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Abstract

Transportation systems’ value chain biodiversity impacts remain poorly understood. Here, we
quantify the life cycle biodiversity and carbon footprints of Finland’s national transportation
system, covering traffic, transport infrastructure, vehicle production and maintenance. Using
detailed national data and the Biodiversity Equivalent Impact Assessment method, we estimate
a biodiversity footprint corresponding to a potential extinction risk for approximately 0.1 % of
global species, and a carbon footprint of 677 Mt kg CO2eq. Passenger car traffic and roads
were the largest contributors to both footprints, while climate change was the dominant

biodiversity loss driver. Traffic lanes generated life cycle biodiversity impacts 45 times larger
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than impacts from local land-use change, demonstrating significant global biodiversity
spillovers. Vehicle electrification can substantially reduce both footprints, whereas biofuel
adoption may increase biodiversity loss. Integrating life cycle biodiversity and climate impacts
assessments into transport policy is therefore essential to avoid overlooking global impacts and

avoid unintended biodiversity-climate trade-offs.
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assessment

1. Introduction

Transportation systems have well-established local impacts on biodiversity and make
substantial contributions to greenhouse gas emissions (Borgelt et al., 2024; Chen and
Koprowski, 2016; Coffin, 2007; Fuentes-Montemayor, 2009; Hulme, 2009; Jones et al., 2000;
Muiioz et al., 2015; van Strien and Grét-Regamey, 2025). Yet the global life cycle biodiversity
impacts embedded in value chains of transport infrastructure and traffic remain poorly
characterized, despite national transportation systems depending on fuels, vehicles and
infrastructure which production and maintenance generate biodiversity pressures across distant
regions and ecosystems (Wilting et al., 2017; Wilting and van Oorschot, 2017). This is a major
blind spot in sustainability assessments of transportation systems which may contribute to
global biodiversity loss in ways that are not captured by local impact assessments or carbon

accounting alone.

This gap matters because biodiversity is declining at an unprecedented rate in human history
(IPBES, 2019), driven by land- and sea-use change, direct exploitation of organisms, climate
change, pollution and invasive alien species (Diaz et al., 2019). Among these drivers, climate

change is becoming increasingly important (Romén-Palacios and Wiens, 2020; Urban, 2024),



largely as a result of anthropogenic greenhouse gas emissions (IPCC, 2023; Ripple et al., 2023),
to which transport is a major and growing contributor (IEA, 2026; Jaramillo et al., 2022).
Despite international commitments to mitigate climate change and halt biodiversity loss,
neither global emissions nor biodiversity decline shows clear signs of slowing (CBD, 2020;
IPBES, 2019). These intertwined crises call for assessments that consider climate and
biodiversity impacts together, particularly in sectors where mitigation choices may create

synergies or trade-offs between the two.

Transportation is one such sector. It is essential to modern societies, enabling the movement of
people and goods through networks of vehicles, infrastructure, energy systems and services
(Cascetta, 2001; Traficom, 2024). Yet transport policy and assessment remain dominated by
climate metrics (Azarkamand et al., 2020; Baumeister, 2019; Borken-Kleefeld et al., 2013;
Dimoula et al., 2016; Hanson and Noland, 2015; Postorino and Mantecchini, 2014), even
though mitigation options differ in their biodiversity consequences. Electrification may reduce
both carbon and biodiversity footprints when powered by low-impact electricity, whereas
large-scale reliance on biofuels may reduce apparent climate impacts while increasing
biodiversity pressures through land use, water depletion or pollution. Assessing transport
systems through greenhouse gas emissions alone may therefore obscure biodiversity impacts,

misidentify solutions and shift environmental burdens across regions and ecosystems.

Previous studies have examined life-cycle biodiversity impacts of transport systems from
specific perspectives (Borgelt et al., 2024; Bull et al., 2022; Kulionis et al., 2024; Wilting et
al., 2017; Wilting and van Oorschot, 2017), but an integrated nationwide assessment of both
biodiversity and climate impacts remains lacking. The national scale is particularly relevant
because many decisions on transport policies seem to have most relevance nationally (Axsen
et al., 2020; Jaccard et al., 2019), while their biodiversity consequences may extend far beyond

national borders.



Here we quantify the life cycle biodiversity and climate impacts of Finland’s national
transportation system. Finland provides a relevant case of an industrialized high-income
country with both urban and rural transport needs, extensive transport infrastructure and a
changing vehicle and motive power mix. We ask: 1) what are the biodiversity and climate
impacts of a national transportation system and what are they composed of, 2) how much
mitigation potential different transport modes and motive powers would have offered relative
to observed development, and 3) how the life cycle biodiversity impacts of traffic lanes

compare with their local biodiversity impacts from land-use change.
2. Materials and methods

Biodiversity footprint assessment can be based on life cycle assessment (LCA) methods,
environmentally extended input-output (EEIO) analysis or a hybrid-LCA approach, that
combines the two (Crawford, 2008; Damiani et al., 2023; Marques et al., 2017). We assessed
biodiversity and carbon footprints using the Biodiversity Equivalent Impact Assessment
method, BIOVALENT (El Geneidy et al., 2026), which builds on established life cycle
assessment approaches (Hellweg et al., 2023; Hellweg and Mila i Canals, 2014). Consequently,
the drivers of biodiversity loss arising from human activities and their eventual impacts on

biodiversity can be modelled.

In the assessment, information is needed of 1) the amount and type of activities, 2) the amount
and type of the driver of biodiversity loss caused by the activities, 3) geographical location of
the drivers of biodiversity loss and 4) the spatially explicit impacts on biodiversity caused by

the different drivers (El Geneidy et al., 2026).



2.1. Finnish transportation system and system boundaries

Finland is a country located in Northern Europe. Its total area is 338 491 km?, of which 304 000
km? is land area (Statistics Finland, 2025a). In 2025, Finland had 5.6 million inhabitants

(Statistics Finland, 2026a).

Transportation systems consist of traffic lanes, all modes of transport, transport services,
telecommunications networks, vehicles and the systems controlling the traffic (Traficom,
2024). Based on this definition, we outlined the system boundaries of the research. The sub-
systems considered were 1) vehicles, 2) domestic passenger and freight traffic and 3) transport
infrastructure. This formed the first, high level definition of the system boundary. As the
analysis of data availability proceeded, the system boundary was refined in more detail. A more

specific description of the system boundaries is provided in Fig. B.1.

Traffic control systems and management and telecommunication systems were scoped out of
this study. Foreigners’ travel to Finland, Finnish residents’ travel abroad, and trips and freight
abroad by vehicles registered in Finland were also outside the system boundary. National
transportation statistics do not identify vehicle registration country (Niinikoski and Moilanen,
2017) or traveller’s nationality and thus, travel activity by domestic or foreign travellers cannot
be separated from the datasets. However, trips abroad by vehicles in the Finnish register should
be included in Finnish traffic statistics. Because these distinctions cannot be made, the resulting
inaccuracies have been reported to partially offset one another (Niinikoski and Moilanen,
2017). As nationality specific travel cannot be distinguished from the transport statistics, the
travelling of Finnish people abroad should be included in the biodiversity and carbon footprint

of the country of destination.

International air transport and shipping were also excluded because they are not included in the

Finnish emission calculations (Traficom, 2021) and are subject to separate international



climate goals (ICAO, 2026; IMO, 2026). In addition, transportation activities of defensive
forces and border guard detachment were scoped out of this study, although including them in
the future assessments would be important for facilitating sustainable transportation in these

sectors as well.

2.3. Data collection

The data on amount and type of activities (i.e. consumption) of the Finnish transportation
system were gathered from the open statistics of Statistics Finland (Statistics Finland, 2026b)
and the Transport and Communications Agency, Traficom (Traficom, 2026). Also, reports
published by transportation sector organisations were used and information requests were
submitted when more specific data were needed. Technical details, such as battery weights and
electricity consumption in PHEV transport were obtained from scientific or grey literature.

Detailed references are given in Data Availability and Supplementary Methods.

The consumption data of the Finnish transportation system is fragmented (Fig. D.1), and thus,
we used input data from different years. Most of the data on number of vehicles were from
2023 or 2024, whereas data on transport infrastructure, such as ports and railway stations, was
from older national transport reports, as collecting exact activity data for each individual
building was beyond the scope of this study. For the biodiversity and carbon footprint time
series of traffic, we collected data from 2016 — 2023 from national transport statistics. Specific
data used in the assessment is provided in Data Availability and Supplementary Methods. In
some cases, the input data were not directly applicable and required further processing. The

details of the input data processing are provided in Supplementary Methods.

2.4. Modelling biodiversity impacts

We combined ecoinvent 3.10.1 Cutoff and APOS version (ecoinvent, 2016a, 2016b; Wernet et

al., 2016) and the ReCiPe2016 v.1.03 Midpoint (H) method (Huijbregts et al., 2017) using



openLCA software version 2.4.1/2.5.0 to derive the characterization factors describing the
amount and type of biodiversity loss drivers per unit of activity, as well as the geographical
location of these drivers (El Geneidy et al., 2026; Huijbregts et al., 2017). Ecoinvent is a global
life cycle inventory database providing supply chain data of different sectors’ material and
energy flows (Wernet et al., 2016). ReCiPe2016 is a life cycle impact assessment (LCIA)
method providing harmonised implementation of cause-effect pathways for calculating
characterization factors at midpoint and endpoint level (Huijbregts et al., 2017). Here we use

ReCipe only for the characterization of midpoint impacts.

Before the assessment, the consumption data were harmonized with the corresponding

ecoinvent processes. The harmonization procedure is provided in Supplementary Table 2.

Biodiversity impacts were assessed across terrestrial, freshwater and marine ecosystems (El
Geneidy et al., 2026). To create impact factors describing the environmental impact caused by
biodiversity loss drivers per unit of activity, we used the LC-IMPACT method version 1.3 (El
Geneidy et al, 2026; Verones et al., 2020a). LC-IMPACT provides regionalised
characterization factors, expressed as potentially disappeared fraction of species (PDF) per unit
of biodiversity loss driver for terrestrial, marine and freshwater ecosystems (Verones et al.,
2020a). The regionalized midpoint characterization factors for each driver of biodiversity loss

per unit of activity were multiplied by the corresponding PDF values for each driver and region.

We used Rstudio version 4.4.1. to create the impact factors. We used R-script generated by
Peura and Leppilampi (2026). In total, we created impact factors for 113 processes to assess
the biodiversity and carbon footprint of the Finnish transportation system. The impact factors

are accessible in the Data Availability.

The impact factors were then multiplied by the corresponding activity data to derive a

biodiversity footprint of each ecosystem type in PDFs. These ecosystem specific footprints
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were then aggregated into a biodiversity footprint per activity category, using weights
representing the share of all plant and animal species that exist in terrestrial, freshwater and
marine ecosystems (El Geneidy et al., 2026; Roman-Palacios et al., 2022), see equation (1)
below. This spatially explicit indicator of potential global species loss combining biodiversity
impacts across all ecosystem types is called the biodiversity equivalent, BDe (El Geneidy et

al., 2026). Carbon footprints were expressed as carbon dioxide equivalents (CO2e).

BDe = PDF ierestriar % 0.801 + PDFﬁ‘eshwaterx 0.0967 + PDF marine %< 0.102 (1)

It has been argued that biodiversity equivalent has similar desirable characteristics as carbon
dioxide equivalent in a way that it enables measuring biodiversity impacts of human activities
on a global level in a unified, globally comparable way (El Geneidy et al., 2026). Its values
vary between 0—1, where zero indicates no risk of extinction and one that the fraction of global

species in the risk of extinction is 100 %.

Because the biodiversity impacts of activities are measured on a global level i.e. impacts on all
world species, BDe values are typically very small. For readability of the results, we use
prefixes of scientific notations, in this case nano (n = 10). The BIOVALENT methodology is

described in detail in El Geneidy et al. (2026).

2.4.1 Environmental pressures

For terrestrial ecosystems, the environmental pressures included in the biodiversity footprint
assessment were land occupation (m?), including annual and permanent crops, pasture, urban
land use, extensive and intensive forestry, photochemical oxidant formation (kg NOx e) and
terrestrial acidification (kg SO> e). For freshwater ecosystems, the environmental pressures
were water depletion (m®) and freshwater eutrophication (kg P e). Climate change impacts (kg
CO; e) were included in the biodiversity footprint of both terrestrial and freshwater ecosystems.

The GHGs included in climate change impacts were carbon dioxide, nitrous oxide, and
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methane. For marine ecosystems, the environmental pressure was marine eutrophication (kg N

e).

The distribution of biodiversity impacts across drivers of biodiversity loss may change in future
assessment as impacts of other biodiversity loss drivers, such as depletion of natural resources

and invasive alien species can be included in the methodology.

2.4.2 Vehicle production and maintenance

The assessment of vehicle production impacts were based on the total number of registered
vehicles in each vehicle category, except for passenger cars, for which the assessment was
based on the mass of the produced car (kg). The impact assessment of vehicle maintenance was

based on the total number of registered vehicles in each vehicle category.

2.4.3 Functional units and activity data of traffic operation

Traffic operation impacts were modelled using annual vehicle-kilometres travelled (VKT),
passenger-kilometres travelled (PKT) or ton-kilometres travelled (TKT), depending on the
transport mode. Accordingly, the functional unit of traffic operation was either kilometres,
passenger-kilometres, or ton-kilometres. For biogas-powered passenger cars, the impacts were
quantified per kilogram of produced biomethane (kg), while leisure boating impacts were based

on fuel consumption (L).

2.4.4 Well-to-wheel assessment

To avoid double counting between traffic operation, vehicle production and infrastructure,
traffic impacts were assessed using a well-to-wheel (WTW) analysis, which includes the
impacts of fuel production, transport and consumption (Orsi et al., 2016). Vehicle and
infrastructure-related flows were removed from the corresponding ecoinvent transport
processes in openLCA. The applied process modifications are provided in Supplementary

Table 2.



2.4.5 Annual and life cycle impacts of traffic
Traffic impacts were assessed at both annual and vehicle life cycle scales. For the annual
assessment, VKT, TKT or PKT between 2016 — 2023 were multiplied by the corresponding

impact factors to estimate yearly biodiversity and carbon footprints of traffic.

For the impact assessment of traffic over the life cycle of vehicles, a mean annual distance
travelled of each transport mode was derived from transport statistics and applied to the
expected life span of the corresponding vehicle type (Supplementary Table 3) to estimate the
cumulative VKT (or PKT/TKT depending on the transport mode) during vehicle operation.
These cumulative kilometres travelled were then multiplied by the corresponding ecosystem-

specific impact factors for pollution and climate change.

Land use and water depletion impacts were estimated using the average annual kilometres
travelled of each transport mode and multiplied by the respective impact factors. Unlike
pollution and greenhouse gas emissions, which are directly related with transport activity, land
use and water depletion impacts in the ecoinvent database are primarily associated with
infrastructure and production systems that provide services over long periods of time. For
example, land occupation is related to production facilities such as mineral extraction sites
rather directly proportional to cumulative kilometres travelled. Similarly, water depletion
associated with fuel consumption is primarily related to electricity production, whose
infrastructure sites remain in operation for multiple years. Consequently, applying land use and
water depletion impact factors to cumulative kilometres travelled over the assessment period
could result in repeated allocation of impacts related to the same infrastructure, potentially
leading to an overestimation of land use and water depletion impacts. However, the land use
impacts of biofuels were estimated separately (see 2.4.6 Estimation of biofuel induced land use

change impacts and Supplementary Methods).
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2.4.6 Estimation of biofuel induced land use change impacts

The land use impacts of biofuels arising from cumulative VKT during vehicle operation were
assessed differently from those of passenger cars using fossil fuels. This was done because
assuming that land use from biofuel consumption is non-cumulative would likely
underestimate the impacts, as biofuel production is known to drive land use change and

biodiversity loss (Elshout et al., 2014; Tudge, 2021).

We used country-level land occupation and transformation inventory data (Farago et al., 2019)
and combined it with ecoinvent land use data to estimate long-term changes in land use
associated with biodiesel, bioethanol and biogas production. These adjusted land use values
were then multiplied by characterization factors for land use from LC-IMPACT. The method

and underlying assumptions are described in detail in Supplementary Methods.

2.4.7 Comparison of the footprint of transport modes per passenger-kilometre

To estimate the biodiversity and climate impacts of different transport modes per passenger-
kilometre, the footprints per kilometre driven for each vehicle type were divided by the average
number of passengers per VKT. We estimated the average number of passenger per VKT for

each transport mode, Npuss. vk, in 2023 as follows:

Npass./VKT: Np / VKTtor (3)

Where N, is the number of passengers per vehicle type in 2023 and VKT is total vehicle

kilometres driven per vehicle type in 2023.

The data were obtained from the national Public Transport Performance Statistics (Traficom,
2025). For trams we took an average of the passenger numbers in trams (streetcars) and light
rail. For passenger cars, we used average passenger number in 2016 (Liikennevirasto, 2018),

since no data were available for 2023.
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2.4.8 Transport scenarios
We created four scenarios for the footprints of passenger car transport for the years 2016 —

2023 and compared these with the historical, realized footprints.

The “Fossil fuel scenario” represents a situation in which only fossil petrol and diesel are used
in passenger car transport. In this scenario, the estimated shares of passenger cars in transport
ranged from 71-73 % for petrol and 27-29 % for diesel passenger cars. In the “electric-biodiesel
scenario”, all passenger cars in traffic during the years 2016 — 2023 were assumed to be electric,
except for diesel passenger cars, which use pure biodiesel. Here, the share of electric passenger
ranged from 72-75 % and the share of diesel passenger cars ranged from 25-28 %. The detailed
methods used to derive the shares are provided in Supplementary Methods. In the “Only
biodiesel scenario” all passenger cars were diesel passenger car using pure biodiesel and in the

“Only electric cars scenario” all passenger cars were electric.

To estimate the VKT by motive power in each scenario, the annual passenger car VKT for
2016 — 2023 was allocated to each motive power based on the scenario specific fleet shares.
These VKTs were then multiplied by the corresponding impact factors to derive the

biodiversity and carbon footprint for each scenario.

2.4.9 Traffic lanes, lay-bys, and parking areas
Estimating the footprints of traffic lanes was based on the total length (km) and area (m?) of
each lane type. For lay-bys and parking lots along roads, the impact assessment was based on

their total area (m?).

2.4.10 Transport stations
The assessment of the biodiversity and carbon footprints of Finnish transport stations was based
on the number of stations, and for bus depots, railway and metro stations, on their total area

(m?). For multi-storey car parks, the impact assessment was based on their total capacity (m?).
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2.4.11 Assessing biodiversity impacts of local land use

To estimate the magnitude of global spillover impacts from transport infrastructure, the
biodiversity impacts associated with the local land use were assessed separately from the life
cycle assessment. The life cycle footprint included value chain impacts from material
extraction, production and transport, whereas the local footprint captured biodiversity loss from
land use change caused by transportation infrastructure in Finland. To avoid double counting,
land occupation input flows were removed from the corresponding ecoinvent processes in

openLCA (see Supplementary Table 2).

The biodiversity impacts of local land use were quantified by multiplying the occupied area
(m?) of traffic lanes, lay-bys, and parking lots, railway stations and bus depots by the
characterization factor for urban land occupation, using the median value of Finland expressed
in global PDF/m? from LC-IMPACT. The global PDF indicator describes the share of world
species potentially disappearing in terrestrial ecosystems after the conversion of natural habitat
to the current land use type (Verones et al., 2020b), in this case, urban land use in Finland.
Using global PDF to estimate the biodiversity footprint of local land use allows comparing the
impacts with those arising from the value chains. For traffic green zones, impacts were
estimated by taking an average of the characterization factor values for pasture and urban land
occupation (global PDF/m?, median value for Finland). Lastly, the PDF values of local land
use were converted to biodiversity equivalents (BDe) by weighing them with the share of all
plant and animal species that exist in terrestrial ecosystems (El Geneidy et al., 2026; Roman-

Palacios et al., 2022).
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3. Results

3.1. Traffic and transport infrastructure dominate national transport footprints

The Finnish transportation system had a total biodiversity footprint of 1,152,207 nano
biodiversity equivalents (nBDe) and a carbon footprint of 677 Mt COze. This biodiversity
footprint corresponds to an estimated potential extinction risk for approximately 0.1% of global

species.

Traffic was the largest contributor to the biodiversity footprint, driven especially by passenger
car use (Fig. 1a, 1b). Petrol and diesel passenger car traffic accounted for approximately 22 %
and 6 % of the total biodiversity footprint, respectively, while all other passenger car traffic
categories together contributed less than 1% (Table A.1). Transport infrastructure was the
second largest contributor, with traffic lanes alone accounting for 29 % of the total biodiversity
footprint (Fig. 1a,b and Table A.1). Vehicle production and maintenance contributed less than
traffic and infrastructure, but cars were the dominant source within this subsystem (Fig 1b); in
particular, petrol passenger car production accounted for approximately 4 % of the total

biodiversity footprint (Table A.1).

The carbon footprint showed a similar overall pattern. Traffic was again the largest contributor,
with passenger car traffic accounting for 33 % of the total carbon footprint of the Finnish
transportation system (Fig. C.1). Transport infrastructure was the second largest contributor,
with traffic lanes alone accounting for approximately 28 % of the total carbon footprint (Fig.
C.1). Within vehicle production subsystem, cars were the dominant source, contributing
approximately 7 % of the total carbon footprint, of which petrol passenger cars were again the

major contributor, accounting for 4 % of the total carbon footprint (Table C.1 and Fig. C.1).
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Fig. 1: Fig. 1: Biodiversity and carbon footprints of the Finnish transportation system. a,
Shares of the main subsystems in the total biodiversity and carbon footprints. b) Key
contributors within subsystems and their shares of the total biodiversity footprint. Contributors
accounting for less than 2% of the total biodiversity footprint are not shown. Vehicle

maintenance accounted for only 1% of the total biodiversity footprint and is therefore omitted

from panel b.

3.2. Passenger cars and lorries dominate traffic-related biodiversity footprints

Passenger cars generated the largest biodiversity footprint among passenger transport modes
between 2016 and 2023, although their footprint declined after 2018 (Fig. 2a). This dominant
contribution reflected the high volume of passenger car traffic relative to other passenger
transport modes (Fig. 2b). By contrast, passenger rail had the smallest biodiversity footprint
despite being the second-largest passenger transport mode in terms of passenger-kilometres
travelled, indicating a substantially lower biodiversity footprint per passenger-kilometre than

road-based passenger transport (Fig. 2a, b and Fig 3a).
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To make biodiversity and carbon intensities explicit across passenger transport modes and
motive powers, we compared footprints per passenger-kilometre using average passenger
occupancy in 2023. Diesel passenger cars fuelled with pure biodiesel had the highest
biodiversity intensity (Fig. 3a), although their carbon intensity was lower than that of
conventional fossil-fuel passenger cars (Fig. 3b). Fossil-fuel passenger cars generally had
higher biodiversity and carbon intensities than public transport modes, electric passenger cars
and bioethanol passenger cars (Fig. 3a,b). Public transport modes had among the lowest
passenger kilometre impacts, with biodiversity and carbon intensities approximately 88 and 79

times lower, respectively, than those of petrol passenger cars.

In freight transport, lorries generated the largest total biodiversity footprint (Fig. 2a). Van
traffic had the second largest freight-related footprint (Fig. 2a), but the highest biodiversity and
carbon intensity per tonne-kilometre travelled (Fig 3c,d). Freight rail and vessel freight
transport had a small biodiversity footprint even relative to their transport volume, translating

into substantially lower biodiversity and carbon intensity than road freight (Fig. 2a,b and 3c,d).
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Fig. 2: Biodiversity footprint and traffic development of passenger and freight transport,
2016-2023. a, Biodiversity footprint of passenger and freight transport. b, Development of
passenger and freight transport volumes. PKT denotes passenger-kilometres travelled and TKT
tonne-kilometres travelled. Mpkm and Mtkm denote million passenger-kilometres and million

tonne-kilometres, respectively. Passenger rail includes train, tram and metro.
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Fig. 3: Biodiversity and carbon intensities of passenger and freight modes in 2023. a,
Biodiversity footprint intensity by vehicle type in passenger transport, expressed per passenger-
kilometre. b, Carbon footprint intensity by vehicle type in passenger transport, expressed per
passenger-kilometre. Train values represent the average impacts of regional and long-distance
passenger rail. In plug-in hybrids, e/d denotes electricity-diesel and e/p electricity-petrol motive
power. ¢, Biodiversity footprint intensity by vehicle type in freight transport, expressed per
tonne-kilometre. d, Carbon footprint intensity by vehicle type in freight transport, expressed

per tonne-kilometre.
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3.3. Climate change is the largest driver of biodiversity loss across most

transport subsystems

The relative importance of biodiversity loss drivers varied across ecosystem types and
subsystems (Table 1). In terrestrial ecosystems, climate change accounted for the largest share
of biodiversity impacts in all subsystems, ranging from 79% for transport infrastructure to 97%
for traffic. In freshwater ecosystems, climate change dominated the biodiversity footprints of
traffic and transport infrastructure, whereas water depletion was the largest driver of footprints
from vehicle production and maintenance. The influence of climate change was particularly
pronounced for traffic, where biodiversity impacts arise largely from energy use and associated
greenhouse gas emissions, especially fossil fuel combustion. A detailed breakdown of the

biodiversity impacts by drivers, subsystems, and contributors is provided in Table A.2.

Table 1: Relative contributions of biodiversity loss drivers to transport-related
biodiversity impacts in terrestrial and freshwater ecosystems. Values are shown by
subsystem of the transport subsystem. Marine ecosystems are not shown because only

pollution-related impacts could be assessed.

Terrestrial ecosystems Freshwater ecosystems
Land Pollution Climate Water Pollution Climate
use change  depletion change
Production, 3% 8% 89 % 52 % 20 % 28 %
vehicles
Maintenance, 7 % 8 % 85 % 54 % 13 % 33%
vehicles
Traffic 0.1 % 3% 97 % 1% 1% 98 %
Transport 9% 12 % 79 % 30 % 11 % 58 %
infrastructure
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3.4. Electrification reduces biodiversity and climate impacts, whereas biodiesel

creates biodiversity trade-offs

The realized biodiversity and carbon footprints of passenger car traffic declined over time,
reflecting increasing electrification and reduced vehicle-kilometres travelled (Fig. 4).
Complete electrification of the passenger car fleet would have reduced the biodiversity and
carbon footprints of passenger car traffic by 94 % and 84 %, respectively, relative to realized
development. Although electric passenger car production had larger biodiversity and carbon
footprints per vehicle than production of conventional vehicles, these production impacts were
outweighed by substantially lower use-phase impacts under the Finnish electricity mix, even

when battery production was included (Fig. C.2a, b).

The electricity-biodiesel scenario also had lower biodiversity and carbon footprints than both
realized development and the fossil-fuel-only scenario (Fig. 4). By contrast, the biodiesel-only
scenario reduced climate impacts relative to fossil-fuel passenger cars, but increased
biodiversity impacts. Its biodiversity footprint exceeded that of all other scenarios, showing
that climate-oriented fuel substitution can create substantial biodiversity trade-offs when land

use, water depletion and pollution pressures are considered.
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Fig. 4: Biodiversity and carbon footprints of passenger car motive power scenarios, 2016—
2023. Scenario analysis comparing realized passenger-car traffic with fossil-fuel-only, electric-
only, biodiesel-only and -electric-biodiesel scenarios, using realized vehicle-kilometres

travelled. a, Biodiversity footprints of scenarios. b, Carbon footprints of scenarios.

3.5. Value chain impacts of traffic lanes far exceed local land-use impacts

The life cycle biodiversity footprint of traffic lanes was approximately 45 times larger than
their footprint from local land use. Value chain impacts were driven mainly by climate change,
reflecting greenhouse gas emissions from fuel combustion in construction machinery and from
the production of road materials such as clinker and pitch. Additional impacts arose from land
use associated with landfill for inert material, forestry practises for energy production and

gravel production (Fig. 5).

This comparison shows that local land-use assessments capture only a small fraction of the
biodiversity impacts associated with traffic lanes. National transport infrastructure can
therefore generate substantial global spillovers through on-site construction activities and the

extraction, production and transport of construction materials.
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Fig. 5: Life cycle and local land use biodiversity footprints of traffic lanes in Finland. a,
Life cycle biodiversity footprint of traffic lanes, disaggregated by the driver of biodiversity
loss. b, Biodiversity footprint arising from local land use by traffic lanes in Finland.

Footprints are expressed in nano biodiversity equivalents (nBDe).

4. Discussion

Our assessment shows that national transportation systems can generate biodiversity impacts
not only through local infrastructure and traffic, but also through global value chains of fuels,
vehicles and construction materials. In Finland, passenger car traffic and traffic lanes
dominated both biodiversity and carbon footprints, while climate change was the major driver
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of biodiversity loss across most subsystems of transportation system. These findings show that
carbon accounting and local biodiversity assessment alone can miss a large share of the

environmental burden of transportation systems.

Passenger car traffic was the largest contributor to the biodiversity and carbon footprints of
traffic. This reflects the continued dominance of private cars in Finland’s transportation system,
particularly petrol cars, which remained the most common type of passenger car type during
2016-2023, with approximately 1.8—1.9 million registered vehicles (Statistics Finland, 2026¢).
High vehicle numbers and travel volumes therefore translated into large biodiversity and
carbon footprints. Our finding that traffic-related biodiversity impacts were driven largely by
climate change further demonstrates that transport contributes to biodiversity loss not only
through local pressures, but also through greenhouse gas emissions that accumulate in the
atmosphere and increase climate-mediated extinction risk (Roman-Palacios and Wiens, 2020;

Urban, 2024).

The magnitude of the value-chain burden is striking: the life cycle carbon footprint of the
Finnish transportation system slightly exceeded Finland’s total cumulative emissions during
2010-2024, including the LULUCF sector (Statistics Finland, 2026d). Although these
estimates represent different accounting perspectives, the comparison shows that conventional
territorial or local assessments can substantially understate the environmental burden of
transport, vehicles and transport infrastructure. Life cycle biodiversity and climate impact
assessment is therefore essential for evaluating the full consequences of national transportation

systems.

Biofuels have been promoted in Europe and globally to reduce greenhouse gas emissions from
transport (Directive (EU) 2018/2001; Jeswani et al., 2020). However, our findings suggest that

a large-scale biodiesel introduction can increase the biodiversity footprint of passenger car
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transport, even when carbon impacts decline. This is consistent with previous studies showing
that first-generation biofuels (i.e. biofuels produced from food crops) can cause greater
biodiversity loss than fossil fuels (Elshout et al., 2019), and that land-use changes associated
with biofuel production have affected local species richness across the globe (Tudge, 2021).
Moreover, the climate benefits of biofuels are uncertain and, in some cases, may be smaller
than expected or even worse than those of fossil fuels (Carneiro et al., 2017; Jeswani et al.,
2020; Lapola et al., 2010). The biodiversity and climate impacts of biofuels therefore depend
strongly on the feedstock type, feedstock production location and fuel-conversion pathway
(Carneiro et al., 2017; Jeswani et al., 2020; Tudge, 2021). Although second-generation biofuels
(i.e. biofuels generated from non-food biomass and residues) are generally expected to have
lower climate and biodiversity impacts than first-generation biofuels (Jeswani et al., 2020;
Tudge, 2021), their impacts can also be significant, particularly if lower energy density of

feedstock requirements increase land demand (Tudge, 2021).

Biodiesel had the largest biodiversity footprint per passenger kilometre of all passenger
transport options assessed. This result reflects not only the motive power itself, but also broader
differences in occupancy and transport efficiency. Public transport modes had substantially
lower passenger-kilometre impacts than private cars, largely because they carry more
passengers per vehicle. Our results therefore support earlier findings that walking, cycling and
public transport can substantially reduce the environmental impacts of mobility (Baumeister,
2019; Brand et al., 2021; Ercan et al., 2016), while also offering potential synergies between

biodiversity, climate and health (IPBES, 2024; Perilli et al., 2025).

Traffic lanes were the other major contributor to the biodiversity and carbon footprints of the
Finnish transportation system. While is well known that roads cause destruction and
fragmentation, and that surrounding areas are affected by pollution, noise, and other traffic-

related pressures that reduce habitat quality (Coffin, 2007; Karlson and Mdrtberg, 2015;
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Trombulak and Frissell, 2000; van Strien and Grét-Regamey, 2025), our results add a life cycle
perspective with a striking result: the biodiversity footprint of traffic lanes far exceed their local
land-use footprint. In other words, the materials and energy used to build roads in national
transportation systems can contribute substantially to global biodiversity loss and even more

than the local land use change caused by road construction.

This finding aligns with previous studies showing that road construction, operation and
maintenance require large material and energy inputs (Chester and Horvath, 2009; Santos et
al., 2015), and that upstream material production contributes to energy use, pollution and
greenhouse gas emissions (Chester and Horvath, 2009; Hanson and Noland, 2015; Santos et
al., 2015). Finland’s road networks is approximately 454,000 km long (Finnish Transport
Infrastructure Agency, 2026) and therefore represents both a direct land use pressure and a
substantial value chain burden. Globally, with more than 21 million km of roads (Meijer et al.,
2018), such displaced impacts may be an important but under-recognized component of

transport-related biodiversity loss.

4.3. Limitations

Several limitations should be considered. We could not include use-phase effects of roads such
as leachate production and rolling resistance (Arayjo et al., 2014; Yang et al., 2015), nor habitat
fragmentation, although fragmentation and disturbances caused by road network contribute
substantially to global terrestrial biodiversity loss (Wilting et al., 2017). Including these effects

would likely increase the estimated local biodiversity footprint of traffic lanes.

Some transportation system components also lacked adequate data or characterization factors
needed to operate the BIOVALENT method (see Fig. D.1). Biofuel impacts were particularly
uncertain because Finnish fuel consumption statistics do not distinguish pure from blended

biofuels or specify feedstock composition (Statistics Finland, 2025b). Consequently, greater
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transparency from biofuel producers and retailers is needed to assess whether biofuels deliver
genuine climate and biodiversity benefits or shift impacts elsewhere. Our assessment may
underestimate land use impacts of biofuels, as there are no data on how much the consumption
of biofuels in Finland drives land use change and we could not consider possible indirect land

use caused by biofuel production (Ahlgren and Di Lucia, 2014; Jeswani et al., 2020).

4.2. Towards transportation systems embracing the nature-climate nexus

Despite its limitations, our assessment shows that national transportation systems can be
substantial and multifaceted drivers of biodiversity loss. Their impacts arise not only locally,
through land use and traffic, but also globally through the value chains of vehicles, fuels and
construction materials and activities for infrastructure (Lenzen et al., 2012; Verones et al.,
2017; Wilting et al., 2017). This makes transportation a central arena for addressing the nature-
climate nexus: climate and biodiversity impacts are strongly connected, but mitigation actions

do not always benefit both.

Our results show why climate and biodiversity impacts must be assessed together.
Electrification of passenger cars can substantially reduce both carbon and biodiversity
footprints when powered by low-impact electricity (Jaramillo et al., 2022; Jenu et al., 2021),
even though electric vehicle production requires more materials and energy than conventional
vehicles (Hawkins et al., 2013; Watari et al., 2019). These upstream impacts can be reduced
through efficient battery recycling (Faria et al., 2013; Lai et al., 2022; Nordelof et al., 2014),
moderate vehicle size (Ellingsen et al., 2016; Faria et al., 2013; Nordelof et al., 2014), and
environmentally sustainable electricity production (Faria et al., 2013; Hawkins et al., 2013;
Jenu et al., 2021). Also, biogas may provide benefits in some contexts, but its biodiversity and
climate outcome depend strongly on feedstocks used (Hijazi et al., 2016; Noussan et al., 2024).
Climate-oriented transport policy can therefore create biodiversity trade-offs if value-chain

impacts are ignored (Portner et al., 2021; Santangeli et al., 2016a; Shin, 2022).
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Infrastructure mitigation also requires a life-cycle perspective. Reducing material demand,
improving energy efficiency, using recycled materials and selecting lower-impact construction
materials can reduce greenhouse gas related biodiversity impacts from transport infrastructure
(Aragjo et al., 2014; Wilting and van Oorschot, 2017; Yang et al., 2015). However,
technological substitution alone is unlikely to be sufficient. Because consumption is a major
driver of biodiversity loss (Diaz et al., 2019; Lenzen et al., 2012), the strongest and most
consistent synergies are likely to come from reducing transport demand and shifting mobility
from private cars towards walking, cycling and public transport (Brand et al., 2021; Chester
and Horvath, 2009; Cuenot et al., 2012). Such shifts can reduce carbon emissions, biodiversity
pressures and infrastructure land requirements, while also supporting health benefits (Perilli et

al., 2025).

National transport policy is therefore also policy on global biodiversity spillovers. Decisions
made within national transport systems can displace biodiversity impacts through the
international value chains of fuels, vehicles and infrastructure, beyond the reach of territorial
emissions accounting or local impact assessment. Meeting the goals of the Kunming—Montreal
Global Biodiversity Framework and the Paris Agreement will require national transport
policies that recognize these spillovers and reduce them through integrated life-cycle
assessment of biodiversity and climate impacts. Recognizing and reducing these spillovers

should become a core objective of national transport policy.

5. Conclusions

Transportation systems generate local biodiversity impacts and substantial amounts of
greenhouse gas emissions. Yet, the biodiversity impacts arising from value chains of vehicles,
fuel production and transport infrastructure construction remain largely unknown. Using the

BIOVALENT method, we assessed the biodiversity and carbon footprints of the Finnish
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transportation system. The transportation system generated a biodiversity footprint of
1,152,207 nano biodiversity equivalents (nBDe), corresponding to an estimated potential
extinction risk for approximately 0.1% of global species, and a carbon footprint of 677 Mt
COaqe. Passenger car traffic and traffic lanes accounted for the largest biodiversity and carbon
footprints. Climate change was the largest driver of biodiversity loss across most transportation
sub-systems, while some decarbonisation measures of transport, such as biofuel adoption, can
create trade-offs for biodiversity. Comparison of the local land use biodiversity impacts of
transport lanes to those arising from their value chains demonstrated that transportation systems
can generate substantial biodiversity impacts outside national borders. These findings
emphasize that simultaneous biodiversity and carbon footprint assessment should be integrated
into transport policy to avoid overlooking biodiversity trade-offs and global biodiversity

spillovers embedded in international value-chains.
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Appendix B. Detailed description of system boundaries
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Fig. B.1: Mind map of the system boundaries for the assessment of biodiversity and

climate impact of the Finnish transportation system. 1) Fuel consumption in transportation
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is included within the impacts of traffic. 2) The biodiversity and climate impacts of water-based
passenger transport could not be assessed. No corresponding process exists ecoinvent v.3.10.1
and to our knowledge, no studies provide characterization factors that could be utilised in the
BIOVALENT method. 3) To avoid double counting, the biodiversity impact was assessed only
for air passenger transport, as freight is also carried on passenger flights. Helicopter traffic was
left out due to absence of national data. 4) Cycling was left out, because there is no national
data on the passenger-kilometres travelled of cycling. Electric scooter traffic was left out due
to lack of data of characterization factors. 5) The life cycle impacts of vehicles do not include
aircraft maintenance or the disposal of good wagons and helicopters. 6) Maintenance of fuel
distribution stations is not included. 7) Maintenance of tram tracks and lay-bys is not included.
Roads also cover tunnel and bridge structures. 8) Green spaces along highways and cycleways
and walkways are included. 9) Other aircraft types, such as light aircrafts, could not be included
due to lack of suitable characterization factors. 10) “Attended airports” refer to airports with
regular transport and are operated by Finavia, the Finnish airport company. 11) Bicycles were

excluded because no national data exist on the total number of bicycles in Finland.

Appendix C. Additional results

Table C.1: The share of the biodiversity and carbon footprints of the factors within the
subsystems of the Finnish transportation system, shown as proportions of each
subsystem’s impacts and of the total biodiversity and carbon footprints of the Finnish
transportation system. P. cars refers to passenger cars. The impacts of electric passenger cars
and plug-in hybrids include battery. In hybrids, (p) denotes plug-in hybrids using electricity

and petrol, and (d) denotes plug-in hybrids using electricity and diesel as a motive power.

Factors within sub-  Share of Share of Share of Share of
systems of Finnish  sub- sub- total total carbon
system’s system’s biodiversity
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transportation biodiversity carbon footprint footprint

system footprint footprint (%) (%)
(%) (%)

Production of

vehicles

Vans 53 4.8 0.6 0.5

Buses 1.0 1.0 0.1 0.1

Lorries 5.4 5.5 0.6 0.6

Diesel p. cars 13.5 13.9 1.5 1.5

Petrol p. cars 37.5 38.4 4.1 4.1

Natural gas p. cars 0.1 0.1 0.0 0.0

Electric p. cars 1.7 1.6 0.2 0.2

Hybrid p. cars (p) 2.5 2.5 0.3 0.3

Hybrid p. cars (d) 0.1 0.1 0.0 0.0

P. cars with other 0.0 0.0 0.0 0.0

motive power

Motor scooters 0.2 0.2 0.0 0.0

Mopeds 0.2 0.2 0.0 0.0

Three- and four- 0.0 0.0 0.0 0.0

wheelers

Trams 0.0 0.0 0.0 0.0

Locomotives and 0.5 0.4 0.1 0.0

steam locomotives

Wagons (freight) 0.9 0.9 0.1 0.1

Wagons 0.1 0.1 0.0 0.0

(passenger)

Motor train unit 0.3 0.3 0.0 0.0

(long distance)

Motor train unit 0.1 0.1 0.0 0.0

(regional)

Metrotrain units 0.0 0.0 0.0 0.0

Barges and other 0.4 0.4 0.0 0.0

engineless ships

Bulk carriers for 9.9 9.7 1.1 1.0

dry goods

Passenger ships 4.6 4.5 0.5 0.5

Tankers 0.7 0.7 0.1 0.1

Special purpose 9.0 8.8 1.0 0.9

vessels

Other vessels 5.2 5.0 0.6 0.5

Helicopters 0.0 0.0 0.0 0.0

Short, medium and 0.6 0.6 0.1 0.1

long-haul belly-
freight aircrafts

Maintenance of

vehicles

Vans 10.0 8.8 0.1 0.1
Buses 2.3 2.2 0.0 0.0
Lorries 13.8 14.1 0.2 0.2
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Diesel p. cars 10.1 9.9 0.1 0.1

Petrol p. cars 28.3 28.2 0.4 0.4
Natural gas p. cars 0.1 0.1 0.0 0.0
Electric p. cars 0.6 0.6 0.0 0.0
Hybrid p. cars (p) 1.5 1.5 0.0 0.0
Hybrid p. cars (d) 0.1 0.1 0.0 0.0
P. cars with other 0.0 0.0 0.0 0.0
motive power

Motor scooters 0.8 0.8 0.0 0.0
Mopeds 1.0 1.0 0.0 0.0
Three- and four- 0.1 0.1 0.0 0.0
wheelers

Trams 0.0 0.0 0.0 0.0
Locomotives and 0.8 0.8 0.0 0.0
steam locomotives

Wagons (freight) 4.0 4.1 0.1 0.1
Wagons 0.3 4.1 0.0 0.1
(passenger)

Motor train unit 0.1 0.1 0.0 0.0
(long-distance)

Motor train unit 0.8 0.8 0.0 0.0
(regional)

Metro train units 0.0 0.0 0.0 0.0
Barges and other 0.8 0.7 0.0 0.0
engineless ships

Bulk carriers for 8.1 7.3 0.1 0.1
dry goods

Passenger ships 3.8 3.4 0.1 0.0
Tankers 0.6 0.5 0.0 0.0
Special purpose 7.5 6.7 0.1 0.1
vessels

Other vessels 4.3 3.9 0.1 0.1
Traffic

Electric p. cars 0.0 0.0 0.0 0.0
Diesel p. cars, 11.8 11.9 5.5 6.2
fossil diesel

Diesel p. cars, 1.2 1.1 0.6 0.6
biodiesel

Petrol p. cars 47.4 48.4 22.2 254
Flexfuel (E85) p. 0.0 0.0 0.0 0.0
cars

Gas p. cars, natural 0.1 0.1 0.0 0.0
gas

Gas p. cars, biogas 0.0 0.0 0.0 0.0
Hybrid p. cars (p) 0.6 0.6 0.3 0.3
Hybrid p. cars (d) 0.0 0.0 0.0 0.0
P. cars with other 0.0 0.0 0.0 0.0

motive power
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Petrol/gas (biogas)
p. cars

Buses

Motor scooters,
mopeds, three- and
four-wheelers
Haulage driven by
vans

Lorries (weight
3500 - 7500
tonnes)

Lorries (weight
7500 - 16 000
tonnes)

Lorries (weight

16 000 - 32 000
tonnes)

Lorries (weight

16 000 - 32 000
tonnes), biodiesel
Lorries (weight
more than 32 000
tonnes)

Train passenger
transport (long-
distance and
regional)

Metro passenger
transport
Tramway
passenger transport
Freight transport,
electric train
Freight transport,
diesel train

Air passenger
transport

Vessel freight
transport, inland
waterways

Vessel freight
transport on coastal
waterways, bulk
carriers

Vessel freight
transport on coastal
waterways, tankers
Log floating
Dredging masses
haulage

0.1

5.1
0.8

12.2

0.2

0.5

2.0

0.3

12.0

0.1

0.1

0.0

0.5

0.9

1.3

0.0

0.4

0.1

0.1
0.0

0.1
4.8
0.8

12.2

0.2

0.5

2.0

0.2

12.0

0.1

0.1

0.0

0.5

0.8

1.2

0.1

0.2

0.0

0.1
0.0

32

0.0

24
0.4

5.7

0.1

0.2

1.0

0.1

5.6

0.1

0.0

0.0

0.2

0.4

0.6

0.0

0.2

0.0

0.0
0.0

0.0

2.5
0.4

6.4

0.1

0.3

1.1

0.1

6.3

0.1

0.0

0.0

0.2

0.4

0.6

0.0

0.1

0.0

0.1
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Leisure boating —
petrol consumption
Leisure boating —
diesel consumption

Transport
infrastructure

Highways
Footpaths and cycle
lanes along
highways

Street network of
municipalities
Private and forest
roads

Railroads

Tram tracks
Metro tracks
Lay-bys

Parking lots
Distribution
stations of liquid
fuels
Distribution
stations of gas
Commercial sea
and inland ports in
Finland

Airports

Railway stations
Bus depots
Multi-storey car
parks

Metro stations

Maintenance of
highways
Maintenance of
footpaths and cycle
lanes along
highways
Maintenance of
street network of
municipalities

2.0

0.4

17.7
1.4
5.9

43.9
7.0
0.2
0.1
0.0
0.2
9.1
0.0
9.5
2.6
0.4
0.1
1.6
0.2
3.9

0.31

1.31

2.0

0.0

18.6
1.5
6.2

45.1
7.4
0.2
0.1
0.0
0.2
6.2
0.0
9.7
2.8
0.3
0.1
1.4
0.2
0.0

0.0

0.0

0.9

0.2

6.8
0.5
23
17.0
2.7
0.1
0.0
0.0
0.1
3.5
0.0
3.7
1.0
0.1
0.0
0.6
0.1
1.6

0.1

0.5

1.1

0.0

6.6
0.5
2.2
16.0
2.6
0.1
0.0
0.0
0.1
2.2
0.0
3.4
1.0
0.1
0.1
0.5
0.1
0.0

0.0

0.0
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Table C.2: Distribution of the biodiversity impact of the drivers of biodiversity loss in
terrestrial and freshwater ecosystems of factors within each subsystem of Finnish

transportation system.

Terrestrial ecosystems Freshwater ecosystems

Factors within Land Pollution Climate Pollution Climate Water

sub-system use change change  depletion
Production,

vehicles

Passenger cars 2 % 7% 91 % 19 % 29 % 52%
Vans 4% 14 % 82 % 33% 22 % 45 %
Buses 3% 9 % 88 % 23 % 31% 46 %
Lorries 2% 8 % 89 % 26 % 33% 41 %
Motor 2% 9 % 89 % 20 % 31% 48 %
scooters,

mopeds, three-

and four-

wheelers

Railway 5% 10 % 84 % 26 % 27 % 46 %
rolling stock

Vessels 5% 7% 88 % 18 % 25 % 57 %
Aircrafts 3% 14 % 83 % 14 % 43 % 43 %
Helicopters 1 % 8% 90 % 20 % 37 % 43 %
Maintenance,

vehicles

Passenger cars 4 % 8 % 89 % 11 % 37 % 52 %
Vans 15 % 7 % 78 % 14 % 32% 54 %
Buses 17 % 3% 81 % 15 % 52 % 33 %
Lorries 5% 10 % 85 % 13 % 29 % 58 %
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Motor
scooters,
mopeds, three-
and four-
wheelers

Railway
rolling stock

Vessels

Traffic

Passenger car
Van

Bus

Lorry

Motor scooter,
moped, three-
and four-
wheeler

Railway,
passenger

Railway,
freight

Vessel
Air, passenger

Leisure
boating

Transport
infrastructure

Roads

Train, tram
and metro
tracks

3%

4%

9 %

0%

0%

0%

0%

0%

1%

0%

0%

0%

0%

4%

4%

8 %

8 %

8 %

2%

3%

9%

4%

4%

2%

10 %

31 %

10 %

2%

14 %

8 %

90 %

88 %

82 %

98 %

97 %
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96 %

96 %

97 %

89 %
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88 %

35

10 %

24 %

14 %
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27 %
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16 %

1%

2%
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16 %

34 %

43 %

27 %

99 %

98 %

100 %

98 %

99 %

68 %

90 %

84 %

99 %

98 %

75 %

43 %

57 %

33%

60 %

1%
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0%

5%

0%

0%

0%

0%
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Fig. C.1: Share of the total carbon footprint in relation to the share of the total

biodiversity footprint for factors within each sub-system (a-b). In panel c, both points 9

and 10 have value 0.6 on the x-axis and 0.7 on the y-axis. Please note that the horizontal and

vertical axis scales differ between panels, depending on the relative share of total footprints.

Factors for which both values are below 0.1 are omitted for clarity.
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Fig. C.2: Life cycle impacts of passenger car production and use. a, Biodiversity and

carbon footprints of electric, diesel, petrol and natural gas passenger cars per one produced

vehicle. b, Biodiversity and carbon footprints of electric, diesel, petrol and natural gas

passenger cars per one kilometre driven. Since the impacts per one kilometre driven (b)

represent the full life cycle impacts, the modelling also includes vehicle production, road

construction and maintenance. Please note that the axes are presented on an order of

magnitude scale. The impacts of traffic correspond to medium sized vehicles in Euro class 4.

The life cycle impacts of electric passenger car production include battery production,

assuming a battery weight of 500 kg. The energy use for driving the electric passenger car is

based on Finnish electricity mix in 2023.
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Appendix D. Data gaps in the biodiversity impact assessment of

transportation systems

=
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Fig. D.1: Data gaps in the biodiversity impact assessment of transportation systems,

classified into database, literature and data availability categories. WTW refers to well-

to-wheels analysis, in which the life cycle impacts of fuel production, transportation and use

is considered. PHEV refers to plug-in hybrid electric vehicles. Some of the data gaps fall into

both databases and literature related categories. 1) Midpoint characterization factors

applicable in the BIOVALENT method refer to factors that address the same drivers of

biodiversity loss and use the same unit as in BIOVALENT method. In terms of transport,

characterization factors should be derived from a well-to-wheels analysis in which impacts

are modelled for driving a medium-sized passenger car, to align with the research frame in

our study. 2) Refers to the lack of case (Finland) specific assessment data. Due to lack of

official statistics, we relied on estimates or unofficial information, which increases the

uncertainty of the assessment. 3) Only the most recent updated data are available in public
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registers, rather than full time-series data. 4) Electric bus transport is included in the

ecoinvent v.3.10.1 database, but transport operated on biofuels is not covered.

Data availability

The datasets used and created in this paper are available at Zenodo:

https://doi.org/10.5281/zenodo.23101061

Code availability

The code used in this paper is available in Zenodo: https://doi.org/10.5281/zenodo.22008734

40


https://doi.org/10.5281/zenodo.23101061
https://doi.org/10.5281/zenodo.22008734

References

Ahlgren, S., Di Lucia, L., 2014. Indirect land use changes of biofuel production — a review of
modelling efforts and policy developments in the European Union. Biotechnol. Biofuels 7, 35.
https://doi.org/10.1186/1754-6834-7-35

Aratjo, J.P.C., Oliveira, J.R.M., Silva, HM.R.D., 2014. The importance of the use phase on the LCA
of environmentally friendly solutions for asphalt road pavements. Transp. Res. Part Transp.
Environ. 32, 97-110. https://doi.org/10.1016/j.trd.2014.07.006

Axsen, J., P16tz, P., Wolinetz, M., 2020. Crafting strong, integrated policy mixes for deep CO2
mitigation in road transport. Nat. Clim. Change 10, 809—818. https://doi.org/10.1038/s41558-020-
0877-y

Azarkamand, S., Ferré, G., Darbra, R.M., 2020. Calculating the Carbon Footprint in ports by using a
standardized tool. Sci. Total Environ. 734, 139407. https://doi.org/10.1016/j.scitotenv.2020.139407

Baumeister, S., 2019. Replacing short-haul flights with land-based transportation modes to reduce
greenhouse gas emissions: The case of Finland. J. Clean. Prod. 225, 262-269.
https://doi.org/10.1016/j.jclepro.2019.03.329

Borgelt, J., Dorber, M., Géron, C., Kuipers, K.J.J., Huijbregts, M.A.J., Verones, F., 2024. What Is the
Impact of Accidentally Transporting Terrestrial Alien Species? A New Life Cycle Impact
Assessment Model. Environ. Sci. Technol. 58, 3423-3436. https://doi.org/10.1021/acs.est.3¢08500

Borken-Kleefeld, J., Fuglestvedt, J., Berntsen, T., 2013. Mode, Load, And Specific Climate Impact
from Passenger Trips. Environ. Sci. Technol. 47, 7608—7614. https://doi.org/10.1021/es4003718

Brand, C., Dons, E., Anaya-Boig, E., Avila-Palencia, 1., Clark, A., de Nazelle, A., Gascon, M.,
Gaupp-Berghausen, M., Gerike, R., Gotschi, T., lacorossi, F., Kahlmeier, S., Laeremans, M.,
Nieuwenhuijsen, M.J., Pablo Orjuela, J., Racioppi, F., Raser, E., Rojas-Rueda, D., Standaert, A.,
Stigell, E., Sulikova, S., Wegener, S., Int Panis, L., 2021. The climate change mitigation effects of
daily active travel in cities. Transp. Res. Part Transp. Environ. 93, 102764.

https://doi.org/10.1016/j.trd.2021.102764

41



Bull, J.W., Taylor, 1., Biggs, E., Grub, HM.J., Yearley, T., Waters, H., Milner-Gulland, E.J., 2022.
Analysis: the biodiversity footprint of the University of Oxford. Nature 604, 420—-424.
https://doi.org/10.1038/d41586-022-01034-1

Carneiro, M.L.N.M., Pradelle, F., Braga, S.L., Gomes, M.S.P., Martins, A.R.F.A., Turkovics, F.,
Pradelle, R.N.C., 2017. Potential of biofuels from algae: Comparison with fossil fuels, ethanol and
biodiesel in Europe and Brazil through life cycle assessment (LCA). Renew. Sustain. Energy Rev.
73, 632—-653. https://doi.org/10.1016/j.rser.2017.01.152

Cascetta, E., 2001. Transportation Systems, in: Cascetta, E. (Ed.), Transportation Systems
Engineering: Theory and Methods. Springer US, Boston, MA, pp. 1-22.
https://doi.org/10.1007/978-1-4757-6873-2 1

CBD, 2020. Global Biodiversity Outlook 5. Montreal. https://www.cbd.int/gbo/gbo5/publication/gbo-
S-en.pdf

Chen, H.L., Koprowski, J.L., 2016. Barrier effects of roads on an endangered forest obligate:
influences of traffic, road edges, and gaps. Biol. Conserv. 199, 33—40.
https://doi.org/10.1016/j.biocon.2016.03.017

Chester, M.V., Horvath, A., 2009. Environmental assessment of passenger transportation should
include infrastructure and supply chains. Environ. Res. Lett. 4, 024008.
https://doi.org/10.1088/1748-9326/4/2/024008

Coffin, A.W., 2007. From roadkill to road ecology: A review of the ecological effects of roads. J.
Transp. Geogr. 15, 396—406. https://doi.org/10.1016/j.jtrangeo.2006.11.006

Crawford, R.H., 2008. Validation of a hybrid life-cycle inventory analysis method. J. Environ.
Manage. 88, 496—506. https://doi.org/10.1016/j.jenvman.2007.03.024

Cuenot, F., Fulton, L., Staub, J., 2012. The prospect for modal shifts in passenger transport worldwide
and impacts on energy use and CO2. Energy Policy, Modeling Transport (Energy) Demand and
Policies 41, 98—106. https://doi.org/10.1016/j.enpol.2010.07.017

Damiani, M., Sinkko, T., Caldeira, C., Tosches, D., Robuchon, M., Sala, S., 2023. Critical review of
methods and models for biodiversity impact assessment and their applicability in the LCA context.
Environ. Impact Assess. Rev. 101, 107134, https://doi.org/10.1016/j.eiar.2023.107134

42



Diaz, S., Settele, J., Brondizio, E.S., Ngo, H.T., Agard, J., Arneth, A., Balvanera, P., Brauman, K.A.,
Butchart, S.H.M., Chan, K.M.A., Garibaldi, L.A., Ichii, K., Liu, J., Subramanian, S.M., Midgley,
G.F., Miloslavich, P., Molnar, Z., Obura, D., Pfaff, A., Polasky, S., Purvis, A., Razzaque, J.,
Reyers, B., Chowdhury, R.R., Shin, Y.-J., Visseren-Hamakers, 1., Willis, K.J., Zayas, C.N., 2019.
Pervasive human-driven decline of life on Earth points to the need for transformative change.
Science 366, eaax3100. https://doi.org/10.1126/science.aax3100

Dimoula, V., Kehagia, F., Tsakalidis, A., 2016. A Holistic Approach for Estimating Carbon
Emissions of Road and Rail Transport Systems. Aerosol Air Qual. Res. 16, 61-68.
https://doi.org/10.4209/aaqr.2015.05.0313

Directive (EU) 2018/2001 of the European Parliament and of the Council of 11 December 2018 on
the Promotion of the Use of Energy from Renewable Sources. Official Journal of The European
Union. OJ L vol. 328

ecoinvent, 2016a. Ecoinvent database (version 3.10.1) [cut-off system model]. Retrieved from
openLCA version 2.6.1: https://nexus.openlca.org/database/ecoinvent (accessed 6.7.2026).

ecoinvent, 2016b. Ecoinvent database (version 3.10.1) [APOS system model]. Retrieved from
openLCA version 2.6.1: https://support.ecoinvent.org/system-models (accessed 6.7.2026).

El Geneidy, S., Peura, M., Aumanen, VM., Baumeister, S., Helimo, U., Vainio, V., Kotiaho, J.S.,
2026. Value-transforming financial, carbon and biodiversity footprint accounting J. Ind. Ecol.

https://doi.org/10.1007/s44498-026-00151-8

Ellingsen, L.A.-W., Singh, B., Streamman, A.H., 2016. The size and range effect: lifecycle greenhouse
gas emissions of electric vehicles. Environ. Res. Lett. 11, 054010. https://doi.org/10.1088/1748-
9326/11/5/054010

Elshout, P.M.F., van Zelm, R., Karuppiah, R., Laurenzi, 1.J., Huijbregts, M.A.J., 2014. A spatially
explicit data-driven approach to assess the effect of agricultural land occupation on species groups.
Int. J. Life Cycle Assess. 19, 758-769. https://doi.org/10.1007/s11367-014-0701-x

Elshout, P.M.F., van Zelm, R., van der Velde, M., Steinmann, Z., Huijbregts, M.A.J., 2019. Global
relative species loss due to first-generation biofuel production for the transport sector. GCB
Bioenergy 11, 763—772. https://doi.org/10.1111/gcbb.12597

43


https://doi.org/10.1007/s44498-026-00151-8

Ercan, T., Onat, N.C., Tatari, O., 2016. Investigating carbon footprint reduction potential of public
transportation in United States: A system dynamics approach. J. Clean. Prod. 133, 1260-1276.
https://doi.org/10.1016/j.jclepro.2016.06.051

Farago, M., Benini, L., Sala, S., Secchi, M., Laurent, A., 2019. National inventories of land
occupation and transformation flows in the world for land use impact assessment. Int. J. Life Cycle
Assess. 24, 1333—1347. https://doi.org/10.1007/s11367-018-01581-8

Faria, R., Marques, P., Moura, P., Freire, F., Delgado, J., de Almeida, A.T., 2013. Impact of the
electricity mix and use profile in the life-cycle assessment of electric vehicles. Renew. Sustain.
Energy Rev. 24, 271-287. https://doi.org/10.1016/j.rser.2013.03.063

Finnish Transport Infrastructure Agency, 2026. Road network. https://vayla.fi/en/transport-
network/road-network (accessed 28.7.2025).

Fuentes-Montemayor, E., 2009. Living on the edge: roads and edge effects on small mammal
populations. J. Anim. Ecol. 78, 857-865. https://doi.org/10.1111/1.1365-2656.2009.01551.x

Hanson, C.S., Noland, R.B., 2015. Greenhouse gas emissions from road construction: An assessment
of alternative staging approaches. Transp. Res. Part Transp. Environ. 40, 97-103.
https://doi.org/10.1016/j.trd.2015.08.002

Hawkins, T.R., Singh, B., Majeau-Bettez, G., Stremman, A.H., 2013. Comparative Environmental
Life Cycle Assessment of Conventional and Electric Vehicles. J. Ind. Ecol. 17, 53-64.
https://doi.org/10.1111/5.1530-9290.2012.00532.x

Hellweg, S., Benetto, E., Huijbregts, M.A.J., Verones, F., Wood, R., 2023. Life-cycle assessment to
guide solutions for the triple planetary crisis. Nat. Rev. Earth Environ. 4, 471-486.
https://doi.org/10.1038/s43017-023-00449-2

Hellweg, S., Mila i Canals, L., 2014. Emerging approaches, challenges and opportunities in life cycle
assessment. Science 344, 1109—1113. https://doi.org/10.1126/science.1248361

Hijazi, O., Munro, S., Zerhusen, B., Effenberger, M., 2016. Review of life cycle assessment for
biogas production in Europe. Renew. Sustain. Energy Rev. 54, 1291-1300.

https://doi.org/10.1016/j.rser.2015.10.013

44



Huijbregts, M.A.J., Steinmann, Z.J.N., Elshout, P.M.F., Stam, G., Verones, F., Vieira, M., Zijp, M.,
Hollander, A., van Zelm, R., 2017. ReCiPe2016: a harmonised life cycle impact assessment
method at midpoint and endpoint level. Int. J. Life Cycle Assess. 22, 138—147.
https://doi.org/10.1007/s11367-016-1246-y

Hulme, P.E., 2009. Trade, transport and trouble: managing invasive species pathways in an era of
globalization. J. Appl. Ecol. 46, 10—18. https://doi.org/10.1111/j.1365-2664.2008.01600.x

ICAO, 2026. Long term global aspirational goal (LTAG) for international aviation.
https://www.icao.int/environmental-protection/LTAG (accessed 5 November 2025).

IEA, 2026. Tracking transport https://www.iea.org/energy-system/transport (accessed 11 January
2026).

IMO, 2026. IMO’s work to cut GHG emissions from ships.
https://www.imo.org/en/mediacentre/hottopics/pages/cutting-ghg-emissions.aspx (accessed 5
November 2025).

IPBES, 2024. Thematic assessment report on the interlinkages among biodiversity, water, food and
health of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services.
https://doi.org/10.5281/zenodo.13850055

IPBES, 2019. Summary for policymakers of the global assessment report on biodiversity and
ecosystem services. Zenodo. https://doi.org/10.5281/zenodo.3553579

IPCC, 2023. AR6 Synthesis Report: Climate Change 2023. Summary for Policymakers.
https://www.ipcc.ch/report/ar6/syr/

Jaccard, M., Murphy, R., Zuehlke, B., Braglewicz, M., 2019. Cities and greenhouse gas reduction:
Policy makers or policy takers? Energy Policy 134, 110875.
https://doi.org/10.1016/j.enpol.2019.07.011

Jaramillo, P., Kahn Ribeiro, S., Newman, P., Dhar, S., Diemuodeke, O.E., Kajino, T., Lee, D.S.,
Nughoro, S.B., Ou, X., Hammer Stremman, A., Whitehead, J., 2022. Transport. In IPCC, 2022:
Climate Change 2022: Mitigation of Climate Change. Contribution of Working Group III to the
Sixth Assessment Report of the Intergovernmental Panel on Climate Change.
https://doi.org/10.1017/9781009157926.012

45



Jenu, S., Baumeister, S., Pippuri-Mékeldinen, J., Manninen, A., Paakkinen, M., 2021. The emission
reduction potential of electric transport modes in Finland. Environ. Res. Lett. 16, 104010.
https://doi.org/10.1088/1748-9326/ac2440

Jeswani, H.K., Chilvers, A., Azapagic, A., 2020. Environmental sustainability of biofuels: a review.
Proc. R. Soc. Math. Phys. Eng. Sci. 476, 20200351. https://doi.org/10.1098/rspa.2020.0351

Jones, J.A., Swanson, F.J., Wemple, B.C., Snyder, K.U., 2000. Effects of Roads on Hydrology,
Geomorphology, and Disturbance Patches in Stream Networks. Conserv. Biol. 14, 76—85.
https://doi.org/10.1046/j.1523-1739.2000.99083.x

Karlson, M., Mértberg, U., 2015. A spatial ecological assessment of fragmentation and disturbance
effects of the Swedish road network. Landsc. Urban Plan. 134, 53-65.
https://doi.org/10.1016/j.landurbplan.2014.10.009

Kulionis, V., Pfister, S., Fernandez, J., 2024. Biodiversity impact assessment for finance. J. Ind. Ecol.
28, 1321-1335. https://doi.org/10.1111/jiec.13515

Lai, X., Chen, Q., Tang, X., Zhou, Y., Gao, F., Guo, Y., Bhagat, R., Zheng, Y., 2022. Critical review
of life cycle assessment of lithium-ion batteries for electric vehicles: A lifespan perspective.
eTransportation 12, 100169. https://doi.org/10.1016/j.etran.2022.100169

Lapola, D.M., Schaldach, R., Alcamo, J., Bondeau, A., Koch, J., Koelking, C., Priess, J.A., 2010.
Indirect land-use changes can overcome carbon savings from biofuels in Brazil. Proc. Natl. Acad.
Sci. 107, 3388—-3393. https://doi.org/10.1073/pnas.0907318107

Lenzen, M., Moran, D., Kanemoto, K., Foran, B., Lobefaro, L., Geschke, A., 2012. International trade
drives biodiversity threats in developing nations. Nature 486, 109—112.
https://doi.org/10.1038/nature11145

Liikennevirasto, 2018. Julkisen liikenteen markkinaosuustilasto 2016.
https://vayla.fi/documents/25230764/35410618/Julkisen+liikenteen+suoritetilasto+2016.pdf/50c01
900-e8bd-4dde-b779-e6fc58630e6b?7t=1527579947211

Marques, A., Verones, F., Kok, M.T., Huijbregts, M.A., Pereira, H.M., 2017. How to quantify

biodiversity footprints of consumption? A review of multi-regional input—output analysis and life

46



cycle assessment. Curr. Opin. Environ. Sustain. 29, 75-81.
https://doi.org/10.1016/j.cosust.2018.01.005

Meijer, J.R., Huijbregts, M.A.J., Schotten, K.C.G.J., Schipper, A.M., 2018. Global patterns of current
and future road infrastructure. Environ. Res. Lett. 13, 064006. https://doi.org/10.1088/1748-
9326/aabd4?2

Muiioz, P.T., Torres, F.P., Megias, A.G., 2015. Effects of roads on insects: a review. Biodivers.
Conserv. 24, 659—682. https://doi.org/10.1007/s10531-014-0831-2

Niinikoski, M., Moilanen, P., 2017. Tieliikenteen suoritelaskennan kehittdminen, Liikenneviraston
tutkimuksia ja selvityksid 49/2017. https://www.doria.fi/handle/10024/144007

Nordelof, A., Messagie, M., Tillman, A.-M., Ljunggren S6derman, M., Van Mierlo, J., 2014.
Environmental impacts of hybrid, plug-in hybrid, and battery electric vehicles—what can we learn
from life cycle assessment? Int. J. Life Cycle Assess. 19, 1866—1890.
https://doi.org/10.1007/s11367-014-0788-0

Noussan, M., Negro, V., Prussi, M., Chiaramonti, D., 2024. The potential role of biomethane for the
decarbonization of transport: An analysis of 2030 scenarios in Italy. Appl. Energy 355, 122322.
https://doi.org/10.1016/j.apenergy.2023.122322

Orsi, F., Muratori, M., Rocco, M., Colombo, E., Rizzoni, G., 2016. A multi-dimensional well-to-
wheels analysis of passenger vehicles in different regions: Primary energy consumption, CO2
emissions, and economic cost. Appl. Energy 169, 197-209.
https://doi.org/10.1016/j.apenergy.2016.02.039

Perilli, A., Vecci, S., De Sario, M., Donato, F.D., Adduci, A., Ricciardi, W., Michelozzi, P., 2025.
Health co-benefits of sustainable urban transport: an umbrella review with GRADE assessment.
Lancet Planet. Health, 2025 Planetary health annual meeting, Rotterdam: Urgency and Agency for
Systems Change 9, 101355. https://doi.org/10.1016/j.lanplh.2025.101355

Peura, M., Leppilampi, V., 2026. Research dataset for creating impact factors for the biodiversity and
climate impact assessment method BIOVALENT [Dataset].

https://doi.org/10.5281/zenodo.22008734

47



Portner, H.-O., Scholes, R.J., Agard, J., Archer, E., Arneth, A., Bai, X., Barnes, D., Burrows, M.,
Chan, L., Cheung, W.L. (William), Diamond, S., Donatti, C., Duarte, C., Eisenhauer, N., Foden,
W., Gasalla, M.A., Handa, C., Hickler, T., Hoegh-Guldberg, O., Ichii, K., Jacob, U., Insarov, G.,
Kiessling, W., Leadley, P., Leemans, R., Levin, L., Lim, M., Maharaj, S., Managi, S., Marquet,
P.A., McElwee, P., Midgley, G., Oberdorff, T., Obura, D., Osman Elasha, B., Pandit, R., Pascual,
U., Pires, A.P.F., Popp, A., Reyes-Garcia, V., Sankaran, M., Settele, J., Shin, Y.-J., Sintayehu,
D.W., Smith, P., Steiner, N., Strassburg, B., Sukumar, R., Trisos, C., Val, A.L., Wu, J., Aldrian, E.,
Parmesan, C., Pichs-Madruga, R., Roberts, D.C., Rogers, A.D., Diaz, S., Fischer, M., Hashimoto,
S., Lavorel, S., Wu, N., Ngo, H., 2021. Scientific outcome of the IPBES-IPCC co-sponsored
workshop on biodiversity and climate change. Zenodo. https://doi.org/10.5281/zenodo.5101125

Postorino, M.N., Mantecchini, L., 2014. A transport carbon footprint methodology to assess airport
carbon emissions. J. Air Transp. Manag. 37, 76—86.
https://doi.org/10.1016/j jairtraman.2014.03.001

Ripple, W.J., Wolf, C., Lenton, T.M., Gregg, J.W., Natali, S.M., Dufty, P.B., Rockstrém, J.,
Schellnhuber, H.J., 2023. Many risky feedback loops amplify the need for climate action. One
Earth 6, 86-91. https://doi.org/10.1016/j.oneear.2023.01.004

Roman-Palacios, C., Moraga-Lopez, D., Wiens, J.J., 2022. The origins of global biodiversity on land,
sea and freshwater. Ecol. Lett. 25, 1376—1386. https://doi.org/10.1111/ele.13999

Roman-Palacios, C., Wiens, J.J., 2020. Recent responses to climate change reveal the drivers of
species extinction and survival. Proc. Natl. Acad. Sci. 117, 4211-4217.
https://doi.org/10.1073/pnas. 1913007117

Santangeli, A., Toivonen, T., Pouzols, F.M., Pogson, M., Hastings, A., Smith, P., Moilanen, A.,
2016a. Global change synergies and trade-offs between renewable energy and biodiversity. GCB
Bioenergy 8, 941-951. https://doi.org/10.1111/gcbb.12299

Santos, J., Ferreira, A., Flintsch, G., 2015. A life cycle assessment model for pavement management:
road pavement construction and management in Portugal. Int. J. Pavement Eng. 16, 315-336.

https://doi.org/10.1080/10298436.2014.942862

48



Shin, Y.-J., 2022. Actions to halt biodiversity loss generally benefit the climate. Glob. Change Biol.
28, 2846-2874. https://doi.org/10.1111/gcb.16109

Statistics Finland, 2026a. 11ra -- Key figures on population by region, 1990-2025.
https://pxdata.stat.fi/Px Web/pxweb/en/StatFin/StatFin __ vaerak/11ra.px/ (accessed 5 July 2026).

Statistics Finland, 2026b. StatFin. https://pxdata.stat.fi/PxWeb/pxweb/en/StatFin/ (accessed 10 July
2026).

Statistics Finland, 2026¢. 11ie -- Cars by driving power, 1990-2025.
https://pxdata.stat.fi/PxWeb/pxweb/en/StatFin/StatFin _mkan/statfin_mkan pxt 1lie.px/
(accessed 22 October 26).

Statistics Finland, 2026d. Greenhouse gas emissions in Finland by Year, Emission category,
Greenhouse gas and Information.
https://pxdata.stat.fi/PxWeb/pxweb/en/StatFin/StatFin __khki/138v.px/ (accessed 25 May 2026).

Statistics Finland, 2025a. Finland in Figures 2025. https://toolbox.finland.fi/wp-
content/uploads/sites/2/2025/06/finland-in-figures-2025.pdf

Statistics Finland, 2025b. 12sz -- Energy consumption in transport, 1990-2024.
https://pxdata.stat.fi/Px Web/pxweb/en/StatFin/StatFin__ehk/12sz.px/ (accessed 25 July 2025).

Traficom, 2026. Statistics Database. https://trafi2.stat.fi/PXWeb/pxweb/en/TraFi/ (accessed 10 July
2026).

Traficom, 2025. 12vg -- Public Transport Performance Statistics, 2015-2024.
https://trafi2.stat.fi/PXWeb/pxweb/en/TraFi/TraFi__ Julkisen liikenteen_suoritetilasto/12vg.px/
(accessed 10 July 2025).

Traficom, 2024. Liikennejérjestelméanalyysi. https://traficom.fi/fi/liikennejarjestelma/liikenteen-
analyysit-ja-ennusteet/liikennejarjestelmaanalyysi (accessed 10 February 2025).

Traficom, 2021. Domestic CO2 emissions from transport by mode of transport.
https://ticto.traficom.fi/en/statistics/domestic-co2-emissions-transport-mode-transport (accessed 8

October 2025).

49



Trombulak, S.C., Frissell, C.A., 2000. Review of Ecological Effects of Roads on Terrestrial and
Aquatic Communities. Conserv. Biol. 14, 18-30. https://doi.org/10.1046/j.1523-
1739.2000.99084.x

Tudge, S.J., 2021. The impacts of biofuel crops on local biodiversity: a global synthesis. Biodivers.
Conserv. 30, 2863—-2883. https://doi.org/10.1007/s10531-021-02232-5

Urban, M.C., 2024. Climate change extinctions. Science 386, 1123—1128.
https://doi.org/10.1126/science.adp4461

van Strien, M.J., Grét-Regamey, A., 2025. Global expansion of the ecological impact of extra-urban
road traffic. Nat. Sustain. 8, 1294—-1303. https://doi.org/10.1038/s41893-025-01637-2

Verones, F., Hellweg, S., Anton, A., Azevedo, L.B., Chaudhary, A., Cosme, N., Cucurachi, S., de
Baan, L., Dong, Y., Fantke, P., Golsteijn, L., Hauschild, M., Heijungs, R., Jolliet, O., Juraske, R.,
Larsen, H., Laurent, A., Mutel, C.L., Margni, M., Nufiez, M., Owsianiak, M., Pfister, S., Ponsioen,
T., Preiss, P., Rosenbaum, R.K., Roy, P.-O., Sala, S., Steinmann, Z., van Zelm, R., Van Dingenen,
R., Vieira, M., Huijbregts, M.A.J., 2020a. LC-IMPACT: A regionalized life cycle damage
assessment method. J. Ind. Ecol. 24, 1201-1219. https://doi.org/10.1111/jiec.13018

Verones, F., Huijbregts, M.A.J., Azevedo, L.B., Chaudhary, A., de Baan, L., Fantke, P., Hauschild,
M., Henderson, A.D., Mutel, C.L., Owsianiak, M., Pfister, S., Preiss, P., Roy, O., Scherer, L.,
Steinmann, Z., van Zelm, R., Dingenen, R.V., van Goethem, T., Vieira, M., Hellweg, S., 2020b.
LC-IMPACT Version 1.0. A spatially differentiated life cycle impact assessment approach.

Verones, F., Moran, D., Stadler, K., Kanemoto, K., Wood, R., 2017. Resource footprints and their
ecosystem consequences. Sci. Rep. 7, 40743. https://doi.org/10.1038/srep40743

Watari, T., McLellan, B.C., Giurco, D., Dominish, E., Yamasue, E., Nansai, K., 2019. Total material
requirement for the global energy transition to 2050: A focus on transport and electricity. Resour.
Conserv. Recycl. 148, 91-103. https://doi.org/10.1016/j.resconrec.2019.05.015

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., Weidema, B., 2016. The
ecoinvent database version 3 (part I): overview and methodology. Int. J. Life Cycle Assess. 21,

1218-1230. https://doi.org/10.1007/s11367-016-1087-8

50



Wilting, H.C., Schipper, A.M., Bakkenes, M., Meijer, J.R., Huijbregts, M.A.J., 2017. Quantifying
Biodiversity Losses Due to Human Consumption: A Global-Scale Footprint Analysis. Environ.
Sci. Technol. 51, 3298-3306. https://doi.org/10.1021/acs.est.6b05296

Wilting, H.C., van Oorschot, M.M.P., 2017. Quantifying biodiversity footprints of Dutch economic
sectors: A global supply-chain analysis. J. Clean. Prod. 156, 194-202.
https://doi.org/10.1016/j.jclepro.2017.04.066

Yang, R., Kang, S., Ozer, H., Al-Qadi, L.L., 2015. Environmental and economic analyses of recycled
asphalt concrete mixtures based on material production and potential performance. Resour.

Conserv. Recycl. 104, 141-151. https://doi.org/10.1016/j.resconrec.2015.08.014

51



