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This master’s thesis analyses the life cycle impacts of one kilogram of Polish apples exported
to Finland on biodiversity in terrestrial and freshwater ecosystems. The impacts are assessed
by focusing on three drivers of biodiversity loss: land use, climate change, and water use.
The analysis is carried out as a life cycle assessment (LCA). Scientific literature and
ecoinvent v3.10 database are used in the life cycle inventory analysis (LCI), and the analysis
is carried out via openLCA software. In the life cycle impact assessment (LCIA), the impacts
on biodiversity are calculated based on the inventory results by utilizing LC-IMPACT
method, and for land use the ecoregion-specific characterization factors (CFs) by Scherer et
al. (2023B).

The estimated impact on terrestrial ecosystems is approximately 1.49E-15 PDF*year/kg and
on freshwater ecosystems approximately 3.63E-16 PDF*year/kg. For terrestrial ecosystems,
impacts caused by land use and climate change are considered, and for freshwater
ecosystems, the impacts caused by climate change and water use are considered. For both
ecosystems, the most significant driver of biodiversity loss is climate change.

Climate change impacts are particularly driven by the emissions caused by the long export
distance. Land and water use impacts are driven by direct land use and irrigation in the
cultivation phase. It is important to focus on these factors in terms of their significant
contribution to apples’ overall impacts on biodiversity.
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SYMBOLS AND ABBREVIATIONS

Symbols

C celsius

CO; carbon dioxide

COze carbon dioxide equivalent
g gram

h hour

ha hectare

kg kilogram

km kilometer

kWh kilowatt-hour

[ liter

m? square meter

m? cubic meter

mm millimeter

MJ megajoule

N>0 dinitrogen monoxide
NH; ammonium

NOx nitrogen oxides

t ton

Abbreviations

CA controlled atmosphere

CF characterization factor
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GDP

GHG

LCA

LCI

LCIA

MSA

PET

PDF

PL

RoW

SDG

SE

WEF

Germany

gross domestic product
greenhouse gas

potassium

life cycle assessment

life cycle inventory analysis
life cycle impact assessment
mean species abundance
nitrogen

phosphorus

polyethylene terephthalate
potentially disappeared fraction of species
Poland

rest of world

sustainable development goal
Sweden

United Nations

World Economic Forum
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1 Introduction

In the 2025 Global Risk Report, the World Economic Forum (WEF) (2025, 8) presents the
results of the Global Risks Perception Survey. According to the survey’s results, biodiversity
loss and ecosystem collapse are estimated to be one of the most severe global threats to
humanity over the long term, placing second after extreme weather events (World Economic
Forum 2025, 8). Yet, biodiversity loss is also linked with many of the other severe long-term
risks, not all of them being classified as environmental (IPBES 2024; World Economic

Forum 2025, 9).

In the 2030 Agenda for Sustainable Development, defined by the United Nations (UN)
(2015, 5), sustainable development is divided into three dimensions: economic, social, and
environmental sustainability. The 2030 Agenda has been criticised for its inability to
motivate change towards planetary integrity, as the interconnectedness of the three key
components: people, planet, and integrity, is defined vaguely (Kotzé et al. 2022). The well-
being of the environment is indeed a precondition for the flourishing of the two other key

components of sustainability, which are people and economy (Dasgupta 2021, 45).

The well-being of people is dependent on the ecosystem services provided by nature, such
as food, water, climate regulation, and oxygen production (Dasgupta 2021; IPBES 2024).
Similarly, for the economies, it has been estimated that more than half of the global gross
domestic product (GDP) is created in sectors that are moderately to highly dependent on

nature (IPBES 2024, 16).

Despite the interconnectedness, human-caused biodiversity loss is accelerating, and it has
been estimated that currently the number of species going extinct is tens to hundreds of times
larger than the average of the last 10 million years (IPBES 2019, 24; Richardson et al. 2023,
3). Scientists have introduced the concept of Anthropocene, which refers to the period of
time, where human activities have started to disrupt the nine planetary boundaries that are
critical for environmental stability and resilience (Richardson et al. 2023, 1). One of these

boundaries is biosphere integrity, for which we have exceeded the limits of safe operating
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space for both of its components, genetic diversity and functional integrity (Richardson et

al. 2023, 4).

The five direct drivers of biodiversity loss are land and sea use change, direct exploitation,
climate change, pollution, and invasive alien species (IPBES 2019, 25; IPBES 2024, 6). Of
these drivers, land use change has the most severe impact on terrestrial and freshwater
ecosystems, while direct exploitation is the main driver for the biodiversity loss of the marine
ecosystems (IPBES 2019, 25; 28). Land use change is mainly driven by agriculture, forestry,
and urbanization, with over a third of the land surface being dedicated to crop or livestock

production (IPBES 2019, 28).

Our food consumption thus plays a central role in terms of the biodiversity loss (IPBES
2019, 28). Sociocultural factors, such as consumption patterns, are considered as indirect
drivers, which are shaped by the societal values and behaviours (IPBES 2019, 25; IPBES
2024, 9). Increased food production has improved health in terms of caloric intake, but
unsustainable agricultural practices cause biodiversity loss and also negative effects on
people’s health, for example, through unsustainable water consumption, poor food diversity

and quality, pollution, and emissions (IPBES 2024, 13).

Reducing meat overconsumption is crucial for lowering the food systems’ impact on
biodiversity (IPBES 2024; 29), as generally vegetarian and vegan dishes have lower impact.
Yet, some plant-based products also contribute significantly to biodiversity loss (Cheng et
al. 2024). To promote sustainable food consumption, it is important to understand how
different alternative food items compare to one another in terms of their impacts on

biodiversity (Vartiainen et al. 2025, 21).

In biodiversity impact assessment, the impacts are first assessed in several environmental
impact categories, such as climate change or land use, after which the impacts are converted
to impacts on biodiversity (Bromwich et al. 2025, 3; LUT 2024). One commonly used
method for assessing biodiversity impacts is life cycle assessment (LCA), which allows
expression of, for example, organisation’s or a product’s impact on biodiversity on a
common unit of measurement (Bromwich et al. 2025, 2). Such unit can be, for example,
mean species abundance (MSA) or potentially disappeared fraction of species (PDF)
(Kuipers et al. 2025; Peura et al. 2023, 37).
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The total impacts on different ecosystems are caused by the five aforementioned drivers of
biodiversity loss: land and sea use change, direct exploitation, climate change, pollution, and
invasive alien species (IPBES 2019, 25; IPBES 2024, 6; Sitra 2024). Currently, when
assessing impacts on different ecosystems, it is challenging to include an estimation of the
impacts in all five impact categories, as the best methods available only cover three or four

of them (Sitra 2024; Sitra 2025, 24).

In Finland, food-related biodiversity impact assessments have been done, for example, as
part of the total biodiversity impact assessment for the City of Lahti (Vartiainen et al. 2025,
17). These calculations compared the impact of different food items by focusing on two
drivers: land use and climate change. The food categories with the biggest total impact were
dairy products, red meat, and fruits, berries, and nuts. For fruits, berries, and nuts, the impact

mainly resulted from the land use change. (Vartiainen et al. 2025, 17.)

Another Finnish study analysing the food’s impact on biodiversity was carried out as part of
a report on the average overall nature footprint of a Finn (Sitra 2025). The findings align
with Vartiainen et al. (2025, 17), highlighting that the majority of the food consumption’s
biodiversity impact stems from the consumption of meat and dairy products (Sitra 2025, 7).
However, in this study, coffee and tea, poultry, and fish and seafood were ranked as having

a greater impact than the category of fruits, berries, and nuts (Sitra 2025, 39).

Sitra’s (2025, 37) study also shows that food consumption is responsible for 42% of the
average Finn’s total impact on biodiversity. A significant portion of these impacts caused by
food consumption in Finland occurs outside of the country’s borders (Sitra 2025, 7). In
general, the biodiversity impact of domestically produced food is smaller than imported
foods, as imported products often come from countries that are richer in terms of biodiversity

(Sitra 2025, 38).

Some plant-based products, bananas, for example, have been identified to have an especially
large impact on biodiversity, as their production takes place in areas with rich biodiversity,
and where land use change causes extensive damage (S Group 2024; Vartiainen et al. 2025;
18). At the same time, bananas are consumed in large quantities in Finland: according to S

Group (2024), almost every Finn buys them at least weekly.

It is important to understand the biodiversity impacts of other, more locally produced fruits

that could potentially substitute banana consumption. In 2022, the most produced fruit in
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Europe was apple, and most of the apple production in Europe takes place in Poland
(Eurostat 2024). Poland is also a significant exporter of apples, but the majority of its exports
are directed to other European countries (Time for Apples from Europe 2024A), meaning

that most of the apples consumed in Europe are from Poland.

Thus, this study aims to assess the biodiversity impacts of a Polish apple that is exported to
Finland, thereby contributing to an increased knowledge of the biodiversity impacts of
different food items, produced in different circumstances. This increased information can
enhance the comparability of different food items and support actions that promote

sustainable consumption.

The biodiversity impacts are assessed in this study by focusing on three impact categories:
land use, climate change, and water usage. The selected biodiversity loss drivers have
negative impacts on terrestrial and freshwater ecosystems (Peura et al. 2023, 12), so the

impacts are assessed for these ecosystems.

In this study, life cycle assessment (LCA) is used as a method to assess the biodiversity
impact of a Polish apple’s life cycle. In the LCI phase, the data for each impact category is
collected from ecoinvent v3.10 database by using openLCA software, and when applicable,

from academic literature.

In the LCIA phase, the impacts of the considered drivers of biodiversity loss are calculated
based on the inventory data. For land use, the impacts are calculated for terrestrial
ecosystems. For climate change, they are calculated for both terrestrial and freshwater
ecosystems, and for water use, they are calculated for freshwater ecosystems. Combining the

results allows to calculate the total impact on terrestrial and freshwater ecosystems.

For land use, ecoregion-specific characterization factors (CFs) by Scherer et al. (2023B) are
used, while for climate change and water use, CFs of LC-IMPACT method (Verones 2021)
are used. With CFs, it is possible to convert the present impacts into PDF unit, which
represents the proportion of global species likely to disappear as a result of environmentally

harmful activities (Sitra 2025, 16).
The aim of this study is to answer to following research questions:

RQ1. What is an apple’s total biodiversity impact on terrestrial and freshwater ecosystems?
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RQ2. How do different drivers of biodiversity loss and different stages of an apple’s life

cycle contribute to its biodiversity impact?

RQ3: What kind of recommendations can be drawn from the results to reduce the

biodiversity footprint of apple production?

The second chapter of this study focuses on biodiversity loss as a phenomenon: what it
means for people and the economy, what are the main drivers of biodiversity loss, what is
the role of food production and agriculture, and why food-related biodiversity impact
calculations matter. The third chapter presents the method used in this study, LCA, considers
how it can be applied to calculate biodiversity impact, and presents the tools and datasets
selected for this study. The fourth chapter focuses on the implementation of the LCA,
logically progressing through the different phases of implementation. Chapter five presents
the interpretation of the results, and the recommendations that, based on the results, can be
made to reduce the biodiversity impact of apple production. Finally, chapter six present the

conclusions of this study.
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2 Biodiversity loss

As a result of human actions, biodiversity loss has accelerated so rapidly that the current
situation is now referred to as the Earth’s sixth mass extinction (Lewis & Maslin 2015, 172).
The relationship between biodiversity loss and human activity is twofold: human actions
accelerate biodiversity loss, yet the existence of humanity and the economy depend on

nature’s well-being (Dasgupta 2021).

One reason for the human-caused biodiversity loss is the unsustainable food system, which
affects biodiversity through various drivers, the most significant being land use change
(Benton et al. 2021, 2). To understand how different diets and the production and
consumption of different food products impact biodiversity, it is essential to measure their

impacts in a way that enables comparison (Vartiainen et al. 2025, 21).

In this chapter, Section 2.1 focuses on the current state of biodiversity, and Section 2.2
explores how humanity is dependent on nature’s ecosystem services. Section 2.3 describes
how neglecting the value of the natural capital in economic accounting and decision-making
leads to negative externalities, and Section 2.4 observes the role of food production and
agriculture as drivers of biodiversity loss. Finally, Section 2.5 discusses the importance of
measuring the environmental impacts of different alternatives in a way that allows their

comparison.

2.1 Current state of biodiversity loss

The concept of biodiversity refers to the variety of life on Earth, including diversity of
species, diversity within species, and diversity of ecosystems (Convention on Biological
Diversity 2006). These forms of biological diversity are declining at an alarming rate. It has
been estimated that currently the number of species going extinct is tens to hundreds of times
larger than the average of the last 10 million years (IPBES 2019, 24; Richardson et al. 2023,

3). The genetic variety within wild species has declined approximately by 1 percent per
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decade since the mid-19th century, and biological communities have become more similar

across different regions (IPBES 2019, 12; 26).

Biosphere integrity, referring to Earth system’s ability to function and self-regulate
(Stockholm Resilience Centre N.d.), is one of the nine planetary boundaries, that are
essential for maintaining stability and integrity of the entire Earth system. Two dimensions
of biosphere integrity are genetic integrity and functional integrity, and ultimately the
biosphere’s planetary functioning is dependent on its genetic diversity. (Richardson et al.
2023, 3.) For both components, genetic and functional integrity, the limits that define the
safe operating space for humanity are currently being exceeded (Stockholm Resilience

Centre N.d.).

Biodiversity loss is driven by human activity, and especially land use change has resulted in
such extensive species extinctions that it is referred to as the sixth mass extinction of the
Earth’s history (Lewis & Maslin 2015, 172). Researchers suggest that we have entered a new
geological epoch, defined by human activity, called Anthropocene (Lewis & Maslin 2015,
171). The main drivers through which human activities have accelerated biodiversity loss

are described in detail in Section 2.3.

Each plant and animal species has its own important role in the ecosystem, and when the
population falls under a certain level, it is no longer able to perform its role in the ecosystem
(WWF 2024, 7). As small changes in the state of biodiversity cumulate, the change can
become self-perpetuating, leading to a more substantial change in the state of nature. This is
referred as a tipping point. (WWF 2024, 34.) The decline and disappearance of species can
disrupt the functioning of an entire ecosystem, potentially leading to unpredictable
consequences, also to humanity, due to the damage to Earth’s life-support systems. (WWF

2024, 7; 35.)

2.2 Impacts on humans and economy

World Economic Forum’s 2025 Global Risk Report presents the results of the Global Risks
Perception Survey, which annually seeks to analyse the global risk landscape and the
severity of different types of emerging global risks. The results of the survey are based on

the views of over 900 experts, working in academia, businesses, governance, and civil
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society (World Economic Forum 2025, 5). According to the report, biodiversity loss and
ecosystem collapse have been ranked as the second most severe global risk after extreme
weather events over a 10-year period. All four of the most severe long-term global risks fall
into the environmental risk category and are interconnected with biodiversity loss. (World

Economic Forum 2025, 8-9.)

Yet, biodiversity loss is also linked with many other global risks that are not part of the
environmental risks category. (IPBES 2024, 6; World Economic Forum 2025, 9.) Defined
by the United Nations (UN), the 2030 Agenda for Sustainable Development divides
sustainable development into three categories: environmental, social, and economic
sustainability (United Nations 2015, 5). The means to promote these different dimensions of
sustainable development have been divided into seventeen Sustainable Development Goals
(SDGs) (United Nations 2015). Biodiversity is fundamentally linked to several of these
SDGs, enabling or, when weakened, jeopardizing the conditions necessary for achieving
targets related to, for example, poverty reduction, nutrition and water availability, health,

equality, peace, and economic growth (Convention on Biological Diversity 2016).

Thus, it is important to understand that biodiversity is also a precondition for achieving the
goals that are related to social and economic sustainability. Social well-being and the
functioning of the economy rely on the ecosystem services provided by nature (IPBES 2019,
10; IPBES 2024, 6), which are typically classified into provisioning services, regulating and

maintenance services, and cultural services (Dasgupta 2021, 61).

Provisioning services include, for example, materials and energy that are required for the
products that we use. Regulating and maintenance services refer to the regulation and
maintenance of ecosystem processes, such as climate regulation, erosion prevention, and
water flow regulation. Cultural services, again, refer to non-material benefits, such as the

aesthetic value of nature and its cultural significance. (Dasgupta 2021, 61.)

Although the monetary value is rarely defined for these ecosystem services (Sitra 2021), it
is estimated that approximately half of the global GDP is generated in sectors that are
moderately to highly dependent on nature (IPBES 2024, 16; World Economic Forum 2020,
8). Yet, as discussed in Section 2.1, it is clear that biodiversity loss has significantly
accelerated due to human activities, which is an externality that is often unaccounted in the

market prices (IPBES 2024, 16; Dasgupta 2021, 48). This is partly because of weakly
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defined property rights over natural assets and the difficulty in tracing the harm caused to

nature back to the polluter (Dasgupta 2021, 48).

Finally, it should be noted that the economic benefits gained from the destruction of
biodiversity accumulate to a small group of people (IPBES 2024, 6). Also, the resulting
harms, such as water scarcity and food insecurity, disproportionately affect vulnerable
groups, including the population living in developing countries and Indigenous Peoples

(IPBES 2024, 7).

2.3 Main drivers of biodiversity loss

Similarly, as the functioning of the economy and societal institutions is dependent on the
available ecosystem services, the decreasing state of biodiversity, and the availability of
these ecosystem services trace back to the operating and measuring mechanisms of the global

economy (Dasgupta 2021).

This relationship between nature and economy has been extensively described in a 2021
report by Indian-British economist Sir Partha Dasgupta. In his report, one of the key
messages Dasgupta (2021, 3) points out is that the decreasing of natural capital is not
currently accounted in mainstream economic indicators, such as GDP, which only focus on
produced capital and human capital. To protect biodiversity and the ecosystem services
provided by nature, and therefore to ensure intergenerational well-being, Dasgupta (2021,
493) emphasizes the need to measure inclusive wealth, which covers not only produced and

human capital but also natural capital.

Failing to account for the costs of ecosystem degradation in economic accounting and
decision-making can lead to negative externalities (Bagstad et al. 2021, 6). This concept
refers to the negative consequences of economic activity that affect third parties who are not
directly involved in the transaction. The degradation of biodiversity as a result of economic
activities is an example of a negative environmental externality. (IISD, n.d.) Open-access
resources, such as fish stocks or using the atmosphere’s carbon sink capacity, are particularly
challenging negative environmental externalities, as they can be used freely by anyone,
which often leads to overexploitation (Dasgupta 2021, 42). This phenomenon is commonly

referred to as the “tragedy of the commons” (Hardin 1968).
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The overexploitation of common resources is a key underlying cause of many of the main
direct drivers of biodiversity loss, which are land and sea use change, direct exploitation,
climate change, pollution, and invasive alien species (IPBES 2019, 25; IPBES 2024, 6).
These direct drivers affect different ecosystems in different ways. In terrestrial and
freshwater ecosystems, the most significant individual driver of biodiversity loss is land use
change, whereas in marine ecosystems, the primary driver is direct exploitation (IPBES

2019, 25).

The aforementioned “tragedy of the commons” phenomenon (Hardin 1968) is closely linked
to the key indirect drivers of biodiversity loss, which are societal factors that accelerate the
direct drivers. The indirect drivers of biodiversity loss are typically categorized as
demographic and sociocultural, economic and technological, institutions and governance,
and conflicts and epidemics (IPBES 2019, 25). Of these indirect drivers, for example,
economic and technological drivers, as well as institutions and governance drivers, are
closely linked to the failure to eliminate negative environmental externalities caused by

economic activities.

However, in addition to the necessary top-down measures, such as advancing natural capital
accounting, it is also important to recognize the importance of a bottom-up approach in
tackling biodiversity loss. Ultimately, all indirect drivers are underpinned by the societal
values and behaviours (IPBES 2019, 25). For this reason, it is also important to strengthen
individual-level understanding of the value of nature and to raise awareness of how personal
consumption habits and decisions affect biodiversity. Additionally, understanding the
biodiversity impacts of different decisions and actions is also important, for example, for
businesses and policymakers, as it enables them to analyse how these impacts evolve and
identify the most effective ways to reduce them (Damien et al. 2023, 2). Policymakers and
businesses also play a key role in enabling more sustainable lifestyles for individuals (Sitra

2025, 8). The importance of this will be discussed further in Section 2.5.

2.4 Role of food production and agriculture

To remain competitive in global markets, food producers are facing a pressure to produce
food as cheaply and efficiently as possible (Benton et al. 2021, 2). Currently, many of the

negative environmental and social externalities of food production are not reflected in the



22

market prices, which often makes unsustainable production more profitable (Hendriks et al.

2023, 584).

Addressing the environmental damage caused by the food system is a highly relevant issue
as the global population size is estimated to continue growing, which will increase pressure
on food production in the future. Currently, we consume too much meat and dairy products,
and more plant-based diets could help reduce the negative environmental impacts of the food
system, while also supporting food security. (Dalin & Outhwaite 2019, 298-299.) Another
consumption-related factor that contributes to the negative environmental impacts of the

food system and hinders food security is food waste (IPBES 2019, 18).

Currently, global food production is the leading driver of biodiversity loss, especially due to
the accelerating use of land for crop cultivation and pasture (Benton et al. 2021, 2). In
addition to land use, agriculture contributes to biodiversity loss through other drivers.
Freshwater ecosystems are affected by water extraction and chemical run-offs, while marine
ecosystems are particularly impacted by the direct exploitation (Benton et al. 2021, 6; IPBES
2019, 12). Food systems also indirectly contribute to biodiversity loss through climate
change, which affects habitat suitability (Benton et al. 2021, 7). The following subsections
will explore the impacts of the food system on biodiversity through these drivers: land use,
climate change, water use, and additional impacts, such as eutrophication caused by fertilizer

use and the negative impacts of pesticide use.

2.4.1 Impacts of the food system on biodiversity through land use

Land use change has been the most significant driver of biodiversity loss in terrestrial
ecosystems since 1970, mainly due to agricultural expansion for crop production and
livestock farming (IPBES 2019, 12). Today, agricultural land use occupies approximately
half of the Earth’s habitable surface, resulting in land that is uninhabitable for wild animals,

plants, and other organisms (Benton et al. 2021, 6;16).

Livestock production is responsible for approximately 80% of global agricultural land use
when considering grazing land and cropland used for producing animal feed (Ritchie &
Roser 2024). While the global biomass of wild mammals has fallen by 82% since prehistory
(IPBES 2019, 25), the global biomass of farmed mammals today accounts for approximately
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60% of all mammals’ biomass (Benton et al. 2021, 7). In terms of crops, agriculture is highly
concentrated around a small number of species: around 30 crops provide 95% of the global
population’s energy needs, with just four (rice, wheat, maize, and potato) accounting for

over 60% of the global population’s energy intake (FAO N.d.).

The negative impacts on biodiversity, driven by agricultural land use change, particularly
through deforestation and the conversion of natural habitats, have increased significantly in
tropical regions, which are biodiversity hotspots (Cabernard, Pfister & Hellweg 2024, 1514).
This trend is largely driven by the growth of international trade, which has led to the
outsourcing of food production from affluent regions to less affluent regions (Cabernard,
Pfister & Hellweg 2024, 1514-1515). Basic needs that were used to be met by using local
resources are now fulfilled using resources from other regions, effectively hiding

biodiversity impacts from the consumers (Ortiz, et al. 2021, 88-89).

In addition to terrestrial ecosystems, land use also affects freshwater ecosystems through
other agriculture-related biodiversity loss drivers, such as water extraction and climate

change (IPBES 2019, 12). These drivers’ effects are addressed in the following subsections.

2.4.2 Impacts of the food system on biodiversity through climate change

Around one-third of all the human-caused greenhouse gas (GHG) emissions are related to
food, the main contributors being agriculture and land use change (United Nations, N.d.).
Some of the most significant drivers of food production’s GHG emissions are methane (CHy)
released during cattle’s digestion, nitrogen oxides (NOx) and ammonium (NH3) from manure
and fertilizers used in crop cultivation, and carbon dioxide (CO>) released when forests are

cleared for farmland use (United Nations, N.d.; Benton et al. 2021, 18).

As a result of climate change, many species have gone through shifts in their geographical
distribution, population sizes, and seasonal behaviour (IPCC 2019, 8). These changes are
accelerating in terrestrial, marine, and freshwater ecosystems (IPBES 2019, 29). Climate
change leads to habitat degradation, causing sensitive species to die and forcing some species
to relocate to new areas (Benton et al. 2021, 2). In addition, climate change increases the
number of invasive alien species (IPCC 2019, 50), introducing new species that compete

with native species for space and resources (Benton et al. 2021, 2).
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The relationship between food production and climate change is two-directional, as food
production accelerates climate change, which in turn creates challenges for food production.
These climate change related challenges for food production and food security include, for

example, rising temperatures, heatwaves, droughts, and dry spells (IPCC 2019, 7-8).

2.4.3 Impacts of the food system on biodiversity through water use

Agriculture also requires water extraction for crop irrigation, which has negative
consequences for freshwater ecosystems (Benton et al. 2021, 6; Climate Focus 2024, 6). In
addition to ecological impacts, the overuse of freshwater for irrigation can also harm human
welfare, as 10% of the global population lives in areas facing extreme water scarcity, and as
half of the world’s population has limited access to safe drinking water (Pierrat et al. 2023,
2).

Agriculture is responsible for approximately 70% of global freshwater consumption, and in
low-income countries, it accounts for up to 90% of total water use (Dalin & Outhwaite 2019,
298; World Bank 2023). In many regions, this has led to the overexploitation of freshwater
resources (Dalin & Outhwaite 2019, 298).

In the future, water demand is expected to increase due to economic and population growth,
while climate change may further decrease freshwater availability (World Bank 2023).
However, water use in agriculture can be reduced through improved management, for
example, in dry regions, only drought-resistant crops that do not require intensive irrigation

should be cultivated. (Dalin & Outhwaite 2019, 300; IPBES 2024, 18.)

2.4.4 Other impacts of the food system on biodiversity

In addition to the aforementioned drivers of biodiversity loss, agriculture also contributes to
eutrophication in both freshwater and marine ecosystems, with chemical pollution
accounting for 78% of eutrophication (Benton et al. 2021, 19; IPBES 2024, 13; Climate
Focus 2024, 7). This chemical pollution occurs when excess nutrients, such as nitrogen and
phosphorus (Chislock et al. 2013), that are used on farmlands are leaking into water bodies

(Benton et al. 2021, 29).
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Nutrient enrichment in water bodies leads to increased algae growth, covering the water
surface and suffocating the underwater life (Benton et al. 2021, 19; Climate Focus 2024, 7).
Algae blooms block sunlight from reaching aquatic life below. In addition, a high rate of
photosynthesis raises the water’s pH, and when the algae die, their decomposition consumes
oxygen, making it difficult for many species to survive (Chislock et al. 2013). In addition to
eutrophication, chemical pollution from food production also significantly contributes to soil

acidification and air pollution (Climate Focus 2024, 7).

Also, the significant increase in pesticide use negatively impacts biodiversity by killing not
only pests but also other nearby insects (Benton et al. 2021, 17; 42). This also affects species
that rely on these insects as food (Benton et al. 2021, 44). Like fertilizers, pesticides can leak

into water bodies, causing harmful effects on aquatic species (Benton et al. 2021, 49).

2.5 Importance of measurement and comparability

To influence food system’s impacts on biodiversity, it is important to produce information
on the environmental effects of different diets and food products, allowing comparisons. In
addition to incorporating the value of nature into economic decision-making through natural
capital accounting, it is also crucial to empower citizens to make informed consumption
choices that support biodiversity (Dasgupta 2021, 495). Understanding the environmental
impacts of products and different organisations, benefits not only consumers but also the
organizations themselves, as it helps them understand how they contribute to biodiversity
loss, how these impacts evolve over time, and what are the most effective available measures
to reduce their negative impacts (Damien et al. 2023, 2). Different societal actors, such as
policymakers and businesses, also play a crucial role in creating an environment where

sustainable lifestyles are accessible to individuals (Sitra 2025, 8).

In political decision-making, the importance has been recognized by the European
Commission. In the EU Biodiversity Strategy for 2030, the Commission commits to
developing methods, standards, and criteria to support natural capital accounting and life
cycle approaches (Damiani et al. 2023, 2). Life Cycle Assessment (LCA) is a key tool in
environmental policy, as it allows to evaluate products’ or services’ environmental impacts
throughout their entire life cycle. LCA is also one of the tools that can be used to assess

impacts that are related to biodiversity loss (Bromwich et al. 2025, 2). This method allows
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to quantify the impacts on biodiversity, making it possible to compare different alternative
products or services. A more detailed review of LCA and its stages is provided in Chapter
3.

2.5.1 Importance of comparing impacts of different food products

A report conducted in Finland, focusing on the nature footprint of the city of Lahti, revealed
that, when considering land use and climate change, dairy products and red meat have the
highest impact on biodiversity. The food category with the next highest impact was fruits,
berries, and nuts, with climate change acting as a key driver of biodiversity loss (Vartiainen

et al. 2025, 17).

The significance of the impact of red meat and dairy products on biodiversity is also
confirmed by another Finnish study by Sitra (2025, 7). Yet, in this study, coffee and tea,
poultry, and fish and seafood were described as having a greater impact on biodiversity than
fruits, berries, and nuts (Sitra 2025, 39). Different studies may produce different results, for

example, due to the use of different datasets or coefficients (Sitra 2025, 42—44).

The study by Sitra (2025, 37) highlights the relevance of food consumption, as it is
responsible for 42% of the average Finn’s total impact on biodiversity. However, the
biodiversity impacts of Finn’s food consumption are largely occurring outside of Finland
(Sitra 2025, 7). In Finland, the impact of imported food products is generally higher than
that of domestic ones, as imports often come from countries with richer biodiversity (Sitra

2025, 37).

Also, within different food product categories, there are significant differences in the
biodiversity impacts of individual products. For example, bananas have a higher impact than
apples in terms of land use, greenhouse gas emissions, and eutrophication. Yet, apples have
a greater impact when it comes to freshwater use (Benton et al. 2021, 58). In the report by
Vartiainen et al. (2025, 18), bananas are pointed out as a plant-based product that has a high
impact on biodiversity. This is largely due to the fact that banana cultivation often takes
place in regions such as Central and South America, where land use has a significant impact

on species loss (Vartiainen et al. 2025, 18).
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The location of food production significantly affects its impact on biodiversity. As
mentioned earlier, global food trade plays a major role in determining where these impacts
materialize—often in tropical biodiversity hotspots, from which food is exported
(Cabernard, Pfister & Hellweg 2024, 1514-1515). For example, in Europe, favouring food
products that can be produced locally can help to reduce the outsourcing of negative
biodiversity impacts to regions where land-use changes may cause particularly severe
damage in terms of species loss. The most commonly produced fruit in Europe is apple, with
the majority of production coming from Poland (Eurostat 2024). This thesis examines how
apples produced in Poland affect biodiversity and how the impacts materialize in different

ecosystems. The goal and scope of the study are defined in Section 4.1.
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3 Methodology

This chapter describes the methodological approach of this study that is taken to assess the
biodiversity impacts of an apple. Life Cycle Assessment (LCA) is a commonly used method
for biodiversity impact assessment (Bromwich et al. 2025, 2), and the principles for
conducting an LCA, defined in the ISO 14040 (2006) and ISO 14044 (2006) standards, are
applied in this study. Section 3.1 describes LCA as a method and the implementation phases
defined in the ISO standards. Section 3.2 describes how the method can be applied to assess
biodiversity impacts and how this is done in the context of this study by using different tools

and datasets.

3.1 Main principles of LCA

LCA is a method that can be used to evaluate the environmental impacts of a product or
service throughout its entire life cycle, and there is a consensus within the scientific
community that LCA is one of the best available tools for this purpose (Soukka et al. 2020).
The method can be used to support decision-making by increasing understanding of how
different products or processes compare to each other in terms of their environmental
impacts (Curran 2015). LCA also helps to identify the most significant environmental
impacts of a product or process, as well as the life cycle stages that contribute most to these
impacts (Soukka et al. 2020). Direct applications of LCA include, for example, product
development, marketing, strategic planning, and public policy making (ISO 14040 2006, 8).

To support the implementation of LCA, international ISO standards were first established in
1996 and later updated in 2006 (Soukka et al. 2020). According to the guidelines provided
by these standards, the LCA process consists of four main phases: goal and scope definition,
life cycle inventory analysis (LCI), life cycle impact assessment (LCIA), and life cycle
interpretation (Curran 2015). The following descriptions of these phases are based on the

updated versions of the ISO 14040 (2006) and ISO 14044 (2006) standards.
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In the goal and scope definition phase, the goal is typically described by stating the intended
use of the assessment and its target audience. The scope definition generally includes a
description of the product system to be studied, the functional unit, system boundaries,
allocation procedures, impact categories, data requirements, assumptions, limitations, and
initial data quality requirements. (ISO 14040 2006, 11; ISO 14044 2006, 7). Functional unit
refers to the quantification of the product into a unit, to which all the inputs and outputs are
related in the assessment, allowing, for example, comparison of the impacts of different
product systems. System boundary defines which unit processes are included in the life cycle

assessment. (ISO 14040 2006, 12; ISO 14044 2006, 8.)

The LCI phase includes data collection and calculations to quantify the relevant inputs and
outputs of the product system’s different unit processes. This process is often iterative, as
data limitations may arise, which requires alternative approaches to data gathering. All data
limitations and assumptions should be clearly addressed in the assessment report, and the
sources of the data should also be documented. To ensure data validity, it is important to
verify that the data quality aligns with the requirements defined in the scope definition phase

(ISO 14040 2006, 13—14; ISO 14044 2006, 11-15).

As part of the LCI phase, it is important to relate the collected data to the functional unit of
the assessment. A sensitivity analysis can be used to define whether, for example, excluding
a certain unit process or specific input or output has a significant impact on the results. It is
also important to recognize that industrial processes rarely produce only one product, which
means that allocation may be needed. The need for allocation can be avoided, for example,
by dividing unit processes into multiple sub-processes (ISO 14040 2006, 13—14; ISO 14044
2006, 11-15).

In the LCIA phase, the aim is to evaluate the environmental impacts in the selected impact
categories by using the results of the LCI phase. For each impact category, it is important to
define category indicators and characterization models. In the characterization, LCI results
are converted into a common unit to allow aggregation. The LCIA phase is often iterative,
as it defines whether the goal and scope are reachable or if they need to be revised. (ISO
14040 2006, 14; ISO 14044 2006 16-17). The LCIA phase may also include optional
features such as normalization, grouping, weighting, and data quality analysis, which can

support the interpretation of the results (Soukka et al. 2020; ISO 14044 2006, 20-21).
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Finally, during the interpretation phase, the results of the LCI and LCIA are brought together
to address the selected goal, or if necessary, the goal and scope can be revised iteratively.
The interpretation should also address the limitations and assess the reliability of the results
through measures such as completeness check, sensitivity check, and consistency check.

Based on the results, it is possible to provide recommendations for actions. (ISO 14040 2006,

16; ISO 14044 2006, 23-25).

Yet, LCA involves certain limitations, which is why the results are often only indicative
(Soukka et al. 2020). These limitations may relate to the availability of data (Curren 2015),
the impact categories that can be assessed, or the inputs/outputs, and unit processes that can
be included in the analysis (ISO 14040 2006, 15). While LCAs always involve some level

of simplification, they can provide valuable information to support decision-making.

3.2 LCA in assessing biodiversity impacts

LCA is a widely used method for biodiversity impact assessment, and it allows to model the
impacts into a comparable unit of measurement (Bromwich et al. 2025, 2). In biodiversity
impact assessment, the impacts are first assessed in several environmental impact categories,
one example being climate change. After this, the impacts are converted to biodiversity

impacts. (Bromwich et al. 2025, 3; LUT 2024.)

Including all the previously mentioned drivers of biodiversity loss: land and sea use change,
direct exploitation, climate change, pollution, and invasive alien species (IPBES 2019, 25;
IPBES 2024, 6) in the assessment is often challenging, as the most advanced methods
currently available only address three or four of these drivers (Sitra 2024). Globally, land
use change has the largest impact on terrestrial and freshwater ecosystems, but in the future,
climate change can become the main driver of biodiversity loss if it is not mitigated (IPBES
2019, 28; Vartiainen et al. 2025, 5). Land use and climate change have been selected for the
assessment, for example, in food-related biodiversity impact assessments in Finnish reports

by Sitra (2025, 6) and Vartiainen et al. (2025, 17).

The LCA-based biodiversity impact assessment conducted in this study follows the logical
structure of LCA described in Section 3.1. Different stages, selected impact categories, and

used methodologies and datasets are presented below in Figure 1. Typically the assumptions
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and limitations are described in the goal and scope definition stage, but in this study they are
presented as part of the LCI stage, since the limitations and assumptions that had to be made

only became clear after gathering the input data.

Goal and scope ‘ Interpretation and
definition |:> e |:> LCIA |:> recommendations

Impact assessment
(PDF*year)

Data collection
(Scientific literature,
openL.CA + ecoinvent)

- Goal of the study
- Functional unit

- System boundary
- Impact categories

Land use (PDF/m?) \
(Scherer et al. 2023 +
Microsoft Excel) /

Land use (m?)

Climate change "\

Climate change (PDF/kg of GHGs)
(kg of GHGs) (LC-IMPACT + Microsoft
Excel)

Water usage (PDF/m?) \
(LC-IMPACT + Microsoft

Excel) /

Water usage (m?)

Assumptions and
limitations

Figure 1. LCA-based biodiversity impact assessment process in the context of this study

The process begins with defining the goal and scope of the assessment (Section 4.1), and as
part of this section, the functional unit and the system boundary are also defined. This step
is followed by the LCI phase (Section 4.2), where input data is collected for all the included
unit processes. At the end of this section, the assumptions and limitations of the study are
presented. Finally, the section also presents the inventory results of the three selected drivers
of biodiversity loss: land use, climate change, and water use. Based on these results, it is

possible to later assess the impacts on terrestrial and freshwater ecosystems.

Data collection in the LCI phase is done by using the ecoinvent v3.10 database, which
provides data, for example, on the inputs required for the production of goods and the related

environmental impacts (ecoinvent, N.d.). The data provided by the ecoinvent database is
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combined with insights from scientific literature. Data processing is carried out using the

openLCA software, which is the most widely used LCA tool globally (openLCA, N.d.-a).

In the third phase, LCIA (Section 4.3), the biodiversity impacts are assessed based on the
results of the LCI phase. The biodiversity loss drivers selected for this assessment negatively
affect terrestrial and freshwater ecosystems (Peura et al. 2023, 12; Sitra 2025, 29) and the
biodiversity impacts are assessed within these ecosystems. The calculations are conducted
with Microsoft Excel, and the measuring unit that is used to assess biodiversity impacts is
the Potentially Disappeared Fraction of species (PDF), which represents the proportion of
global species likely to disappear as a result of environmentally harmful activities (Scherer
et al. 2023A, 19612). This metric has also been used in other previously mentioned reports
that assess food-related biodiversity impacts, such as Sitra (2025) and Vartiainen et al.

(2025).

The calculation of biodiversity loss impacts caused by climate change is carried out using
the LC-IMPACT method. Using the characterization factors (CFs) of LC-IMPACT method,
the effects of climate change can be converted into a PDF unit (PDF/kg of emitted GHGs)
that represents impacts on biodiversity. The method allows to calculate the climate change-
related impacts on both terrestrial and freshwater ecosystems. (Verones et al. 2020, 1206.)
In this study, the geographical location of biodiversity impacts is taken into account for land
and water usage. However, in the case of climate change, the location of emission sources is
not relevant from the impact perspective, as the effects are distributed globally (Verones et

al. 2020, 1203).

The LC-IMPACT method can also be used to calculate biodiversity impacts related to land
use (Verones et al. 2020, 1206). Yet, for the land use-related impact assessment, more
precise CFs, designed by Scherer et al. (2023A) in the GLAM project (Global Guidance for
Life Cycle Impact Assessment Indicators and Methods), are used in this study instead of
those of LC-IMPACT. CFs by Scherer et al. (2023A, 19612) also consider the three levels
of land use intensity: minimal, light, and intense, as well as habitat fragmentation. With these
CFs, the biodiversity impacts of land use can be expressed in PDF/m? unit (Scherer et al.
2023A, 19613). The assessment of biodiversity impacts caused by land use covers the effects

on terrestrial ecosystems, as the CFs are only available for these ecosystems.
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Biodiversity impacts related to water use are also assessed using the LC-IMPACT method.
By using CFs, the biodiversity impact of water usage is calculated as PDF/m?. Since water
use affects biodiversity in freshwater ecosystems (Verones et al. 2020, 1206), the assessment

covers the impacts on these ecosystems.

The final phase of the LCA, interpretation (Chapter 5), summarizes the results from the LCI
and LCIA phases with the aim of answering the research questions presented in the
introduction chapter. As part of this chapter, sensitivity analysis is carried out to see how the

outcome of the study changes if some of the data inputs are changed.
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4 Biodiversity impact assessment of an apple

This chapter describes the different phases, methodological decisions, and results of
assessing the impact of apple’s life cycle on terrestrial and freshwater ecosystems. The first
phase, goal and scope definition, is described in Section 4.1. Section 4.2, life cycle inventory
analysis, focuses on the data gathering for each unit process, the different assumptions and
limitations related to data gathering, as well as the inventory results after analysing the
gathered data with openLCA software. Finally, in Section 4.3, life cycle impact assessment,
the inventory results of each considered driver of biodiversity loss are used to assess the total

impact of apple’s life cycle on terrestrial and freshwater ecosystems.

4.1 Goal and scope definition

As described in Section 3.1, the first step in conducting an LCA is the definition of the goal
and scope. Subsection 4.1.1 outlines the objectives of the study through the research
questions presented in the introduction. Subsection 4.1.2 briefly describes the functional
unit, which acts as the basis for assessing all inputs and outputs in the later stages. This
subsection also provides a detailed description of the study’s system boundary, presenting

all unit processes that are included or excluded in the assessment.

4.1.1 Goal of the study

The biodiversity impacts of food consumption in affluent countries are often outsourced to
less affluent regions with rich biodiversity (Cabernard, Pfister & Hellweg 2024, 1514-1515).
Thus, in the European context, it is important to understand how more locally produced
alternative food items affect biodiversity. This improved understanding allows the
comparison of different options in terms of their biodiversity impacts and can promote more
sustainable consumption habits and initiatives that support such habits. Apples are the most

produced fruit in Europe, and Poland is the largest apple producer (Eurostat 2024).
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Therefore, this study focuses on assessing the biodiversity impacts of an apple that is

produced in Poland.

The goal of this study is to assess how apples produced in Poland impact biodiversity through
three drivers of biodiversity loss: land use, climate change, and water use, across both
terrestrial and freshwater ecosystems. The second goal is to evaluate how these different
drivers of biodiversity loss and different stages of apple's life cycle contribute to its overall
biodiversity impact. Finally, the third goal of the study is to provide recommendations based

on the findings to help reduce the biodiversity impact through the life cycle of an apple.

4.1.2 Functional unit and system boundary

In this study, the functional unit is one kilogram of apples, produced in Poland and exported

to Finland. All the inputs and outputs are considered in relation to this unit.

The life cycle stages of apples are assumed to be similar to those described in previous LCA
studies that have focused on apples. Although the geographical focus of the three referenced
studies is Northern Italy (Cerutti et al., 2013; Boschiero et al., 2019; Longo et al., 2017),
apple’s life cycle stages presented in those studies are considered comparable to those of an

apple that is produced in Poland.

The reason for selecting studies that focus on Northern Italy as references is that finding
apple-related LCA studies that focus specifically on Poland was challenging. A literature
search that was conducted via LUT University’s online library with the search query “LCA
AND apple AND Poland” did not provide any results from the available databases. Again,
using a search query “LCA AND apple” provided many articles, in which Italy, the second
largest apple producer in Europe (Time for Apples from Europe 2024B), was well
represented, especially Northern Italy. Yet, a study by Kowalczyk and Grotkiewicz (2018,
34) describes some of the apple production’s life cycle stages in the Polish context, and they
are rather similar to those described in the context of Northern Italy: soil maintenance,
fertilization, chemical protection, harvesting, cutting, pruning, post-harvest treatment, and

distribution.

Thus, the life cycle stages described in the studies focusing on Northern Italy can be

considered comparable to those of an apple that is produced in Poland, even if, for example,
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the required inputs and outputs may differ. For example, Cerutti et al (2013, 248) divide the
life cycle stages into: soil preparation and orchard establishment, farming and harvesting,
retailing, and orchard destruction. Another study focusing on Northern Italy (Boschiero et
al. 2019, 47) divides the stages into: cultivation, harvesting, transporting to the warehouse,
warehousing, transporting to the retailer, transporting to the end users, consuming, and
disposing. The third study, also focusing on Northern Italy, divides them into: raw materials
and energy supply, cultivation process, transport of apples to warehouses, post-harvest

processes, and transport of apples to final users (Longo et al. 2017, 658).

In this study, storing is also considered as part of the apple’s life cycle in the Polish context
(Zurawicz et al. 2019), and packaging is also considered as a stage of the life cycle
(Majewski & Sobolewska 2019). Thus, the life cycle stages in this study are divided into
cultivation (also by addressing the low production years of an apple tree), harvesting,
transporting to the warehouse, storing, packaging, and transporting. In the last stage,
transportation is assumed to take place to Finnish markets. According to Cerutti et al. (2013,
246), this cradle-to-market approach is one of the most commonly used system boundaries

in LCA studies related to fruit production and retailing.

Figure 2 below illustrates the life cycle stages that are included in the assessment in this
study. It also presents the required inputs and resulting outputs at each stage. Unit processes
that fall outside the system boundary, which is indicated by a dashed line, are excluded from

the scope of this assessment.
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Figure 2. System boundary, unit processes, inputs and outputs

As part of the cultivation, it is also considered how the low production years of an apple tree
influence the inputs required to produce one kilogram of apples. Most fruit species begin to
produce proper yield only a few years after the orchard is established, and until then, the
harvest is smaller (Cerutti et al. 2013, 246). In the case of an apple, the same happens when
the tree is old enough (Goossens et al. 2017). To address this, it is important to extend the

reach of the assessment beyond the tree’s full productive years.
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In the context of this study, retailing, consumption, and disposal are excluded from the
impact assessment. As a biodegradable food product, it is assumed that the consumption and
disposal of an apple do not generate noteworthy environmental impacts. Excluding the
retailing stage simplifies the assessment, as allocating the impacts of this stage for an apple
would be challenging because of the different sizes and product catalogues of different retail

stores.

4.2 Life cycle inventory analysis (LCI)

Section 4.2 provides a more detailed overview of the unit processes included in this
assessment. These processes are cultivation (including low production years), harvesting,
transportation to the warehouse, storage, packaging, and transportation related to exporting.
For each process, the necessary inputs are described. The relevant input data is summarized
in Table 1. The section also discusses the assumptions and limitations of the system
boundary defining and the LCI phase. Finally, the inventory results for the three considered

drivers of biodiversity loss are presented, based on the results obtained from openLCA.

4.2.1 Low production years (orchard establishment and late years)

LCA studies often neglect the impacts of the fruit orchard establishment phase and only
focus on the productive years (Goossens et al. 2017, 81). Acknowledging smaller, or even
non-existing, yields during the first years adds complexity to the assessment (Goossens et
al. 2017, 82). Similarly, in the late stages of apple tree’s life cycle, yield starts to decline

(Goossens et al. 2017, 84), which should also be taken into account in the assessment.

In their study, focusing on Belgium, Goossens et al. (2017, 84) state that the first three years
of apple tree’s life cycle consist of low production phase, followed by a 12-year period of
full productivity, and finally in conventional production, there are another two years of lower
productivity, before the apple tree is replaced. In conventional farming, during the first three
years, the production is 28.7 tons of apples per hectare, in the most productive 12-year
middle stage, it is 43.1 tons per hectare, and during the last two years, it is 41.1 tons per

hectare (Goossens et al. 2017, 85). Additionally, the amounts of inputs required to produce
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the same quantity of apples vary in these different stages of productivity. This should also

be recognized when assessing the inputs required to cultivate a certain quantity of apples.

In this study, it is assumed that, except for cultivation, the inputs required for different unit
processes remain constant regardless of the age-related productiveness of apple trees. For
example, in the transportation phase, it can be assumed that due to the scale of production,
the transportation van is fully loaded regardless of the age-related productivity level of the

orchard.

Adjusting the input quantities required in the cultivation phase can be done by relying on
data presented in a study by Goossens et al. (2017, 85), which details the required inputs per
ton of apples in different productivity stages. As the context of this study is Poland, while
Goossens et al. (2017) focus on apple production in Belgium, it is preferable to use Poland-

specific data whenever it is available.

As a limitation in the orchard establishment phase, only the effects of the apple trees’ low
productivity during the early and late stages of their life cycle are considered when
calculating the average inputs required to produce one kilogram of apples. Impacts arising
from activities such as tree planting, vehicle operation during orchard establishment, or the

production of tree stakes are not included in this assessment.
Land use

In this study, the land area required to produce one kilogram of apples is estimated by
dividing the total land area dedicated to apple production in Poland by Poland’s total annual
yield of apples (see Subsection 4.2.2). With this approach, it can be assumed that apple trees
of different ages and productiveness levels are already represented in the national statistics,

and there is no need to separately consider the orchards’ age-related differences in the yield.
Irrigation

In this study, water use in the cultivation phase is estimated by multiplying the land area
required to produce one kilogram of apples by the amount of water that an apple tree requires
(per m?) to grow in Poland (see Subsection 4.2.2). Since both the land area and water
requirements are based on generalisations drawn from extensive data, it can be assumed that

apple trees of different ages and productiveness levels are already represented in the data.

Fertilizers
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Balanced soil nutrition is important to ensure healthy apple trees that produce large yields
and high-quality fruits. One of the key minerals is nitrogen (N), and the unavailability of this
mineral is the most important reason for smaller yields and low-quality crops. (Kowalczyk,
Wrona & Przybylko 2022, 2). A study by Maslowska and Liberacki (2018, 247), focusing
on the apple production in Poland, states that during the first cultivation years, phosphorus
(P) is important to ensure proper tree rooting, while in the later stages, potassium (K) is

important to improve fruit growth and quality.

In their study, Goossens et al. (2017, 85) assessed the amounts of fertilizers required at
different stages of the apple tree’s life cycle to produce one ton of apples. Their focus was
specifically on the nitrogen, phosphorus, and potassium content in synthetic fertilizers
commonly used in apple cultivation. The required quantities of these nutrients vary
depending on the tree’s productivity stage. Although the study was conducted in Belgium,
it is referenced here due to the lack of Poland-specific data on fertilizer use per unit of apples.
For this study, the estimated use of N, P, and K is based on conventional farming practices
and includes only the content of these nutrients in the synthetic fertilizers (Goossens et al.

2017, 85).

The amount of N needed to produce one ton of apples varies across the different stages of
an apple tree’s life cycle. During the first three low-production years, 2,050 grams of N is
required. In the twelve high-production years, the amount decreases to 1,110 grams, and
during the final two years of reduced productivity, 1,610 grams is needed (Goossens et al.
2017, 85). By considering the duration of each productivity phase, it is possible to calculate
the average amount of N required to produce one ton of apples. Dividing this average by
1,000 gives the amount of nitrogen required to produce a kilogram of apples, which is

approximately 1.34 grams.

(2050 g x3+1110g x 12+ 1610 g x 2) + 17
Nrequired = 1000 ~ 134 g

The amount of P needed to produce a ton of apples during the first three years is 210 grams,
during the twelve high-productivity years it is 57.2 grams, and during the final two years it

is 334 grams (Goossens et al. 2017, 85). Using the same calculation logic as with nitrogen,
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the average amount of P required to produce one kilogram of apples is approximately 0.12

grams.

(210g x3+572g%x12+334gx2)+17
Prequired = 1000 ~012g

Finally, the amount of K required to produce a ton of apples during the first three years is
1,390 grams. During the twelve high-productivity years, the requirement is significantly
lower at 223 grams, while in the final two years it rises to 1,870 grams (Goossens et al. 2017,
85). Again, using the same calculation logic as for N and P, the average amount of K needed

to produce one kilogram of apples is approximately 0.62 grams.

(1390 g x3+223 g x12+1870g x 2) + 17
Krequired = 1000 ~ 0629

Pesticides

Protecting apple trees from various threats, such as pathogenic fungi and pests, is important
to ensure a good yield (Science in Poland 2022). In their study, Goossens et al. (2017, 83)
assess pesticide use in apple production by observing 199 active ingredients of different
pesticides, including fungicides, herbicides, insecticides, rodenticides, pheromones, and
plant growth regulators. To streamline the analysis, this study focuses specifically on
calculating the estimated amounts of fungicides, herbicides, and insecticides that are needed

per functional unit.

Similar to fertilizers, pesticide usage varies depending on the stage of the apple tree’s life
cycle. Goossens et al. (2017, 85) quantify these amounts under conventional farming
practices, and the inputs described below represent the active ingredients of the pesticides

used.

During the first three low-productivity years, 755 grams of fungicides are required to
produce one ton of apples. In the twelve high-productivity years, the amount decreases to

574 grams, and in the final two years, it is 566 grams (Goossens et al. 2017, 85). By applying
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the same calculation logic used for fertilizers, the average amount of fungicides needed to

produce one kilogram of apples is 0.61 grams.

(755 g X 3+ 574 g X 12+ 566 g X 2) = 17
1000

Fungicides,equired = =~ 0.6lg

For herbicides, the amount required to produce a ton of apples is 120 grams during the first
three years, 98.1 grams during the twelve high-productivity years, and 122 grams during the
final two years. (Goossens et al. 2017, 85.) With a similar calculation logic, the estimated
average amount of herbicides required to produce a kilogram of apples is approximately 0.1

grams.

(120 g x3+98.1g x 12+ 122 g x 2) + 17
1000

Herbicides,equired = ~0.10g

Finally, for insecticides, the amount required to produce a ton of apples is 33.4 grams during
the first three years, 37.5 grams during the twelve high-productivity years, and 97.8 grams
during the last two years. (Goossens et al. 2017, 85.) Thus, the average amount of

insecticides required to produce a kilogram of apples is approximately 0.04 grams.

(3349 X3+375gx124+978gx%x2) +17
1000

Insecticides,equirea = ~ 0.04 g9

One limitation of the impact assessment, regarding the use of pesticides, is that ecoinvent
v3.10 dataset did not provide product flows for any of the aforementioned pesticides. As a
result, the required amounts of the three pesticides were summed up, totalling 0.75 grams,
and the amount was given for a product flow titled “pesticide, unspecified”. In the process

description, this product flow was described to contain pure substance.
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4.2.2 Cultivation

The required inputs in the cultivation process are land use, irrigation, fertilizers, pesticides,
and fuel that is used by tractors. In this subsection, only land use, irrigation, and fuel that is
used by tractors are covered, as the required inputs of fertilizers and pesticides were covered

in the previous Subsection 4.2.1.
Land use

Apple yields in Poland can vary significantly annually (Maslowska & Liberacki 2018, 241),
which means that the amount of apples harvested from a certain sized area of land also
changes annually. In 2023, Poland had approximately 150,000 hectares (ha) of apple
orchards, which produced a total annual yield of 4 million tonnes (t) (AgriDataValue 2025).
Also, Time for Apples from Europe (2024B) states that the land area for apple cultivation in
Poland is approximately 159,000 ha, and the annual yield varies from 3.2 to 4.5 million
tonnes. Based on this information, the statistics from 2023 (AgriDataValue 2025) illustrate
relatively well the size of the land area that is used for apple production in Poland, as well
as the average size of the annual total yield. Thus, it is here assumed that the total annual

yield is 4 million tonnes.

By dividing the required land area by the total annual yield, it can be estimated that

producing one kilogram of apples requires approximately 0.375 square meters of land:
Total orchard area = 150,000 ha = 1,500,000,000 m?

Total apple yield = 4,000,000 t = 4,000,000,000 kg

1,500,000,000 m? 5
Land areayequirea = 2000000000 — 0.375m

Yet, in Poland, around 50—70% of the apple harvest is processed, for example, into juices or
concentrates (AgriDataValue 2025). Although the apples used for these purposes may be of
lower quality than those that are sold fresh, in the context of this study, it is assumed that,
since their nutritional value is utilized, there is no need to allocate the required inputs

differently between apples that are intended for direct sale and those that are intended for
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processing. A similar methodological approach has been taken, for example, by Goossens et

al. (2017, 83).
Irrigation

A study by Gaworski, Ciesielski & Kaminska (2017, 409) describes that irrigating apple
trees in Poland significantly increases the chances of producing apples that meet the highest
sale price criteria, compared to trees that are not irrigated. As a result, irrigation enhances
the profitability of apple orchards and generates a better yield (Gaworski, Ciesielski &
Kaminska 2017, 409—411; Maslowska & Liberacki 2018, 242).

In Poland, the temporal and regional changes in rainfall are common, which makes it
difficult to assess annual irrigation needs accurately (Stachowski 2021, 434). The amount of
irrigation required also depends on the specific region where apples are cultivated in Poland
(Stachowski 2021, 435). In a study by Stachowski (2021), the water requirements of
different fruit plants in Central Poland were assessed over the period from 1989 to 2018.
According to the results, the water demand of apple trees per growing season ranges from

485 to 599 mm, depending on the assessment method used (Stachowski 2021, 443).

In this study, it is assumed that the required amount of water is the average of these two
extremes, resulting in an estimated seasonal water requirement of 542 mm. Assuming that
producing one kilogram of apples requires 0.375 square meters of land, the amount of water
needed for irrigation per kilogram of apples would be approximately 200 liters. This is based

on the fact that one millimeter of water over one square meter corresponds to one liter.

Water,equirea = 5241 X 0.375 ~ 200 [

However, this estimate does not take into account the amount of water naturally provided by
rainfall. Instead, it assumes that the irrigation system is continuously operating, with the goal

of supplying at least the amount of water required by the apple trees.

As a limitation, only the water consumption used in the process is covered. Environmental
impacts related to the manufacturing or installation of irrigation systems are not included in

the assessment.
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Fuel (diesel)

Both fertilization and plant protection are assumed to be carried out by using a farming
tractor that is powered by diesel (Kowalczyk & Grotkiewicz, 2018, 34; Gaworski, Ciesielski
& Kaminska, 2017, 411). According to the study by Gaworski, Ciesielski & Kaminska
(2017, 411), plant protection treatment of a 12-ha apple orchard requires approximately 35
kilometers of driving. The operating speed of the tractor is around 5 km/h, and it consumes

around 5 liters of diesel per hour.

Driving 35 kilometers at 5 km/h would take 7 hours. With a fuel consumption of 5 liters per
hour, the total diesel usage for covering the 12-ha (120,000 m?) area is around 35 liters.
Dividing this by the total area size gives a fuel consumption per square meter, which is
approximately 0.0003 liters. Producing one kilogram of apples requires about 0.375 m? of
land, which means that the diesel consumption for one tractor-based treatment of the land

needed to produce one kilogram of apples is approximately 0.00011 liters.

35
Dieselyequired = (? X510 +120 000) x 0.375 ~ 0.00011 1

In terms of fertilization, Mastowska and Liberacki (2018, 245) state that treatments were
applied at the beginning of the growing season, during the flowering phase, and in the middle

of the apple harvest, resulting in three fertilization treatments in total.

For pesticide use, it was difficult to find exact data on the number of treatments per growing
season. However, Kowalczyk and Grotkiewicz (2018, 34) note that the number of treatments
depends largely on the size of the orchard, with larger orchards requiring 3—4 additional
treatments compared to smaller ones. They also mention that many, even several, treatments
of chemical spraying are carried out for apples (Kowalczyk and Grotkiewicz 2018, 34). Due
to the lack of an exact number of treatments, in this study, it is assumed that there are ten
pesticide treatments per season. While this assumption does not affect the calculation of
pesticide quantities required to produce a kilogram of apples, it does influence the estimated

fuel consumption, as these treatments are carried out using a tractor.
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Assuming three fertilization treatments and ten pesticide treatments, the total number of
tractor operations is thirteen. Based on this, the estimated tractor diesel consumption per

kilogram of apples is 0.00143 liters.

In openLCA, the unit for product flow “diesel, burned in agricultural machinery” could not
be expressed in liters. Thus, it was stated in megajoules (MJ), by multiplying the per liter
weight of diesel, 0.84 kg (Statistics Netherlands, N.d.), by the heat value of kg of diesel,
approximately 45 MJ/kg (World Nuclear Association 2025), and also by the amount of diesel
required, which is 0.00143 liters. As a result, the input is 0.054 MJ worth of diesel burned

in agricultural machinery.

4.2.3 Harvesting

The use of machinery is challenging during the harvesting phase of apple production, mainly
because of the quality standards for apples that are intended for direct consumption. As a

result, this phase relies heavily on manual labour (Kowalczyk & Grotkiewicz, 2018, 35).

In their study, Kowalczyk and Grotkiewicz (2018, 34) analyse the roles of manual and
mechanical labour in different stages of apple production in the Polish context. Their study
indicates that harvesting does not contribute to the required inputs of mechanical labour,

while it is one of the most labour-intensive stages in terms of manual work.

Therefore, in this study, it is assumed that apple harvesting is carried out manually. Thus, in
addition to manual labour, additional inputs, such as fuel consumption, are not considered
as needed in this phase, and harvesting is not expected to generate significant environmental

impacts that would need to be noted as part of this LCA.

4.2.4 Transportation to the warehouse

Fuel (diesel)

In a study focusing on Poland by Kowalczyk, Szelag-Sikora & Grotkiewicz (2016, 1826—
1827), which examines the infrastructure and organization of fruit and vegetable trade in the
agri-food market, it is noted that fruits are typically transported in vans. While the study does

not specify the type of fuel used by these vehicles, commonly used models include various
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versions of the Lublin and Mercedes-Benz Sprinter (Kowalczyk, Szelag-Sikora &
Grotkiewicz, 2016, 1826).

Diesel being a common fuel for such vans, this study assumes that transportation from
orchards to warehouses is carried out using diesel-powered vehicles. In openLCA,
“transport, freight, light commercial vehicle, EURO1” was selected as the input flow. The
exact distance between the orchard and the warehouse is difficult to estimate, but in this
context, the distance is estimated to be 50 kilometers. As the functional unit is one kg of

apples, the unit can be expressed in openLCA as 50 kg*km for the selected input flow.

4.2.5 Storing

Apples can be stored in cold, controlled atmospheric conditions, which reduces their
metabolic processes (Kistechok, Wrona & Krupa 2024, 1; Gaworski, Ciesielski & Kaminska
2017, 409; Boschiero et al. 2019, 47). According to Zurawicz et al. (2019), fruit growers in
Poland often utilize modern storage facilities that allow them to store apples for up to 12
months. In a study by Boschiero et al. (2019, 47), which focuses on the life cycle impacts of
apples in the context of Northern Italy, it is assumed that the average storage period for

apples is 5 months. This same storage period is also assumed in the context of this study.

In their study, Boschiero et al. (2019, 48) have already assessed the required electricity inputs
for storing one kilogram of apples in different technological scenarios. Although there might
be country-specific differences in terms of the required amount of electricity, for example,
in maintaining the refrigeration, it is assumed that the data provided by Boschiero et al.

(2019) is applicable to this study.

According to Boschiero et al. (2019, 46-47), the storing of apples contains different
processes: handling of the apple bins, initial refrigeration, maintaining the refrigeration,
conservation, pre-calibration, and storage of the pre-calibrated fruits. In the conservation
phase, different solutions can be applied, of which the controlled atmosphere (CA) method
is the most traditional one (Boschiero et al. 2019, 48). This method refers to a practice in
which the air composition of the storage is adjusted to decrease the metabolism of the apples

by decreasing the amount of oxygen and increasing the amount of carbon dioxide (Boschiero
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et al. 2019, 47). Being the most traditional one, this conservation method is also assumed to

be used in the context of this study.
Electricity

In the first phase, handling of apple bins, the required electricity is considered for all the
different phases of the post-harvest production chain. In this phase, the required electricity
per one kilogram of apples is relatively low compared to other stages of apple storing, the
amount being 0.0003 kWh. In the second phase, initial refrigeration, the storage room
temperature is decreased to 4 °C. The required electricity in this stage is 0.0391 kWh per
kilogram of apples. In the third stage, maintaining the refrigeration, the required electricity
per one kilogram of apples is 0.056 kWh. In the fourth stage, conservation, the required
amount of electricity depends on the conservation method. For the most traditional CA
method, the required amount of electricity per one kilogram of apples is 0.0142 kWh. In the
pre-calibration phase, the apples are separated based on their weight. In this phase, 0.0189
kWh of electricity is required for one kilogram of apples. Finally, approximately half of the
apples are directly packaged, and around half of them are stored for up to one month. In this
stage, 0.056 kWh of electricity is required per one kilogram of apples. (Boschiero et al. 2019,
46-48.) When combining all the required electricity per one kilogram of apples in the storing
phase, the total amount is 0.1845 kWh.

As a limitation of this study, in the storing phase, only the electricity required in the various
stages of storing is covered. Inputs that are required, for example, for the construction or
maintenance of the storage facility, or the land area it occupies, are not included in the impact

assessment of this study.

4.2.6 Packaging

In the context of this study, it is assumed that all stored apples are also packaged, even though
approximately 2% of the apples may be lost as waste at this stage (Boschiero et al. 2019,
46). Apples can be packaged in various ways, for example, in paperboard cases, plastic trays,
plastic bags, polystyrene trays, or large reusable plastic bins (Boschiero et al. 2019, 49). In
this study, it is assumed that the apples are packed in simple plastic bags, which are placed

in paperboard boxes.



49

According to Boschiero et al. (2019, 49), packaging 20 kilograms of apples requires
approximately 80 grams of PET plastic and 900 grams of corrugated board. Therefore,
packaging one kilogram of apples consumes approximately 4 grams of PET plastic and 45

grams of corrugated board.

4.2.7 Transportation (export)

The assumption is that the apples are exported from Poland to Finland for retail sale.
According to Finnish Customs data, the majority of export traffic from Poland to Finland is
transported by sea (Tulli 2025). Therefore, it is assumed that the cargo is first transported by
truck to Tallinn, then shipped by sea to Helsinki, and finally delivered by truck to the retail

store.

Mazowieckie is the region with the largest area dedicated to apple production in Poland
(Ollier, Cardoso & Dinu 2009, 3). Therefore, it is assumed that the apples begin their journey
to Finland from this region. According to Google Maps (Google 2025), the driving distance
from Mazowieckie to the Port of Tallinn is approximately 950 kilometers. To ensure the
quality of the apples during transport, Poland’s exports use refrigerated containers that
maintain a controlled temperature throughout the transportation phase (BFI 2024). The sea
route from the Port of Tallinn to the Port of Helsinki is approximately 90 kilometers (Google
Maps 2025), and assuming that the truck journey continues for another 50 kilometers from
the Port of Helsinki to the retail store, it can be estimated that the total journey carried out

by truck is 1,000 kilometers.

Based on the estimated travel distance per transport vehicle, the impacts of transportation
processes can be directly modelled in openL.CA by using relevant product flows. For truck
transportation, “transport, freight, lorry with refrigeration machine, 7.5-16 ton, EUROG,
carbon dioxide, liquid refrigerant, cooling” was selected with an input of 1000 kg*km.
Again, for the sea route, "transport, freight, sea, ferry” product flow was selected, with an

input of 90 kg*km.

Table 1 below summarizes the inputs required at different stages of the apple’s life cycle,

per one kilogram of apples.



Table 1. Inputs required at each stage of the apple’s life cycle
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Unit process Input type Quantity (per kg of apples)
Cultivation Land use 0.375 m?
Cultivation Irrigation 200 liters
Cultivation Fertilizers 1.34 grams of nitrogen (N)
0.12 grams of phosphorus (P) 0.62
grams of potassium (K)
Cultivation Pesticides 0.61 grams of fungicides
0.10 grams of herbicides
0.04 grams of insecticides
=0.75 grams of pesticides
Cultivation Diesel (tractor) 0.054 MJ
Harvesting - -
Transportation to warehouse Van transportation 50 kg*km
Storing Electricity 0.1845 kWh
Packaging PET plastic 4 grams
Packaging Corrugated board 45 grams
Transportation (export) Truck transportation 1000 kg*km
Transportation (export) Ferry transportation 90 kg*km

4.2.8 Assumptions and limitations

Describing the taken assumptions, as well as the resulting limitations, is an important part

of LCA, as it ensures transparency throughout the process (ISO 14040 2006, 14-16; ISO

14044 2006, 8-27). This subsection provides an overview of the assumptions and limitations

related to the system boundary definition and the LCI phase.

As most of the assumptions and limitations have already been discussed in the previous

subsections, this part mainly summarizes previously presented information. Table 2 contains

a summary of assumptions and limitations.

Table 2. Assumptions and limitations of the system boundary definition and the LCI phase

Component

Assumption/limitation

Reasoning

System boundary definition

Life cycle stages were defined
based on existing LCA studies,
with different geographical
focuses (emphasis on Northern
Italy).

Life cycle stages were assumed
to be similar in the Polish
context, based on the life cycle
stages presented in a study by
Kowalczyk and Grotkiewicz
(2018, 34).

System boundary definition

Retailing, consumption, and
disposal were excluded from the
assessment.

The assumption was that

not cause significant impacts.

consumption and disposal would
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The allocation of the impacts
from retailing was considered too
challenging. This cradle-to-
market approach is one of the
most common system boundaries
in LCA studies for fruits (Cerutti
et al. (2013, 246).

Orchard establishment and late
years

Planting of apple trees and their
final disposal were excluded
from the assessment.

The impact of smaller yield at
early and late stages of apple
tree’s life cycle on the required
inputs per functional unit were
covered. Yet, the inputs required
for planting and disposal of trees
were excluded to streamline the
assessment and data gathering.

Orchard establishment and late
years /Cultivation

Belgium-specific data (Goossens
et al. 2017) was used, for
example, to assess the tree's
productivity in its different
stages, and the required amounts
of fertilizers and pesticides per
functional unit.

This data was utilized due to its
level of accuracy. When selecting
references, preference was given
to those that have as close
geographical focus to Poland as
possible.

Orchard establishment and late
years /Cultivation

Different pesticides were not
covered individually in the
assessment. The total required
amount of pesticide is only based
on the required amounts of three
pesticides.

Ecoinvent v3.10 did not provide
product flows for the individual
pesticides, thus “pesticide,
unspecified” product flow was
used. The total amount of this
product flow was based on the
amounts of three types of
pesticides (fungicides,
herbicides, and insecticides). Yet,
in addition, other types of
pesticides might also be required.

Cultivation The amount of water use does In Poland, the temporal and
not take into account the regional changes in rainfall make
naturally provided water by it difficult to assess annual
rainfall. irrigation needs (Stachowski

2021, 434). Thus, it was assumed
that the irrigation system is
continuously operating, with the
goal of supplying at least the
amount of water required by the
apple trees.

Cultivation The impacts caused by the In terms of water use, only the
production, installation or amount of water is included in
operating of the irrigation system | the assessment. The exclusion of
were excluded from the the aforementioned impacts is
assessment. likely to affect the results also in

terms of climate change and land
use, but these impacts were
assumed to be small.

Cultivation Ten pesticide treatments were This assumption effects the

assumed to be needed per
growing season.

estimated amount of the tractor
fuel consumption. The estimation
of ten required treatments was
based on the information by
Kowalczyk and Grotkiewicz
(2018, 34), as they state that the
number of treatments depends




52

largely on the size of the orchard,
with larger orchards requiring 3—
4 additional treatments compared
to smaller ones.

Harvesting

Any potential impacts of
harvesting phase are excluded.

It was assumed that harvesting
relies heavily on manual labour
(Kowalczyk & Grotkiewicz,
2018, 35), and thus it does not
require inputs that would
generate environmental impacts.

Transportation to warehouse

Distance between orchard and
warehouse is estimated to be 50
kilometers.

As it was challenging to find
information on the average
distance that apples travel from
orchard to warehouse in Poland,
the distance was estimated to be
50 km.

Storing Assumptions that CA method is Assumption on storing period
used, storage period is five and electricity use were based on
months, and the required a study by Boschiero et al. (2019)
electricity for storing is focusing on Northern Italy. Use
applicable in Polish context. of CA method was assumed, as it

is the most common storing
method (Boschiero et al. 2019,
48).

Storing For storing, only the use of For example, inputs required for
electricity is included in the the construction or maintenance
assessment. of the storage facility, or the land

area it occupies, are excluded to
streamline the assessment and
data gathering.

Packaging Only one packaging option is It is assumed that the apples are
included in the assessment. packed in plastic bags placed in

paperboard boxes. To streamline
the assessment, only one
packaging option (still containing
two different materials) is
included.

Transportation (export) It is assumed that the apples are Mazowieckie is the region with
transported from Mazowieckie the largest area dedicated to
(Poland) to Finnish retail store by | apple production in Poland
truck and ferry. (Ollier, Cardoso & Dinu 2009,

3). The modes of transportation
were based on data from the
Finnish Customs (Tulli 2025)
and the distances on Google
Maps (2025). The distance from
the Port of Helsinki to the retail
store was estimated to be 50 km.

Allocation It was assumed that there are no The inputs were not allocated, for

by-product for which part of the
impacts should be allocated to.

example, between apples
destined for direct sale and those
intended for processing, as in
both cases their nutritional value
is utilized. Similar
methodological approach has
been taken, for example, by
Goossens et al. (2017, 83).
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Data quality requirements Predefined data quality Although data quality
requirements were not made for requirements were not
the data collection phase. predefined, preference was given

to scientific articles that focus on
Poland or geographically as close
to Poland as possible. The most
recent publications were also

preferred.
openLCA model Default providers were used in To simplify the modelling of the
openLCA to build the model. product system, default providers

were selected, which led to
geographical inconsistencies with
some of the provider processes.
Manual selection of the providers
would have been very work-
intense process and not possible
within the scope of this study.

4.2.9 Inventory results

This subsection presents the inventory results for the three drivers of biodiversity loss that
are covered in this study. These results are based on the modelling carried out via openLCA
software. The results are used later in Section 4.3 to calculate the impacts on terrestrial and

freshwater ecosystems.
Land use

Based on the modelling carried out in openL.CA, the total land occupation during the apple’s
life cycle is 0.436 m? per year. The most significant share of this is caused by the direct land
use for apple farming. The cut-off criterion for the different types of land occupations is
selected to be one percent of the total land occupation. This means that if a land occupation
type contributes less than one percent to the overall land occupation, it is not included in the

assessment.

Based on this criterion, the five most significant land occupation types were included in the
assessment, and in total they account for approximately 97.5% (0.425 m?) of the total land
occupation per functional unit. The occupied land area for these five occupation types, as
well as their percentage shares of the total land occupation, are described below in Table 3.
The abbreviations in their titles represent the geographical location of the impact: PL stands
for Poland, SE for Sweden, DE for Germany, and RoW for the rest of the world, which refers

to all the countries that have not been individually modelled in the ecoinvent v3.10 database.
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Occupation type Area (m?) Share of total occupation (%)
Occupation, annual crop, PL 0.375 86
Occupation, forest, intensive, SE | 0.0207 4.76
Occupation, forest, intensive, | 0.0124 2.84
RoW
Occupation, forest intensive, DE | 0.0086 1.98
Occupation, traffic area, road | 0.0085 1.94
network, RoW
Total impact 0.425 97.5

Climate change

To assess the impacts of GHG emissions on terrestrial and freshwater ecosystems, the focus

in this study is on four types of GHG emissions: fossil carbon dioxide (COz), biogenic

methane (CH4) (containing methane from soil or biomass stock, and from non-fossil fuels),

fossil methane (CH4), and dinitrogen monoxide (N20O). The amounts of these GHG

emissions, caused by the life cycle of one kilogram of apples, are presented below in Table

4.

Table 4. Inventory results for GHG emissions

Emission Amount (kg)
Carbon dioxide, fossil (CO») 0.4030
Biogenic methane (CHa4) 0.0002
Methane, fossil (CHa4) 0.0013
Dinitrogen monoxide (N20). 3.3513E-5

Water use

The impact of water use is assessed by taking into account the direct use of water in the

cultivation phase, as well as the other water use forms that occur in different stages of the

supply chain. These include water use originating from lakes, rivers, wells, and unspecified

natural origins. Water use related to processes like cooling and turbine use is excluded from

the assessment.
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Considering these boundaries, the total water use of the apple’s life cycle within the system
boundary is approximately 0.2032 m3. Most of this impact by far originates from the
irrigation in the cultivation phase, as it accounts for 0.2 m?® of the water use. After this, the
second most significant form of water use, according to the calculation carried out in
openLCA, is in category “Water, unspecified natural origin, US”, which accounts for
approximately 0.00087 m? of the total water use. As the share of this second largest form of
water use only accounts for approximately 0.4% of the total water use, it can be concluded
that the total water use originates almost exclusively from the irrigation in the cultivation

phase.

4.3 Life cycle impact assessment (LCIA)

This section focuses on the impacts on terrestrial and freshwater ecosystems and the
methodological approaches that are taken to address the impacts caused by different drivers
of biodiversity loss. The impact of land use on terrestrial ecosystems is approximately
6.8725E-16 PDF*year/kg. The impact of climate change on terrestrial ecosystems is
approximately 8.034E-16 PDF*year/kg and on freshwater ecosystems approximately
2.497E-16 PDF*year/kg. Finally, the impact of water use on freshwater ecosystems is
approximately 1.128E-16 PDF*year/kg. Thus, the total impact on terrestrial ecosystems is
approximately 1.49E-15 PDF*year/kg and on freshwater ecosystems approximately 3.63E-
16 PDF*year/kg. The driver-specific calculations and methodological approaches are

described in the following subsections.

4.3.1 LCIA for land use

To assess the impact of land use change on biodiversity, it is important to understand in
which types of ecoregions the impacts occur, as different regions have different levels of
species richness (Scherer et al. 2023A, 19612; Verones et al. 2020, 1202). As part of the
GLAM project, Scherer et al. (2023A) have designed ecoregion-specific CFs that consider
land use intensities and fragmentation (Scherer et al. 2023A, 19613). Generally, Scherer et
al. (2023A, 19619) recommend using these ecoregion-specific CFs instead of CFs that

consider a country or global level, as they account for boundaries that are meaningful in
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terms of biodiversity and provide more spatial detail by covering 825 different regions.
These ecoregion-specific CFs are used in this study to assess the impacts of land use on

terrestrial ecosystems whenever the information on the location of the land use is available.

In the identification of ecoregions, a mapping service by RESOLVE (2017) can be used to
analyse how different countries, where the land use impacts occur (see Table 3), are divided
into different ecoregions. Most of Poland is part of the Central European mixed forests
ecoregion. Again, the largest share of Sweden is part of the Scandinavian and Russian taiga
ecoregion, and most of Germany is part of the Western European broadleaf forest ecoregion.

For the land occupation that occurs in RoW, global CFs by Scherer et al. (2023B) are used.

Table 5 below describes the ecoregions for each selected land occupation type, the scale of
occupation, ecoregion-related and global CFs, and the impact of land occupation on
terrestrial ecosystems. CFs by Scherer et al. (2023B) cover five land use types: cropland,
pasture, plantations, managed forests, and urban land at three different intensity levels:

minimal, light, and intense (Scherer et al. 2023A, 19612).

The selection of CFs is based on the supporting information document by Scherer et al.
(2023A, S6). For the largest land occupation type, the required land for apple cultivation,
the selected type of land use is intense cropland occupation. This type of land use is described
as “high-intensity monoculture farming, typically showing many of the following features:
large fields, annual ploughing, inorganic fertilizer application, pesticide application,
irrigation, mechanization, no crop rotation” (Scherer et al. 2023 A, S6). The selection of this
land use type is based on the results of the LCI phase, in which the product system is
described to include most of these characteristics. For the “occupation, forest, intensive”
occupation types, CFs by Scherer et al. (2023B) are selected based on land use type
“managed forest, intense”, and for the “occupation, traffic area, road network™, the CF is

selected based on land use type “urban, intense”.

CFs by Scherer et al. (2023B) are available for regional and global species loss. Scherer et
al. (2023A, 19619) recommend using global species loss, as these impacts are irreversible,
which is why they are selected here as well. Yet, regional CFs can also be a good choice if
the focus is, for example, on the regional ecosystem functioning. Another way that CFs are
divided is into average and marginal, and the preferred option depends on the scope of the

study. Average CFs are suitable, for example, for footprints of nations or large regions, while
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marginal CFs are suitable for products’ impact assessment. (Scherer et al. 2023A, 19619.)

Thus, the selected CF here is marginal.

Table 5. Impact of land use on terrestrial ecosystems

Occupation type Area Ecoregion CF Impact
(m?) (PDF*year/m?)
Occupation, annual | 0.375 Central European | 1.20803021845932 | 4.5301E-16
crop, PL mixed forests E-15
Occupation, forest, | 0.0207 Scandinavian and | 1.90495902447982 | 3.9443E-18
intensive, SE Russian taiga E-16
Occupation, forest, | 0.0124 Global 7.09559909154324 | 8.8005E-17
intensive, RoW E-15
Occupation, forest | 0.0086 Western European | 1.58164865500354 | 1.3592E-17
intensive, DE broadleaf forest E-15
Occupation, traffic area, | 0.0085 Global 1.44339951090637 | 1.2279E-16
road network, RoW E-14
Total 6.8725E-16

As described in Table 5, the total impact of the land occupation on terrestrial ecosystems is
6.8725E-16 PDF*year for one kilogram of apples. The most significant share of the impact
occurs in Poland as a result of the direct land use for apple cultivation. The second most
important driver of land use in terms of the impacts on terrestrial ecosystems is the road
network required for logistics. Together, these two occupation types are responsible for

approximately 84% of the land use impacts on terrestrial ecosystems.

4.3.2 LCIA for climate change

Unlike for land use, in assessing the impacts of climate change, ecoregional or country-
specific CFs are not required, as the impacts of climate change occur globally (Verones et
al. 2020, 1203). Yet, for each GHG, there are specific CFs available in the LC-IMPACT
method, which allows impact assessment for both terrestrial and freshwater ecosystems.
These CFs are provided by Verones (2021) as an online dataset in Zenodo. Regarding the

impacts of climate change on terrestrial ecosystems, LC-IMPACT covers mammals, birds,
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frogs, reptiles, butterflies, and vascular plants. In terms of the impacts on freshwater

ecosystems, LC-IMPACT only covers fish. (Verones et al. 2020, 1205.)

As mentioned in the previous Subsection 4.3.1, CFs can be divided into marginal and
average. Also here, the marginal CFs are selected, as according to Verones et al. (2020,
1203) marginal approach focuses on the additional impact caused by a very small increase
in ecological pressure. This can mean, for example, the production of one kilogram of apples
for retailing. Average CFs, again, focus on the distance between a state of zero impact and
the current state, and then calculate the impact caused by a unit of intervention (Verones et

al. 2020, 1203).

Another thing to consider when selecting CFs is the time horizon of impacts and which
impacts are included. A time horizon can be shorter, meaning 100 years of impacts, or
longer, and either all impacts can be included, or only impacts with high scientific
confidence. (Verones et al. 2020, 1207.) In this study, the CFs are selected based on a shorter

time horizon and by including all impacts.

Selected CFs for both terrestrial and freshwater ecosystems are presented below in Table 6
for each GHG emission. The table also presents the impacts of each GHG on the
aforementioned ecosystems, as well as the total impact of climate change caused by these

GHGs on both of these ecosystems.

Table 6. Impact of climate change on terrestrial and freshwater ecosystems

Emission Amount (kg) | CF (terrestrial CF Impact Impact
ecosystems) (freshwater (terrestrial (freshwater
ecosystems) ecosystems) ecosystems)
(PDF*year/kg) | (PDF*year/kg)
COg, fossil 0.4030 1.76E-15 5.47E-16 7.0928E-16 2.2044E-16
CHa, 0.0002 4.928E-14 1.532E-14 9.856E-18 3.064E-18
biogenic
CHa, fossil 0.0013 5.279E-14 1.641E-14 6.8627E-17 2.1333E-17
N20 3.3513E-5 4.664E-13 1.449E-13 1.5634E-17 4.8557E-18
Total 8.034E-16 2.4969E-16
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As the results show, the climate change impact of producing one kilogram of apples for
retailing impacts terrestrial ecosystems approximately 8.034E-16 PDF*year and freshwater
ecosystems approximately 2.497E-16 PDF*year. For both of these ecosystems, most of the

impacts caused by climate change occur due to the fossil CO; emissions.

Yet, it is also important to understand how different life cycle stages contribute to the
generation of GHG emissions. This analysis can be done in openLCA by using the Sankey
diagram feature, which allows for a visual representation of the impacts of different unit
processes on selected impact categories (openLCA, N.d.-b). The CO.e footprint of different
unit processes, as well as their percentage shares of the total COze impact, are presented in

Table 7 below.

Table 7. COze impacts of different unit processes

Unit process kg COze impact Share of total COze impact (%)

Cultivation 0.028 6.73

Harvesting 0 0

Transportation to warehouse 0.032 7.69

Storing 0.017 4.09

Packaging 0.065 15.63

Transportation (export) 0.274 65.87

Total 0.416 100

These results do not directly show the impact of climate change caused by each unit process
on terrestrial and freshwater ecosystems. Yet, they clearly indicate that most of the GHG

emissions result from the transportation of apples from Poland to Finland.

4.3.3 LCIA for water usage

In assessing the impacts of water use on freshwater ecosystems, the CFs of the LC-IMPACT
method (Verones 2021) are used. The use of water for the irrigation of the apple trees
accounts for approximately 98.4% of the total water use of the apple’s life cycle. Thus, the
focus of the impact assessment only covers this form of water use, as it allows the use of

country-specific CF, focusing on the impact of water use specifically in Poland.
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A Poland-specific CF where all impacts are included is 5.64E-16. By multiplying this by the
total water use for irrigation, 0.2 m?, the resulting impact of irrigation on freshwater
ecosystems is approximately 1.128E-16 PDF*year for one kilogram of apples. This does not
include the impacts caused by any of the other forms of water use during the life cycle. Yet,
as described in Subsection 4.2.9, the second most significant form of water use only accounts
for approximately 0.4% of the total water use. Thus, it can be assumed that taking into
consideration the impacts caused by other forms of water use would not significantly impact

the results.
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5 Interpretation and recommendations

The aim of this study was to answer three research questions: “What is an apple’s total
biodiversity impact on terrestrial and freshwater ecosystems?”, “How do different drivers of
biodiversity loss and different stages of an apple’s life cycle contribute to its biodiversity
impact?”, and “What kind of recommendations can be drawn from the results to reduce the
biodiversity footprint of apple production?”. The results presented in Chapter 4 provide
direct answers to the first two research questions. Based on those results, it is also possible

to answer the third research question in this chapter.

As mentioned, the impact of one kilogram of Polish apples exported to Finland on terrestrial
ecosystems is approximately 1.49E-15 PDF*year and on freshwater ecosystems
approximately 3.63E-16 PDF*year. It is not possible to combine these results into a single
unit, as there is currently no generally accepted weighting scheme available, and it is
recommended to report the impacts on different ecosystems separately (Verones et al. 2020,

1206).

The main driver of the impact on terrestrial ecosystems is climate change (approximately
8.034E-16 PDF*year/kg), but the difference to the impact caused by land use (approximately
6.8725E-16 PDF*year/kg) is not large. Climate change accounts for approximately 54% of

the total impacts on terrestrial ecosystems, and land use accounts for approximately 46%.

Also, for freshwater ecosystems, the main driver of impact is climate change (approximately
2.497E-16 PDF*year/kg). Here, the difference in the impact caused by water use
(approximately 1.128E-16 PDF*year/kg) is more significant than the difference between the
two considered drivers of biodiversity loss in terrestrial ecosystems. Climate change
accounts for approximately 69% of the total impacts on freshwater ecosystems, and water

use accounts for approximately 31%.

Thus, it can be concluded that the most significant driver of biodiversity loss in both of these
ecosystems is, in the context of this study, climate change. Below, Figure 3 presents the

impacts caused by these drivers of biodiversity loss on terrestrial and freshwater ecosystems.
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Figure 3. Impacts of different drivers of biodiversity loss on terrestrial and freshwater
ecosystems per one kilogram of apples

To understand how the impacts of these different biodiversity loss drivers could be reduced,
and thus to be able to respond to the third research question, it is important to analyse how

different life cycle stages contribute to the total impacts of each driver.

For land use, the most significant share of the impacts on terrestrial ecosystems is caused in
Poland as a result of direct land use for apple cultivation (approximately 66% of the total
impact) and globally as a result of the road network that is required for logistics
(approximately 18% of the total impact) (as described in Subsection 4.3.1). Together, these
two forms of land use account for approximately 84% of the total land use related impacts

on terrestrial ecosystems.

Based on the model built in openLCA with the ecoinvent data, the impact of the road network
occurs in RoW. This can result from the use of default providers in openLCA, which was a
methodological limitation, as the manual selection of providers would have been a very
labour-intensive process (see Table 2). Yet, in terms of the distance travelled, the most
significant life cycle stage is export to Finland, and thus, it can be assumed that this life cycle
stage contributes largely to the land use required for road networks. Based on this, one

recommendation that can be made to decrease the impact caused by land use for road
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infrastructure is to consume apples that are produced as locally as possible. However, this
does not necessarily always decrease the impact, if, for example, the cultivation takes place

in a region with very rich biodiversity.

In terms of the direct land use in the cultivation phase, the efficiency could be improved, for
example, by increasing the density of trees per hectare. Yet, as earlier research points out,
having excessively dense tree plantations can significantly increase depreciation, which can
impact the profitability (Lamoniak & Zhichkin 2020, 2). Another way to decrease the impact
of direct land use could be to decrease its intensity. Here, the land use for cultivation was
considered as high intensity, due to different assumed factors, such as large fields, fertilizer
and pesticide application, irrigation, and no crop rotation. The intensity of land use could be
decreased, for example, by smaller field sizes, mixed crops, crop rotation, minimal use of

pesticides and fertilizers, and by minimizing the irrigation. (Scherer et al. 2023 A, S6.)

As Figure 3 illustrates, the most significant driver of the impacts on terrestrial and freshwater
ecosystems is climate change. Based on the results shown in Table 7, Figure 4 below
describes how different life cycle stages contribute to the total CO2e impact. Also, from the
viewpoint of total COze emissions, export to Finland is the most significant contributor, as
this life cycle stage contributes approximately two-thirds of the total COze emissions. To
lower the impacts caused by climate change, prioritising short export distances can be one
way to also lower the total climate change impacts of apples’ life cycle. Yet, it should be
noted that this does not necessarily always apply: if, for example, the production takes place
in a region with very rich biodiversity, it is not certain that preferring locally produced

products would in that case be preferable in terms of impacts on biodiversity.
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Figure 4. COze impacts of different unit processes

Finally, as described in Subsection 4.3.3, the most significant share of the impact on
freshwater ecosystems, caused by water use, is a result of the direct water use for irrigation
in the cultivation phase. This stage accounts for approximately 98.4% of the total water use.
Thus, to lower the impact of water use on freshwater ecosystems, irrigation should be used
as minimally as possible. Yet, as irrigation can enhance the profitability of apple orchards
and generate a better yield (Gaworski, Ciesielski & Kaminska 2017, 409-411; Maslowska
& Liberacki 2018, 242), this measure to reduce the impacts on freshwater ecosystems can

sometimes conflict with the profitability of apple production.

5.1 Sensitivity analysis

Finally, an important part of an LCA study is to carry out sensitivity analysis, which is done
to estimate how the outcomes of the study change if some of the data inputs or
methodological choices are changed (ISO 14040 2006, 5; ISO 14044 2006, 22). As the
export phase significantly contributes to the impacts of both land use and climate change,
the first selected approach for sensitivity analysis in this study is to see how the total impacts

of these drivers change if the export takes place into a few alternative countries. The second
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selected approach for sensitivity analysis considers how the impacts on terrestrial and
freshwater ecosystem change if production and consumption were both taking place in

Finland.

5.1.1 Sensitivity analysis 1: Comparison of different export scenarios

In the first sensitivity analysis, the differences to the original scenario are only assessed for
two drivers of biodiversity loss: land use and climate change. That is because the impact of
water use on freshwater ecosystems mainly takes place in Poland, and the change of export

location would not significantly impact the results.

In the original scenario, in modelling the export logistics from Mazowieckie to Helsinki, via
the Port of Tallinn, it was assumed that refrigerated trucks are used to first transport apples
to Tallinn, from where they are transported via sea route to Helsinki, from where they are
again transported via refrigerated trucks for another 50 kilometers into a retail store. In

(1113

openLCA, the selected product flows were ““transport, freight, lorry with refrigeration
machine, 7.5-16 ton, EUROG6, carbon dioxide, liquid refrigerant, cooling” for truck

transportation, and “transport, freight, sea, ferry” for sea transportation.

In this first sensitivity analysis, three alternative export locations are considered: the
Netherlands (Amsterdam), Germany (Berlin), and Spain (Madrid). Selecting these three
alternative European capitals allows to observe how the export-related impacts change when
there is no sea transportation included. For all of these alternative export locations, it can be

assumed that the transportation can be carried out solely with refrigerated trucks.

As in the case of Helsinki, for all of these alternative export locations, there is assumed to
be a 50 kilometer transport from the capital to the retail store. The estimations of distances
are based on Google Maps (Google 2025), and together with a 50 kilometer transport to a
retail store, they are from Mazowieckie to Amsterdam 1,275 km, from Mazowieckie to

Berlin 650 km, and from Mazowieckie to Madrid 3,000 km.

In this first sensitivity analysis, the model in openLCA has remained otherwise completely
the same as in the original scenario, but the sea transportation in the export phase has been
removed, and the distance travelled via refrigerated truck was changed to reflect the export

distance of each scenario. Similarly to the original scenario, the default providers have been
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used in the alternative scenarios. Table 8 below shows how the alternative export locations

affect the total impacts on terrestrial and freshwater ecosystems in the different scenarios.

The more precise calculations of these scenarios are presented in Subsections 5.1.2 and 5.1.3.

Table 8. Results of the sensitivity analysis 1

Export location Land use impact Climate change impact | Climate change impact
(terrestrial (terrestrial (freshwater
ecosystems) ecosystems) ecosystems)
(PDF*year/kg) (PDF*year/kg) (PDF*year/kg)

Original scenario 6.8725E-16 8.034E-16 2.497E-16

(Helsinki, Finland)

Amsterdam, 7.1205E-16 9.2878E-16 2.889E-16

Netherlands

Berlin, Germany 6.3990E-16 6.0871E-16 1.8919E-16

Madrid, Spain 9.1056E-16 1.7982E-15 5.5889E-16

Table 9 below describes the total impacts of each scenario on terrestrial and freshwater
ecosystems, and how large the difference in percentages is compared to the impacts of the
original scenario (export to Helsinki). For example, if the export were to take place in
Madrid, the impact on terrestrial ecosystems would be 81.7% larger than in the original
scenario, where the export would take place to Helsinki. Also, the difference in the impact
on freshwater ecosystems would be 123.8% larger in this scenario, compared to the original
scenario. Based on the results, it can be concluded that the export distance can significantly

influence the apples’ overall impacts on both terrestrial and freshwater ecosystems.

Table 9. Comparison of the results of sensitivity analysis 1 to the original scenario

Export location Total impact on terrestrial ecosystems

(PDF*year/kg) and difference to the

Total impact on freshwater
ecosystems (water use not
original scenario (% larger than) included) (PDF*year/kg) and
the difference to the original

scenario (% larger than)

Original scenario | 1.491E-15 (0%) 2.497E-16 (0%)
(Helsinki, Finland)

Amsterdam, 1.641E-15 (10.1%) 2.889E-16 (15.7%)
Netherlands

Berlin, Germany 1.249E-15 (-16.2%) 1.8919E-16 (-24.2%)
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Madrid, Spain 2.709E-15 (81.7%) 5.5889E-16 (123.8%)

5.1.2 Sensitivity analysis 1: Land use impacts on terrestrial ecosystems in different

scenarios

This subsection presents the land use related impacts on terrestrial ecosystems and the
implemented calculation methodology for each considered export scenario of the first
sensitivity analysis. Here, the same cut-off criterion was used as in the original scenario:
only the types of land occupations that account for at least one percent of the total land use
are included in the assessment. As an exception, in the scenario where export takes place in
Madrid, one land occupation type, “Occupation, traffic area, rail/road embankment” is
excluded from the assessment, despite its share of the total land use in this scenario being
1.1%. The reason for this is that it allows including the same land occupation types for all
the scenarios, which enhances the comparability of different scenarios. By utilizing the same
ecoregion-specific CFs, and when needed, global CFs (Scherer et al. 2023B), as in
Subsection 4.3.1, it is possible to assess the scenario-specific land use related impacts on

terrestrial ecosystems.
Amsterdam, Netherlands

Based on the modelling carried out in openL.CA, the total land occupation in this scenario is
0.439 m?, which is slightly higher than in the original scenario. As in the original scenario,
the most significant share of this is caused by direct land use for farming” occupation, annual
crop, PL” (0.375 m?). After this land occupation type, the most significant types are
“Occupation, forest intensive, SE” (0.021 m?), “Occupation, forest intensive, RoW” (0.013
m?), “Occupation, traffic area, road network, RoW” (0.0105 m?), and “Occupation, forest,
intensive, DE” (0.0087 m?). With this data and the selected CFs by Scherer et al. (2023B)
(see Table 5), the overall impact of land use on terrestrial ecosystems in this scenario can be

calculated, and the result is approximately 7.1205E-16 PDF*year/kg.
Berlin, Germany

The total land occupation in this scenario is 0.431 m? per year. Most of this impact is caused

by “Occupation, annual crop, PL” (0.375 m?), “Occupation, forest intensive, SE” (0.0206
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m?), “Occupation, forest intensive, RoW” (0.0119 m?), “Occupation, forest, intensive, DE”
(0.0086 m?), and “Occupation, traffic area, road network, RoW” (0.0059 m?). The overall
impact of land use on terrestrial ecosystems can be calculated similarly as in the previous

scenario, and the result is approximately 6.3990E-16 PDF*year/kg.
Madrid, Spain

The total land occupation in this scenario is 0.461 m? per year. Most of this impact is caused
by “Occupation, annual crop, PL” (0.375 m?), “Occupation, traffic area, road network,
RoW” (0.0231 m?), “Occupation, forest, intensive, SE” (0.0215 m?), “Occupation, forest,
intensive, RoW” (0.0149 m?), and “Occupation, forest, intensive, DE” (0.0090 m?). Here, it
should be noted that due to the longer export distance, the land occupation for the traffic area
ranks higher than in the previous scenarios, compared to other land occupation types. The
overall impact of land use on terrestrial ecosystems in this scenario is approximately

9.1056E-16 PDF*year/kg.

5.1.3 Sensitivity analysis 1: Climate change impacts on terrestrial and freshwater

ecosystems in different scenarios

This subsection presents the climate change related impacts on terrestrial and freshwater
ecosystems in all the scenarios of the first sensitivity analysis. To allow comparison to the
original scenario, the same GHG emissions are considered here as in the original scenario:
fossil carbon dioxide (CO.), biogenic methane (CH4) (containing methane from soil or
biomass stock, and from non-fossil fuels), fossil methane (CH4), and dinitrogen monoxide
(N20). Also, the used CFs (Verones 2021) (presented in Table 6) are the same as in the

original scenario.
Amsterdam, Netherlands

In this scenario, the generated GHG emissions are: 0.4645 kg of fossil CO2, 0.0002 kg of
biogenic CHa, 0.0016 kg of fossil CHa, and 3.6314E-5 kg of N2O. By multiplying these
amounts by the related CFs (Verones 2021) (see Table 6), the resulting impacts in this
scenario are 9.2878E-16 PDF*year/kg for terrestrial ecosystems and 2.8890E-16

PDF*year/kg for freshwater ecosystems.

Berlin, Germany
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In this scenario, the generated GHG emissions are: 0.3026 kg of fossil CO», 0.0002 kg of
biogenic CHa, 0.0010 kg of fossil CHa, and 2.8909E-5 kg of N2O. By multiplying these
amounts by the related CFs (Verones 2021) (see Table 6), the resulting impacts in this
scenario are 6.0871E-16 PDF*year/kg for terrestrial ecosystems and 1.8919E-16

PDF*year/kg for freshwater ecosystems.
Madrid, Spain

Finally, in this scenario, the generated GHG emissions are: 0.9111 kg of fossil CO2, 0.0002
kg of biogenic CH4, 0.0030 kg of fossil CHa4, and 5.6752E-5 kg of N2O. By multiplying these
amounts by the related CFs (Verones 2021) (see Table 6), the resulting impacts in this
scenario are 1.7982E-15 PDF*year/kg for terrestrial ecosystems and 5.5889E-16

PDF*year/kg for freshwater ecosystems.

5.1.4 Sensitivity analysis 2: production in Finland, no export

The focus of the second sensitivity analysis is to assess how the impacts on terrestrial and
freshwater ecosystems would change if production and consumption were both taking place
in Finland. In this assessment, transportation for export is excluded from the assessment. In
addition, in assessing the impacts caused by different drivers of biodiversity loss, eco-region-
specific and country-specific CFs are changed to match the scenario of production taking
place in Finland. Yet, it is assumed that the inputs required to produce a kilogram of apples
in Poland are identical to those that are required in a Finnish context. Unlike in the first
sensitivity analysis, here all three drivers of biodiversity loss are included in the assessment.
The results of the second sensitivity analysis and the comparison of the impacts to those of

the original scenario are presented in Table 10.

Table 10. Comparison of the results of sensitivity analysis 1 to the original scenario

Scenario Total impact on terrestrial Total impact on freshwater
ecosystems (PDF*year/kg) and ecosystems (PDF*year/kg) and the
difference to the original scenario difference to the original scenario

(% smaller than) (% smaller than)

Original scenario 1.49E-15 (0%) 3.63E-16 (0%)
(production in Poland,
export to Helsinki)
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Sensitivity analysis 2 5.07E-16 (66%) 2.68E-16 (26%)
(production and
consumption in Finland)

The total impact on terrestrial ecosystems in this scenario is approximately 5.0747E-16
PDF*year/kg, of which 2.2496E-16 PDF*year/kg (approximately 44% of the total impact)
is caused by land use and 2.8251E-16 PDF*year/kg (approximately 56% of the total impact)
is caused by climate change. Again, the total impact on freshwater ecosystems in this
scenario is approximately 2.6760E-16 PDF*year/kg, of which 8.7804E-17 PDF*year/kg
(approximately 33% of the total impact) is caused by climate change and 1.798E-16
PDF*year/kg (approximately 67% of the total impact) is caused by water use.

Compared to the original scenario, the impact on terrestrial ecosystems is approximately
66% smaller, and the impact on freshwater ecosystems is approximately 26% smaller. Thus,
this sensitivity analysis emphasises the role of export distance and production location as
important factors contributing to the overall impacts of apple production on different
ecosystems. The assessment carried out for this second sensitivity analysis is described for

each driver of biodiversity loss in the following Subsections 5.1.5, 5.1.6, and 5.1.7.

5.1.5 Sensitivity analysis 2: Land use impacts on terrestrial ecosystems

For land use, only those land occupation types are included in the assessment that contribute
at least one percent of the total land occupation in this scenario. A similar cut-off criterion
was applied in the original scenario and in the first sensitivity analysis. As the export phase
is excluded in this scenario, the land use required for the road network is not as significant
contributor to the overall land use as in the other scenarios. Thus, in this scenario, only four
land occupation types are included in the assessment: “Occupation, annual crop, PL” (0.375
m?), “Occupation, forest, intensive, SE” (0.0204 m?), “Occupation, forest, intensive, RoW”

(0.0111 m?), and “Occupation, forest, intensive, DE” (0.0084 m?).

As the production location is assumed to be Finland, for land occupation type “Occupation,
annual crop, PL”, the eco-region-specific CF is selected based on Finland’s eco-region,
which is Scandinavian and Russian taiga (RESOLVE 2017). Similarly to the original

scenario, here it is assumed that land use type is intense cropland occupation (Scherer et al.
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2023A, S6). Thus, the selected CF by Scherer et al. (2023B) is 3.4407E-16. For the other
land occupation types, the CFs are the same as those described in Table 5. Based on the CFs,
it is possible to calculate the total land use caused impact on terrestrial ecosystems in this

scenario, which is approximately 2.2496E-16 PDF*year/kg.

Yet, it should be noted that to simplify the assessment in this scenario, it is assumed that the
size of the land area required to produce one kilogram of apples is the same in Finland and
Poland. In the original scenario, the size of the required land area was estimated by dividing
the total land area dedicated to apple production in Poland by Poland’s total annual apple
yield. In reality, in the context of Finland, the size of the land area required to produce one

kilogram of apples is likely different, which is a factor that is also likely to affect the results.

5.1.6 Sensitivity analysis 2: Climate change impacts on terrestrial and freshwater

ecosystems

The next stage in this sensitivity analysis is to assess the impacts of climate change on
terrestrial and freshwater ecosystems. As in the original scenario and in the scenarios of the
first sensitivity analysis, also here the climate change impact is assessed through four types
of GHGs: fossil carbon dioxide (COz), biogenic methane (CH4) (containing methane from
soil or biomass stock, and from non-fossil fuels), fossil methane (CH4), and dinitrogen
monoxide (N20). Also, the used CFs (Verones 2021) (presented in Table 6) are the same as

in the original scenario and in the first sensitivity analysis.

In this scenario, the generated GHG emissions are: 0.1343 kg of fossil CO, 0.0002 kg of
biogenic CHa, 0.0005 kg of fossil CHs, and 2.1208E-5 kg of N>O. By multiplying these
amounts by the related CFs (Verones 2021) (see Table 6), the resulting impact is 2.8251E-
16 PDF*year/kg for terrestrial ecosystems and 8.7804E-17 PDF*year/kg for freshwater

ecosystems.

5.1.7 Sensitivity analysis 2: Water use impacts on freshwater ecosystems

The final stage of this sensitivity analysis is to assess the impact of water use on freshwater
ecosystems. As in the original scenario, also here, only the water that is directly used for the

irrigation is included in the assessment due to its significant role in the overall water
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consumption. It is assumed that the amount of water needed to irrigate apples in Finland is

identical to the amount that was assumed to apply in the original scenario.

Yet here, a Finland-specific CF was used, which is 8.99E-16 per m? of water consumed
(Verones 2021) when all impacts are included. Thus, in this scenario, the impact of water

use on freshwater ecosystems is approximately 1.798E-16 PDF*year/kg.
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6 Conclusions

Based on the results, it can be concluded that this study was able to answer all three research
questions that were set as the objectives. The total impact of one kilogram of Polish apples,
exported to Finland, on terrestrial ecosystems is approximately 1.49E-15 PDF*year and

approximately 3.63E-16 PDF*year on freshwater ecosystems.

For both of the considered ecosystems, the most significant driver of biodiversity loss is
climate change, which accounts for approximately 54% (8.034E-16 PDF*year/kg) of the
impacts on terrestrial ecosystems and approximately 69% (2.497E-16 PDF*year/kg) of the
impacts on freshwater ecosystems. Land use is responsible for approximately 46% (6.8725E-
16 PDF*year/kg) of the impacts on terrestrial ecosystems, and water use is responsible for

approximately 31% (1.128E-16 PDF*year/kg) of the impacts on freshwater ecosystems.

The significance of the impacts of different life cycle stages varies in different impact
categories. For land use, the most significant impact on terrestrial ecosystems is caused by
cultivation, as direct land use in this stage accounts for approximately 66% of the total
impact. Another important life cycle stage for the overall impact of land use is transportation,
as the road networks that are required for logistics account for approximately 18% of the

total impact caused by land use.

Transportation, and especially exporting to Finland, due to the large distance, is a significant
reason, also in terms of the impacts of climate change on both terrestrial and freshwater
ecosystems. This life cycle stage contributes approximately two-thirds of the total COze

impacts of the apple’s life cycle.

For water use, the most significant impact also occurs in the cultivation phase, as the direct
water use for irrigation accounts for approximately 98.4% of the total water use that takes
place during the life cycle. Based on these insights, certain recommendations were drawn to

lower the overall impact on both terrestrial, and freshwater ecosystems.

For both land use and climate change, large exporting distance contributes significantly to

the impacts in both of the considered ecosystems. To lower the impacts, shorter logistical
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distances should be prioritized, and this underlines the importance of local production. Yet,
in some cases, consumption of locally produced food items can potentially also be a less
preferable option in terms of the impacts on biodiversity, if, for example, the production

takes place in a region with very rich biodiversity.

The intensity of land use for cultivation could be decreased by smaller field sizes, mixed
crops, crop rotation, minimal use of pesticides and fertilizers, and by minimizing the
irrigation (Scherer et al. 2023A, S6). Yet, for both land use and water use, the means to
tackle the impacts can conflict with the profitability of the apple orchards. For example, land
use could be made more efficient by increasing the density of trees per hectare. Yet, as earlier
research points out, having excessively dense tree plantations can significantly increase
depreciation, which can negatively impact profitability (Lamoniak & Zhichkin 2020, 2).
Similarly, the efficiency of water use can primarily be improved by reducing irrigation. Yet,
irrigation can enhance the profitability of apple orchards and generate a better yield

(Gaworski, Ciesielski & Kaminska 2017, 409—411; Maslowska & Liberacki 2018, 242).

Finally, sensitivity analyses were carried out to assess how the results would change if some
of the background assumptions were changed. In the first sensitivity analysis, the impact of
changing export location was assessed, and in the second, it was analysed how the results
would change if both the production and consumption were taking place in Finland. Both of
these analyses illustrate the importance of export distance for the overall impacts on

terrestrial and freshwater ecosystems.

The assumptions and limitations (described in Table 2) of this study impact the results, and
with different methodological decisions, the results would likely also be different. Also,
although throughout the study, the calculations were handled with care, calculation mistakes
are possible, as they were carried out manually in Microsoft Excel. Thus, the results of the

study should be considered as indicative.

Overall, the results of this study contribute to the increasing understanding of the impacts of
individual food products on biodiversity. As the food sector plays a key role in accelerating
biodiversity loss, which is one of the most severe challenges that humanity is currently
facing, it is important to collect such individual pieces of information to complete the puzzle.
When combined, these individual pieces of information allow a comprehensive

understanding of how different food items, produced in different circumstances, compare in
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terms of their impacts on biodiversity. This understanding is crucial to allow informed
consumer decisions. Yet, as described in Chapter 2, the responsibility to tackle biodiversity
loss is not solely on consumers. Policymakers and businesses play a crucial role, and they
also require evidence-based information to design policy measures and business models that

effectively support this goal.
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