton AA, Walton A, Spurgeon DJ, Lahive E, Svendsen C (2017)
Microplastics in freshwater and terrestrial environments: evalu-
ating the current understanding to identify the knowledge gaps
and future research priorities. In Sci Total Environ 586:127-141.
https://doi.org/10.1016/j.scitotenv.2017.01.190

Hosseini-Fashami F, Motevali A, Nabavi-Pelesaraei A, Hashemi SJ, Chau
K-W (2019) Energy-Life cycle assessment on applying solar tech-
nologies for greenhouse strawberry production. In Renew Sust Energ
Rev 116:p. 109411. https://doi.org/10.1016/j.rser.2019.109411

ISO 14040:2006 (2009) Umweltmanagement - Okobilanz - Grundsiitze
und Rahmenbedingungen. DIN Deutsches Institut fiir Normung e.V

ISO 14044:2006 (2006) Umweltmanagement - Okobilanz - Anforderungen
und Anleitungen. DIN Deutsches Institut fiir Normung e.V

Jambeck JR, Geyer R, Wilcox C (2015) Plastic waste inputs from land
into the Ocean. In Science 347(6223):764—768. https://doi.org/
10.1126/science.1260879

Joint Research Centre of the European Commission (2018) Develop-
ment of a weighting approach for the environmental footprint.
With assistance of Serenella Sala, Alessandro Kim Cerutti, Rana
Pant, (Keine Angabe) (EUR 28562 EN). Available online at
https://eplca.jrc.ec.europa.eu/LCDN/developerEF.xhtml

Kader MA, Senge M, Mojid MA, Ito K (2017) Recent advances in
mulching materials and methods for modifying soil environment.
In Soil Tillage Res 168:155-166. https://doi.org/10.1016/j.still.
2017.01.001

Kalberer A, Kawecki-Wenger D, Bucheli TD (2019) Plastik in der
Landwirtschaft. Stand des Wissens und Handlungsempfehlun-
gen fiir die landwirtschaftliche Forschung, Praxis, Industrie und
Behorden. Edited by Agroscope. Available online at https://www.
infothek-biomasse.ch/images//401_2019_Kalberer_Plastik_in_
der_Landwirtschaft.pdf

Kasirajan S, Ngouajio M (2012) Polyethylene and biodegradable
mulches for agricultural applications: a review. In Agron Sustain
Dev 32(2):501-529. https://doi.org/10.1007/s13593-011-0068-3

Khoshnevisan B, Rafiee S, Mousazadeh H (2013) Environmental
impact assessment of open field and greenhouse strawberry pro-
duction. In Eur J Agron 50:29-37. https://doi.org/10.1016/j.eja.
2013.05.003

Lavoie J, Boulay A-M, Bulle C (2021) Aquatic micro- and nano-
plastics in life cycle assessment: development of an effect factor for
the quantification of their physical impact on biota. In J Ind Ecol.
https://doi.org/10.1111/jiec.13140

Li P, Wang X, Su M, Zou X, Duan L, Zhang H (2020) Characteristics
of plastic pollution in the environment: a review. In Bull Environ
Contam Toxicol. https://doi.org/10.1007/s00128-020-02820-1

Li WC, Tse HF, Fok L (2016) Plastic waste in the marine environment:
a review of sources, occurrence and effects. In Sci Total Environ
566-567:333-349. https://doi.org/10.1016/j.scitotenv.2016.05.084

Lieten P (2005) Strawberry Production in Central Europe. In Int J Fruit
Sci 5(1):91-105. https://doi.org/10.1300/J492v05n01_09

Maga D, Galafton C, Blomer J, Thonemann N, Ozdamar A, Bertling
J (2022) Methodology to address potential impacts of plastic

@ Springer

emissions in life cycle assessment. In Int J Life Cycle Assess.
Auvailable online at https://link.springer.com/content/pdf/10.1007/
s11367-022-02040-1.pdf

Maga D, Thonemann N, Strothmann P, Sonnemann G (2021) How
to account for plastic emissions in life cycle inventory analysis?
In Resour, Conserv Recycl p. 105331. https://doi.org/10.1016/j.
resconrec.2020.105331

Nielsen TD, Hasselbalch J, Holmberg K, Stripple J (2020) Politics and
the plastic crisis: a review throughout the plastic life cycle. In
WIRESs Energy Environ. 9(1). https://doi.org/10.1002/wene.360

OECD (2022) Global plastics outlook. Available online at https://www.
oecd-ilibrary.org/content/publication/de747aef-en

Paranjpe AV, Cantliffe DJ, Stoffella PJ, Lamb EM, Powell CA (2008)
Relationship of plant density to fruit yield of ‘Sweet Charlie’
strawberry grown in a pine bark soilless medium in a high-roof
passively ventilated greenhouse. In Sci Hortic 115(2):117-123.
https://doi.org/10.1016/j.scienta.2007.08.009

Peano L, Kounina A, Magaud V, Chalumeau S, Zgola M, Boucher J
(2020) Plastic leak project. Methodological Guidelines. v. 1.3.
Quantis; EA, checked on 6/25/2020

Publications Office of the European Union (Ed.) (2012) Charac-
terisation factors of the ILCD recommended life cycle impact
assessment methods. Database and Supporting Information. First
edition. Joint Research Centre of the European Commission. Lux-
embourg (EUR 25167)

Saling P, Gyuzeleva L, Wittstock K, Wessolowski V, Griesshammer
R (2020) Life cycle impact assessment of microplastics as one
component of marine plastic debris. In Int J Life Cycle Assess.
https://doi.org/10.1007/s11367-020-01802-z

Serrano-Ruiz H, Martin-Closas L, Pelacho AM (2021) Biodegradable
plastic mulches: impact on the agricultural biotic environment.
In Sci Total Environ 750:p. 141228. https://doi.org/10.1016/j.
scitotenv.2020.141228

Serrano-Ruiz H, Eras J, Martin-Closas L, Pelacho AM (2020) Com-
pounds released from unused biodegradable mulch materials after
contact with water. In Polym Degrad Stab 178:p. 109202. https://
doi.org/10.1016/j.polymdegradstab.2020.109202

Siegfried M, Koelmans AA, Besseling E, Kroeze C (2017) Export of
microplastics from land to sea. A Modelling Approach in Water
Research 127:249-257. https://doi.org/10.1016/j.watres.2017.10.011

Soares SR, Toffoletto L, Deschénes L (2006) Development of weight-
ing factors in the context of LCIA. In J Cleaner Prod 14(6):649—
660. https://doi.org/10.1016/j.jclepro.2005.07.018

Society for plastics in agriculture (Ed.) (2019) Ergebnisse der GKL-
Erhebung: Kunststoffeinsatz im Obstbau 2018/2019 — Teilerhebung
,,Erdbeeren®. Gesellschaft fiir Kunststoffe im Landbau e.V. Avail-
able online at https://www.gkl-online.de/agrar-kunststoffe.html

Sonnemann G, Valdivia S (2017) Medellin declaration on marine litter
in life cycle assessment and management. In Int J Life Cycle Assess
22(10):1637-16309. https://doi.org/10.1007/s11367-017-1382-z

Sensteby A, Opstad N, Heide OM (2013) Environmental manipulation
for establishing high yield potential of strawberry forcing plants. In
Sci Hortic 157:65-73. https://doi.org/10.1016/j.scienta.2013.04.014

Soode-Schimonsky E, Richter K, Weber-Blaschke G (2017) Product
environmental footprint of strawberries: case studies in Estonia
and Germany. In J Environ Manage 203:564-577. https://doi.org/
10.1016/j.jenvman.2017.03.090

Sorgiiven E, Ozilgen M (2012) Energy utilization, carbon dioxide
emission, and exergy loss in flavored yogurt production process.
In Energy 40(1):214-225. https://doi.org/10.1016/j.energy.2012.
02.003

Steinmetz Z, Wollmann C, Schaefer M, Buchmann C, David J, Troger
J et al (2016) Plastic mulching in agriculture. Trading short-term
agronomic benefits for long-term soil degradation? In Sci Total
Environ 550:690-705. https://doi.org/10.1016/j.scitotenv.2016.
01.153


https://doi.org/10.1016/j.jenvman.2020.111313
https://doi.org/10.1016/j.coche.2021.100681
https://doi.org/10.1016/j.scitotenv.2018.09.105
https://doi.org/10.1016/j.scitotenv.2018.09.105
https://doi.org/10.1016/j.foodpol.2011.07.003
https://doi.org/10.1016/j.foodpol.2011.07.003
https://doi.org/10.1016/j.scitotenv.2017.01.190
https://doi.org/10.1016/j.rser.2019.109411
https://doi.org/10.1126/science.1260879
https://doi.org/10.1126/science.1260879
https://eplca.jrc.ec.europa.eu/LCDN/developerEF.xhtml
https://doi.org/10.1016/j.still.2017.01.001
https://doi.org/10.1016/j.still.2017.01.001
https://www.infothek-biomasse.ch/images//401_2019_Kalberer_Plastik_in_der_Landwirtschaft.pdf
https://www.infothek-biomasse.ch/images//401_2019_Kalberer_Plastik_in_der_Landwirtschaft.pdf
https://www.infothek-biomasse.ch/images//401_2019_Kalberer_Plastik_in_der_Landwirtschaft.pdf
https://doi.org/10.1007/s13593-011-0068-3
https://doi.org/10.1016/j.eja.2013.05.003
https://doi.org/10.1016/j.eja.2013.05.003
https://doi.org/10.1111/jiec.13140
https://doi.org/10.1007/s00128-020-02820-1
https://doi.org/10.1016/j.scitotenv.2016.05.084
https://doi.org/10.1300/J492v05n01_09
https://link.springer.com/content/pdf/10.1007/s11367-022-02040-1.pdf
https://link.springer.com/content/pdf/10.1007/s11367-022-02040-1.pdf
https://doi.org/10.1016/j.resconrec.2020.105331
https://doi.org/10.1016/j.resconrec.2020.105331
https://doi.org/10.1002/wene.360
https://www.oecd-ilibrary.org/content/publication/de747aef-en
https://www.oecd-ilibrary.org/content/publication/de747aef-en
https://doi.org/10.1016/j.scienta.2007.08.009
https://doi.org/10.1007/s11367-020-01802-z
https://doi.org/10.1016/j.scitotenv.2020.141228
https://doi.org/10.1016/j.scitotenv.2020.141228
https://doi.org/10.1016/j.polymdegradstab.2020.109202
https://doi.org/10.1016/j.polymdegradstab.2020.109202
https://doi.org/10.1016/j.watres.2017.10.011
https://doi.org/10.1016/j.jclepro.2005.07.018
https://www.gkl-online.de/agrar-kunststoffe.html
https://doi.org/10.1007/s11367-017-1382-z
https://doi.org/10.1016/j.scienta.2013.04.014
https://doi.org/10.1016/j.jenvman.2017.03.090
https://doi.org/10.1016/j.jenvman.2017.03.090
https://doi.org/10.1016/j.energy.2012.02.003
https://doi.org/10.1016/j.energy.2012.02.003
https://doi.org/10.1016/j.scitotenv.2016.01.153
https://doi.org/10.1016/j.scitotenv.2016.01.153

The International Journal of Life Cycle Assessment (2023) 28:611-625

625

Tabatabaie SMH, Murthy GS (2016) Cradle to farm gate life cycle assess-
ment of strawberry production in the United States. In J Cleaner Prod
127:548-554. https://doi.org/10.1016/j.jclepro.2016.03.175

UNEP, UNEP-SETAC Life Cycle Initiative (2016) Global guidance for
life cycle impact assessment indicators. Volume 1

Unice KM, Weeber MP, Abramson MM, Reid RCD, van Gils JAG,
Markus AA et al (2019) Characterizing export of land-based
microplastics to the estuary - part I: application of integrated geo-
spatial microplastic transport models to assess tire and road wear
particles in the Seine watershed. In Sci Total Environ 646:1639—
1649. https://doi.org/10.1016/j.scitotenv.2018.07.368

United Nations (2017) A/RES/71/312 - Our ocean, our future: call for
action. Available online at https://sustainabledevelopment.un.org/
frameworks/ouroceanourfuture

United Nations, Department of Economic and Social Affairs, Population
Division (2022) World Population Prospects: The 2022 Revision. cus-
tom data acquired via website. Available online at https://population.
un.org/dataportal/data/indicators/49/locations/336,927,915,916,5500,
910,906,923,928,954,911,912,924,957,931,920,913,5501,925,914,
922,926,903,935,908,904,905,909,1834,1831,1832,1829,1830,1833,
1835,947,901,902,941,934,1503,1500,1501,1505,1518,1502,900/
start/2019/end/2019/metadata/metadataindicators

Valiante D, Sirtori I, Cossa S, Corengia L, Pedretti M, Cavallaro L
et al (2019) Environmental impact of strawberry production in
Italy and Switzerland with different cultivation practices. In Sci
Total Environ 664:249-261. https://doi.org/10.1016/j.scitotenv.
2019.02.046

van Cauwenberghe L, Vanreusel A, Mees J, Janssen CR (2013)
Microplastic pollution in deep-sea sediments. In Environ Pollut
182:495-499. https://doi.org/10.1016/j.envpol.2013.08.013

Webb J, Williams AG, Hope E, Evans D, Moorhouse E Eds (2013)
Do foods imported into the UK have a greater environmental

impact than the same foods produced within the UK? In Int J
Life Cycle Assess 18 7 1325 1343. https://doi.org/10.1007/
s11367-013-0576-2

Weithmann N, Méller JN, Loder MGJ, Piehl S, Laforsch C, Freitag R
(2018) Organic fertilizer as a vehicle for the entry of microplastic
into the environment. http://advances.sciencemag.org/content/
advances/4/4/eaap8060.full.pdf. Accessed 17 Sep 2018

Wernet G, Bauer C, Steubing B, Reinhard J, Moreno-Ruiz E, Weidema
B (2016) The ecoinvent database version 3 (part I): overview and
methodology. In Int J Life Cycle Assess, pp. 1218-1230. Availa-
ble online at http://link.springer.com/10.1007/s11367-016-1087-8

Wong JKH, Lee KK, Tang KHD, Yap PS (2020) Microplastics in the
freshwater and terrestrial environments: prevalence, fates, impacts
and sustainable solutions. In Sci Total Environ 719:p. 137512.
https://doi.org/10.1016/j.scitotenv.2020.137512

Woods JS, Rgdder G, Verones F (2019) An effect factor approach for
quantifying the entanglement impact on marine species of macro-
plastic debris within life cycle impact assessment. In Ecol Indic
99:61-66. https://doi.org/10.1016/j.ecolind.2018.12.018

Woods JS, Verones F, Jolliet O, Vazquez-Rowe I, Boulay AM (2021)
A framework for the assessment of marine litter impacts in life
cycle impact assessment. In Ecol Indic 129:p. 107918. https://doi.
org/10.1016/j.ecolind.2021.107918

Yoshikawa N, Amano K, Shimada K (2008) Evaluation of environmen-
tal load on fruits and vegetables consumption and its reduction
potential

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.jclepro.2016.03.175
https://doi.org/10.1016/j.scitotenv.2018.07.368
https://sustainabledevelopment.un.org/frameworks/ouroceanourfuture
https://sustainabledevelopment.un.org/frameworks/ouroceanourfuture
https://population.un.org/dataportal/data/indicators/49/locations/336,927,915,916,5500,910,906,923,928,954,911,912,924,957,931,920,913,5501,925,914,922,926,903,935,908,904,905,909,1834,1831,1832,1829,1830,1833,1835,947,901,902,941,934,1503,1500,1501,1505,1518,1502,900/start/2019/end/2019/metadata/metadataindicators
https://population.un.org/dataportal/data/indicators/49/locations/336,927,915,916,5500,910,906,923,928,954,911,912,924,957,931,920,913,5501,925,914,922,926,903,935,908,904,905,909,1834,1831,1832,1829,1830,1833,1835,947,901,902,941,934,1503,1500,1501,1505,1518,1502,900/start/2019/end/2019/metadata/metadataindicators
https://population.un.org/dataportal/data/indicators/49/locations/336,927,915,916,5500,910,906,923,928,954,911,912,924,957,931,920,913,5501,925,914,922,926,903,935,908,904,905,909,1834,1831,1832,1829,1830,1833,1835,947,901,902,941,934,1503,1500,1501,1505,1518,1502,900/start/2019/end/2019/metadata/metadataindicators
https://population.un.org/dataportal/data/indicators/49/locations/336,927,915,916,5500,910,906,923,928,954,911,912,924,957,931,920,913,5501,925,914,922,926,903,935,908,904,905,909,1834,1831,1832,1829,1830,1833,1835,947,901,902,941,934,1503,1500,1501,1505,1518,1502,900/start/2019/end/2019/metadata/metadataindicators
https://population.un.org/dataportal/data/indicators/49/locations/336,927,915,916,5500,910,906,923,928,954,911,912,924,957,931,920,913,5501,925,914,922,926,903,935,908,904,905,909,1834,1831,1832,1829,1830,1833,1835,947,901,902,941,934,1503,1500,1501,1505,1518,1502,900/start/2019/end/2019/metadata/metadataindicators
https://population.un.org/dataportal/data/indicators/49/locations/336,927,915,916,5500,910,906,923,928,954,911,912,924,957,931,920,913,5501,925,914,922,926,903,935,908,904,905,909,1834,1831,1832,1829,1830,1833,1835,947,901,902,941,934,1503,1500,1501,1505,1518,1502,900/start/2019/end/2019/metadata/metadataindicators
https://doi.org/10.1016/j.scitotenv.2019.02.046
https://doi.org/10.1016/j.scitotenv.2019.02.046
https://doi.org/10.1016/j.envpol.2013.08.013
https://doi.org/10.1007/s11367-013-0576-2
https://doi.org/10.1007/s11367-013-0576-2
http://advances.sciencemag.org/content/advances/4/4/eaap8060.full.pdf
http://advances.sciencemag.org/content/advances/4/4/eaap8060.full.pdf
http://link.springer.com/10.1007/s11367-016-1087-8
https://doi.org/10.1016/j.scitotenv.2020.137512
https://doi.org/10.1016/j.ecolind.2018.12.018
https://doi.org/10.1016/j.ecolind.2021.107918
https://doi.org/10.1016/j.ecolind.2021.107918

	Life cycle assessment of different strawberry production methods in Germany with a particular focus on plastic emissions
	Abstract
	Purpose 
	Methods 
	Results and discussion 
	Conclusion 

	1 Background and aim
	2 Materials and methods
	2.1 Goal and scope definition
	2.2 Compilation of the life cycle inventory
	2.3 Estimation of plastic emission
	2.4 Life cycle impact assessment

	3 Results
	4 Discussion
	4.1 Overall environmental impacts of strawberry cultivation
	4.2 Applicability of the plastic pollution methodology
	4.3 Comparison to the results of other authors
	4.4 Limitations

	5 Conclusion and outlook
	Anchor 20
	References


