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Abstract: Land use and land use change are among the main drivers of the ongoing loss of
biodiversity at a global-scale. Although there are already Life Cycle Impact Assessment (LCIA)
methods to measure this impact, they are still rarely used by companies and municipalities in
the life cycle assessment of products and processes. Therefore, this paper highlights four main
requirements for a biodiversity methodological framework within LCIA in order to facilitate
biodiversity assessments: first, to consider the global uneven distribution of biodiversity and its
risks with respect to vulnerability and irreplaceability; second, to account for the need to regionalize
the impacts of land use; third, to consider the specific impacts that different land use types have
on biodiversity; and fourth, to analyze the biodiversity impacts of different land use management
parameters and their influence on the intensity of land use. To this end, we provided a review of
existing methods in respect to conformity and research gaps. The present publication describes the
development of a new methodological framework that builds on these requirements in a three-level
hierarchical framework, which enables the assessment of biodiversity in LCA at a global-scale.
This publication reveals research gaps regarding the inclusion of proactive and reactive conservation
concepts as well as methods of land management into LCIA methodology. The main objective of
this concept paper is therefore to describe a new methodological framework for the assessment of
biodiversity in the LCA that could fill some of the research gaps, including compilation and suggestion
of suitable data sets. The conclusion discusses both the benefits and limitations of this framework.

Keywords: biodiversity; LCA; LCIA; methodology; regionalization; land use; transformation;
occupation; land management parameter; vulnerability; irreplaceability; proactive; reactive

1. Introduction

Relevance and General Context

When Silent Spring was published in 1962, it encouraged the creation of a global conservation
movement which began to tackle the manifold ecological challenges. Today, the scientific community
has identified nine pressing global environmental problems such as ocean acidification, chemical
pollution, the anthropogenic effects on the nitrogen cycle, and the climate crisis, which is receiving the
most media attention [1–4]. Especially one of the planetary boundaries, which decisively kicked-off
environmental studies, public concerns, and regulatory initiatives, exceeds, by far, the safe operating
space—the loss of biodiversity [4]. According to the Millennium Ecosystem Assessment, mankind
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has caused the loss of biodiversity and contributed to the extinction of species at an unprecedented
rate [5]. Since the extinction rate of earth’s species is far above the natural background extinction
rate, scientists also call the current loss of biodiversity the sixth major mass extinction [6–10]. In this
respect, approximately two-thirds of the global biodiversity crisis is due to direct anthropogenic land
use activities [11]. This accumulation of human influences could even cause a cascade effect which
would increase the extinction rate at an uncontrollable rate [12]. Considering the urgency to mitigate
this development, a warning has been issued on the current biodiversity crisis signed by more than
1700 concerned scientists [13].

The rapid loss of biodiversity is not only an environmental concern but has also a decisive impact
on the economy and all of society. Developing countries as well as highly industrialized countries are
fundamentally dependent on ecological stable conditions [14] and increasingly recognize the value
of functioning ecosystems, hence the re-introduction of former locally extinct species [15]. The most
prominent beneficial function of biodiversity is termed, in socioeconomic terms, ecosystem services.
Such services include among others nitrogen fixation, the fixation of GHG emissions, soil protection,
a cooling effect on urban microclimates and, therefore, reducing stress on materials such as concrete,
an increase in air purification which mitigates pulmonary diseases, and pollination. In order to provide
this multitude of services, ecosystems need a diversity of taxa to enable complex ecological interactions.
Also it has been shown that several ecosystem functions (also called ecosystem multifunctionality)
significantly increase with a higher biodiversity rate [16,17]. When it comes to estimating the financial
worth of such ecosystem services, the Natural Capital Protocol compares biodiversity with a stock from
which companies and societies benefit from intact and healthy ecosystems [18]. The primary sector in
particular is highly dependent on biodiversity and ecosystem services through their business models
in agriculture and forestry; secondary and tertiary sectors highly benefit from ecosystem services and
suffer from the lack of hereof. Examples of collapsed ecosystems which are no longer able to provide
the required ecosystem services serve as a warning of the high follow-up costs [19].

In many countries the biodiversity crisis, e.g., coral bleaching, has led to national response
programs to tackle the rapid loss of biodiversity which is seen as a national treasure and a
guarantee for a continuous flow of tourism [20]. The long-assumed trade-off between economic
growth and environmental protection does not hold to be true any longer (if it ever was). In fact,
most socioeconomic activities depend on sound ecosystems with a rich biodiversity. Increasingly
more companies and municipalities are aware of their dependency but also on their negative impacts
on biodiversity due to waste, disturbances or changes in habitats and land use. A negative impact
on biodiversity further increases the risks with their suppliers or customers as part of the supply
chain, higher costs for resources, increasing resource scarcity, or official national and international
regulations [18]. The awareness that basically all socioeconomic activities have a disturbing impact
on biodiversity, on which they also depend, makes the development of an instrument that is capable
of quantifying the impacts on biodiversity and deriving recommendations to mitigate these negative
effects a pressing priority [21].

Land use and land use change are considered to be amongst the main drivers of biodiversity loss;
additionally, it can be shown that the intensity of land management and the choice of management
practices have a considerable impact on biodiversity [22–26].

To assess land use impacts on biodiversity Life Cycle Assessment (LCA) is the main instrument
used by companies to assess the effects of materials, products and processes throughout the entire value
chain. A global study on the use of LCA in industry however shows that, despite the above-mentioned
relevance, companies rarely consider the loss of biodiversity in their assessments [27]. This could be due
to the fact that current biodiversity assessment methods still have some limitations in their application.
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Some of these limitations have been described in several review studies on biodiversity methods
in LCIA and are therefore not the subject of this publication. These include the type of biodiversity
indicators used [28–31], impact and pressure models [28,30,32], the coverage of impact pathways,
the acceptance of interest groups [33], spatial differentiation [34] and spatial correlation [35], or the
choice of a reference system [36]. This study focuses on the inclusion of existing conservation schemes
into LCIA methods, the consideration of reactive and proactive conservation approaches, as well as the
coverage of current methods with regard to land use types, intensities, and management parameters.
As we can show in this publication, there are still research gaps with regard to these aspects.

The main objective of this concept paper is therefore to describe a new methodological framework
for biodiversity assessment in LCA that could close some of the research gaps, including the
compilation and suggestion of suitable datasets. In the end, it discusses its advantages as well
as its limitations.

2. Requirements for a Biodiversity Methodology in LCA

2.1. Requirements—From an Ecological and Conservation Perspective

Since the term ‘biodiversity’ is genuinely from the biological-ecological field as well as from
conservationists, it is prudent to consider scientific requirements and definitions from these fields in
order to combine the know-how of LCA, biology, and ecology. The next subchapter then deals with
the technical requirements from a life cycle perspective. In order to make ‘biodiversity’ applicable
to LCA one can identify two (simplified) main requirements. The first deals with the different levels
of biodiversity while the second with the uneven distribution of and threats to biodiversity around
the world.

As regards definitions of biodiversity, the term is often used as a buzzword in politics and
social contexts. According to ref. [12], there are more than 85 different definitions of biodiversity.
However, most scientists agree on the definition of the Convention of Biological Diversity (CBD):

“Biological diversity means the variability among living organisms from all sources including, inter alia,
terrestrial, marine and other aquatic ecosystems and the ecological complexes of which they are part;
this includes diversity within species, between species and of ecosystems” [37]. As the CBD notes,
the richness of ecological processes is important for the protection of biodiversity and it can be
described in terms of three aspects: genes, species and ecosystems. However, it is important to
emphasize that—like all classifications—it is a simplification. Also, all aspects are interconnected:
genes define a species and different species form an entire ecosystem. If one considers all three aspects
in a Life Cycle Impact Assessment (LCIA) methodology in view of this interconnectedness, a kind
of double counting is inevitable. According to ref. [28], there is no method for assessing biodiversity
in LCA that meets those multifaceted aspects [28]. Most of the existing methods focus either on
the species or on the ecosystem level. This is mainly justified by the fact that the genetic level can
usually only be measured on a small scale (laboratory) or via proxies. However, the genetic scale
is crucial because it is important for the evolutionary adaptability of the species that make up a
community, a population and the entire ecosystem. Especially in times of global change and mass
extinction, the adaptation of species, as defined by genetic selection in response to the changing
environment, is of utmost importance. One way to consider the genetic level in LCA is to evaluate
the phylogenetic diversity of species. Phylogenetic diversity describes the evolutionary relationship
between species—and therefore the richness of the gene pools between species. Hence, the conservation
of phylogenetic diversity (here phylogenetically different species) offers greater potential for adaptation
to global change [38]. In addition, a wider variety of phylogenetic groups are more likely to offer more
ecosystem functions, because closely related species tend to occupy similar niches and therefore similar
ecosystem functions [39,40]. The integration of phylogenetic information into biodiversity assessments
is increasingly becoming common in the life and conservation sciences while still being in its infancy in
global land use assessments and LCA [38]. However, especially in view of the unpredictable effects of
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the ongoing global crisis, the protection of the evolutionary potential of species is the best ‘insurance’
to increase adaptability [41].

As for the second requirement, there are general macroecological patterns of species richness
and distribution, with the highest concentration of terrestrial species at the equator and alternating
diversity towards the poles. As a result, biodiversity is not evenly distributed across the globe.
In addition, not only is biodiversity unevenly distributed, but it is also faced with uneven risks
worldwide. This unequal distribution of species, ecosystems, and threat levels makes it necessary to
prioritize and evaluate areas for the conservation of biological diversity [42]. Extensive research has
been undertaken by scientists and NGOs to prioritize global areas where the protection of biodiversity
is most urgent, see refs. [43–52]. Ref. [53] reviewed various global biodiversity conservation schemes
and found that the following categorization is used in nature conservation science to assess regions for
their biodiversity risk: irreplaceability and vulnerability [42,53]. The criteria for irreplaceability are
the number of endemic species, taxonomic uniqueness, unusual phenomena, the rarity of important
habitat types, and the number of species (richness). The criteria for vulnerability are the level of threat
(usually based on the IUCN red list) and the amount of habitat lost. Vulnerability is then labeled as
high (for reactive approaches) or low (for proactive conservation) depending on the degree of habitat
degradation—while both are esteemed as worth protecting [42,53]. Thus, these requirements deal with
the development of a global biodiversity risk map that is able to depict the quality and quantity of
biodiversity worldwide.

2.2. Requirements—From an LCA Perspective

The general purpose of a LCA is to compare different products, materials, or production processes
with alternatives in order to identify those with the lowest environmental impact during their entire life
cycle, hence optimizing existing products and processes. In respect to biodiversity such an assessment
should be able to quantify biodiversity at a global-scale depending on three factors [54]:

1. First, the factor of regionalization. This factor reflects the fact that biodiversity is not evenly
distributed across the world and neither are the threats to biodiversity, e.g., there are places
with high pressure on biodiversity, places with low anthropogenic disturbances or areas with a
high number of species [55,56]. This makes it necessary to have a regionalization factor that can
distinguish between different locations of land use, for example: Is it better to use resources from
Spain in terms of biodiversity than rather, the same resources, from South Africa? The next step
should further pinpoint the location in order to evaluate the impact on a specific region within
a country. Here, some regions may still be intact and contain endangered or endemic species;
while other regions may already be off-balance, and therefore land use in that region would have
fewer negative effects [24,53]. If companies or municipalities want to mitigate their negative
impact within their supply chains, it may prove beneficial for biodiversity to source materials
from another location or to move the land use to another area.

2. Second, the type of land use. A well-developed methodology should be able to assess different
types of land use for alternative materials within a production chain [54]. Such land use types
include forestry and plantations, agricultural land use, pasture, urban areas, or mining sites.
For example, the use of the material ‘wood’ (land use type: forestry) should be comparable to the
use of ‘banana leaves’ (land use type: plantation) for one-way plates. In addition, it must be taken
into account whether these effects differ depending on the location. This question is especially
relevant for the design of new products where different materials and alternative resources can
be compared and taken into account in time.
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3. Third, the degree of land use intensity and suitable management parameters. Depending on
the management practices applied in an area, land use has different intensities [22]. It should
be possible to distinguish between land use intensities and to quantify their diverse impacts on
biodiversity. In this respect, for example, extensive agriculture can be compared with intensive
agriculture. Such management practices include the amount of used fertilizers and pesticides,
the sampling of exotic or native trees, and the density of livestock. An assessment should quantify
which land use practices have higher impacts on biodiversity and identify the influence of specific
management parameters. Recommendations should be made as to which land use practices
could be changed in order to minimize negative impacts on biodiversity and, if possible, increase
positive effects.

4. A biodiversity assessment method should therefore take into account the three above-mentioned
levels in order to assess the impact on biodiversity [54,57], compare different sites and types of
land uses, and provide recommendations for careful land use practices as well as alternatives.
A similar conceptual model has been recommended by the IPCC for assessing land use impacts
on climate change [58].

3. Biodiversity Impact Assessment in LCA

The main scope of this section is to summarize and compare the similarities and differences
between existing biodiversity methods in LCIA and other disciplines such as biodiversity conservation
science or ecology. These include the use of the concepts of reactive and proactive approaches,
as well as irreplaceability and vulnerability for biodiversity assessments (Section 3.1), the associated
regionalization of land use impacts (Section 3.2.1) and the assessment of land use and land management
methods (Sections 3.2.2 and 3.2.3). In all subsections, a brief overview is given of the state of the art
with regard to existing LCIA methods on biodiversity and their current gaps. This is followed by the
layout of the methodological framework and a description of how it contributes to closing some of the
current gaps.

3.1. Biodiversity Risk Map

3.1.1. State of the Art and Research Gaps

As has been already explained, biodiversity is unevenly distributed around the world. It is
therefore crucial to have a global biodiversity risk map that defines biodiversity as holistic as possible
and indicates its distribution and risks around the world. Scientists and NGOs have carried out
significant research to identify priority areas worldwide where the protection of biodiversity is most
urgent, such as High Biodiversity Wilderness areas (HBWA) [43], Frontier Forests [47], Global 200
Ecoregions (G200) [45], Last of the Wild (LtW) [48], Endemic Bird Areas (EBA) [52], Centers of Plant
Diversity (CPD) [51], Biodiversity Hotspots (BH) [44,59], and Crisis Ecoregions [46], among others.

According to ref. [53], all these global conservation schemes can be placed either in the context of
irreplaceability or vulnerability, although some approaches are mixed. In either case, each biodiversity
protection scheme has a different focus (either on specific taxa, threat level, or biodiversity
level) and, so far, scientists and NGOs have not agreed on a common biodiversity protection
scheme [42,53,60,61]. Moreover, most of these schemes do not take phylogenetic differences into
account. A further gap exists in the underrepresentation of nonvertebrate species, such as insects or
belowground biodiversity [53,62–65].
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In LCIA methods, biodiversity risks are assessed based on research by ecologists, NGOs,
and conservationists. Therefore, all LCIA methods can be classified in terms of irreplaceability
or vulnerability according to [53]. However, there are still differences between the prioritization of
biodiversity aspects in conservation science and LCIA methods. The majority of LCIA methodologies
focus on aspects of high vulnerability (reactive approaches), with habitat loss as proxy for
species loss or the level of ecosystem degradation [66–78]. Another common approach that gives
priority to high vulnerability is the assessment of land use due to the occurrence of threatened
species [66,69,74,75,79–81]. Herein, there is a higher risk if land use takes place in an area where
endangered species live. Whereas methods using habitat loss as a proxy focus on high vulnerability
(reactive approaches), and methods using hemeroby or related measures highlight areas with low
vulnerability (proactive approaches). Yet, there are no LCIA methodologies that take into account
already presented global conservation schemes such as intact forest landscapes, the last of the wild
or High Biodiversity Wilderness Areas [43,82–86]. However, such areas are particularly important
for assessing the impacts of land transformation on biodiversity, as it is better to transform and use
already degraded land compared to intact ecosystems [43,82,83,85,86].

In the context of irreplaceability, species richness is the most common metric used in LCIA
methods [30,71,72,79–81,87–93], which is followed by an assessment with regard to rare habitats or
ecosystems [28,67,70,73,75,79,89,92]. Only few methods take into account the occurrence of endemic
species [38,74,77,79,81]. And no method includes critical, irreplaceable biodiversity areas such as the
Endemic Bird Areas, AZE sites, or Centers of Plant Diversity. There is also no methodology that
includes further aspects such as areas with great migration routes or large species concentrations.
However, they have been highlighted as critical for biodiversity and are therefore part of the Global
200 ecoregion conservation scheme [45]. Additionally, no method takes into account areas that are
crucial for phylogenetically different species and genetic aspects. Whereas the majority of global
conservation schemes prioritize and focus on endemism (high irreplaceability) [53]; most LCIA
methodologies focus on vulnerability and only a few of them consider endemism at all. Table 1
summarizes the similarities between LCIA and biodiversity conservation science. These include the
use of reactive and proactive approaches and the irreplaceability and vulnerability to assessing the
state of biodiversity and its impact on biodiversity. Since this research paper firstly categorizes and
classifies the methods of biodiversity impacts in the life cycle assessment according to the approaches
of biodiversity conservation, it also points to the incompleteness of current LCIA methods in order to
assess the impacts of biodiversity as holistically as possible. As each methodology has a specific focus,
other important aspects of biodiversity and crucial areas for biodiversity protection are not taken into
account adequately (see Table 1).

In summary, although biodiversity conservationists and LCA researcher (in the area of biodiversity
impact assessment) have different interests and focuses, there is still a common ground between the
two disciplines. Both try to measure biodiversity and to assess areas and practices where impacts
are less negative than others. Biodiversity conservationists do this to ultimately protect areas in
order to avoid the loss of biodiversity, and life cycle managers do it in order to assess the impacts of
a product throughout its life cycle and to evaluate these impacts. However, as already mentioned
there is still a discrepancy between and within the two disciplinary areas in what is considered to
be worth protecting. Thus, each of the LCIA methods has a different focus and, depending on that
focus, different recommendations are provided as to where resources should be produced or from
which areas products should be sourced (e.g., reactive vs. proactive approaches). To date, there is
no methodology that harmonizes these aspects and which integrates all areas of irreplaceability and
vulnerability that have been identified as critical to the conservation of biodiversity.
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Table 1. Life Cycle Impact Assessment (LCIA) biodiversity methods and irreplaceability and vulnerability.

Reactive Proactive

Author Regionalization/
Location

Land Use
Type

Irreplaceability
(i) Vulnerability

(v)
Valuation Biodiversity-Level

Number of
Endemic
Species

Taxonomic
Uniqueness

Unusual
Phenomena

Rare
Habitats,

Ecosystems

Number of
Species

(Richness)

Threat
Level

Habitat Loss,
(Degradation

High)

Intact
Habitat/Ecosystem

Irreplaceability Vulnerability

[87] x i Richness Species x

[88] x x i Biomass production Species x

[94] x v Hemeroby Ecosystem x

[89] x i Richness, rare
ecosystems Species, Ecosystems x x

[66,95] x v, i Threatened species,
habitat loss (SARs) Species x x x

[79] mining v, i
Richness, threat,
endemism, rare

biotopes
Species, Ecosystems x x x x

[80] x grassland,
cropland v, i Richness, threat Species x x

[67] x forestry v, i Ecosystem scarcity,
vulnerability Ecosystem x x

[68] x x v, i
Habitat loss (SAR),

ecosystem
vulnerability

Species, Ecosystems x x

[69] x v Ecosystem quality,
threatened species Species, Ecosystems x x

[30] x v, i Species traits,
richness

Species (functional
diversity) x x

[70] croplands v, i Rare and
vulnerable areas Ecosystem x x

[71] x x v Richness Species x

[96] x v, i Habitat loss (SAR) Species x x

[72] x three land
use types v, i Habitat loss,

extinction (SAR) Species x

[90] x v Richness, indicator
species Species x

[73] x cropland v, i
Scarcities,

vulnerability,
hemeroby

Ecosystems x x x
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Table 1. Cont.

Reactive Proactive

Author Regionalization/
Location

Land Use
Type

Irreplaceability
(i) Vulnerability

(v)
Valuation Biodiversity-Level

Number of
Endemic
Species

Taxonomic
Uniqueness

Unusual
Phenomena

Rare
Habitats,

Ecosystems

Number of
Species

(Richness)

Threat
Level

Habitat Loss,
(Degradation

High)

Intact
Habitat/Ecosystem

Irreplaceability Vulnerability

[91] x v Richness Species x

[74] x x v, i Habitat loss (SAR),
endemism, threat Species x x x

[92] x cropland v, i Rarity rated richness Species, Ecosystems x x

[75] x v, i Habitat, threat
level, rarity Species x x x

[93] x x v Richness Species x

[38] x v Habitat loss
(cSARs), endemism Species x x x

[76] x x v, i PD, Habitat
loss (cSARs) Species, Phylogeny x x x

[81] forestry v, i
Species richness,

ecoregion scarcity,
endemism, threat

Species, Ecosystems x x x x

[78] x v Hemeroby Ecosystems x
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3.1.2. Methodological Framework

If the impact of land use in a particular region is analyzed, two types of land transformation and
occupation should be distinguished: (1) Land transformation is the change from one state of land
use to another and it is usually measured in units of area (e.g., m2) of transformed land. (2) Land
occupation, which is the active use of land for a certain time and is measured in units of area time (e.g.,
m2 per year) [57,97].

To mitigate the impact of land occupation on biodiversity, a reactive approach should be taken
and land management improved as much as possible to reduce negative impacts on biodiversity.
In addition, it is all the more important to preserve intact areas. This requires a proactive approach
where land transformation should be avoided. In this respect, action is needed before human activities
can reach this region. Therefore, both reactive and proactive conservation areas are crucial for the
regionalization of land use impacts on biodiversity.

The proposed framework acknowledges the value of proactive systems as well as of reactive
systems and aspires to combine them both. In doing so, almost 80% of earth’s terrestrial land surface
will be covered, harboring vulnerable and/or irreplaceable areas for biodiversity [53]. Based on these
two concepts—reactive and proactive schemes—we postulate that land use should be carried out
with particular care in areas where land has already been severely degraded and where there is a
high pressure on biodiversity (reactive schemes). Furthermore, such areas should also be valued as
more critical than others. If the land is still intact (proactive schemes) land transformation should
be completely avoided. Consequently, we suggest the development of a global biodiversity risk
map that makes use of the effort and extensive research that has been conducted in biodiversity
conservation. This map should be able to value areas with both high and low vulnerability, as well as
high irreplaceability. Furthermore, it should cover biodiversity on all levels and for different taxa.

We propose to further develop the approach of ref. [53] (used or further evolved by
refs. [42,60,98–100]) by synthesizing existing global conservation schemes in order to create a global
uniform risk map that covers biodiversity priority areas for different taxa and at all scales (genetic,
species, and ecosystem). Existing maps are used and the relative number of priority sites are calculated
per grid cell for all reactive and proactive schemes, similar to ref. [53,100]. This approach yields two
unified risk maps (one for reactive systems and one for proactive systems) with values ranging from
0 to 1 depending on the relative number of biodiversity risk sites per grid cell. Both risk maps can
be added in order to receive one global uniform risk map containing both proactive and reactive
conservation sites. Herein, areas with proactive sites are more important for assessing the effects of
transformation, while areas with reactive sites are crucial for assessing occupation impacts. The global
coverage of the reactive schemes is depicted in Figure 1 and the global coverage of the proactive
schemes is depicted in Figure 2. The color palette ranges from light yellow to dark red and reflects
the number of critical sites for biodiversity. Gray represents areas where no reactive or proactive
conservation scheme has been identified. Both maps include all critical areas proposed by [42,53],
with the exception of Crisis Ecoregions [46], as we did not have access to the data. In addition,
the Megadiversity Countries [101] were excluded as they represent species richness only at the country
level. According to ref. [53] maps that do not consider vulnerability but only focus on irreplaceability,
such as the G200 and CDP [53] for the reactive schemes, were also included. They are included as
part of the reactive schemes, since all other reactive conservation schemes also incorporate measures
of irreplaceability (such as the BH, AZE, EDGE, and IBA) [44,50,59,102–104]. Whereas most of the
proactive schemes only focus on low vulnerability and do not account for any irreplaceability measures,
except from the High Biodiversity Wilderness Areas (HBWA) [43,84]. Furthermore, in order to meet
the requirement concerning the different levels of biodiversity, conservation schemes are included into
the risk map that highlight areas that harbor phylogenetically different species [49,50,105] or species
with an important gene pool [51].
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Areas, Intact Forest Landscapes (IFL), and Last of The Wild (LTW) [34,35,44,68,69,86,88]. (The color 
palette ranges from light yellow to dark red and reflects the number of critical sites for biodiversity. 
Gray represents areas where no proactive scheme has been identified). 

As can be deduced from the two figures, and as has been highlighted [53], the spatial 
distribution of the proactive and reactive schemes is almost complementary, and they cover almost 
the whole world [53]. Still, there are some sites that are covered by both schemes. This is mainly due 
to the fact that the G200 sites as well as the Centers of Plant Diversity (CPD) are included in the 
reactive map. These maps only account for irreplaceability and not for any vulnerability measures so 
that they might overlap with proactive schemes. These graphs should also illustrate that 
notwithstanding whether an LCIA method concentrates on reactive or proactive systems, there are 
some important biodiversity sites which are not included or evaluated. If, for example, the method 
only considers the occurrence of threatened species, important sites for biodiversity conservation, 
such as intact ecosystems, are not addressed adequately. Maps for the development of the global 
biodiversity risk map are presented in Table 2, classified according to the level of biodiversity they 
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to dark red and reflects the number of critical sites for biodiversity. Gray represents areas where no
reactive or irreplaceable scheme has been identified.)
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As can be deduced from the two figures, and as has been highlighted [53], the spatial distribution
of the proactive and reactive schemes is almost complementary, and they cover almost the whole
world [53]. Still, there are some sites that are covered by both schemes. This is mainly due to the
fact that the G200 sites as well as the Centers of Plant Diversity (CPD) are included in the reactive
map. These maps only account for irreplaceability and not for any vulnerability measures so that
they might overlap with proactive schemes. These graphs should also illustrate that notwithstanding
whether an LCIA method concentrates on reactive or proactive systems, there are some important
biodiversity sites which are not included or evaluated. If, for example, the method only considers
the occurrence of threatened species, important sites for biodiversity conservation, such as intact
ecosystems, are not addressed adequately. Maps for the development of the global biodiversity risk
map are presented in Table 2, classified according to the level of biodiversity they represent, the taxa,
and whether they represent low and high vulnerable (proactive and reactive) or irreplaceable areas of
biodiversity, based on refs. [42,53].
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Table 2. Biodiversity conservation schemes at a global-scale.

Reference/Author Name Creation Date Biodiversity Level Taxa Vulnerability Irreplaceability

[44,59,103] Biodiversity Hotspot (BH) 2016
(1999) Ecosystem, species Vascular plants High High

[104,107] Key Biodiversity Areas (KBA) 2014 Species, ecosystems

Birds, mammals, reptiles,
amphibians, vascular plants,
conifer, algae, fungi, lichens,

liverworts, mosses, etc.

High High

[46] Crisis Ecoregions (CE) 2005 Ecosystem No focus High High

[30,42,83,86] High Biodiversity Wilderness
Areas (HBWA) 2002 Ecosystem Vascular plants, vertebrates Low High

[48] Last of the Wild (LtW) 2002 Ecosystem No focus Low -

[47,85,86] Intact Forest Landscapes (IFL) 2013
(1997) Ecosystem No focus Low -

[104] Important Bird Areas (IBA) 2014
(1980) Ecosystem, species Birds High High

[104] Important Plant Areas (IPA) 1995 Species, Ecosystem Vascular plants, algae, fungi,
lichens, liverworts, mosses High High

[45] Global 200 Ecoregions 1998 Ecosystem, species No focus - High

[52,104] Endemic Bird Areas (EBA) 1998 Ecosystem, species Birds - High

[51] Centers of Plant Diversity (CPD) 2013
(data 1994–1997) Species, Genes Vascular plants - High

[102] Alliance for Zero Extinction (AZE) 2005 Species Birds, mammals, reptiles,
amphibians, conifers High High

[50] Evolutionarily Distinct and
Globally Endangered (EDGE) 2013 Species, Genes Mammals, amphibians High High

[108] Protected areas 2018 Ecosystem No focus Low -

[109] Threatened Species 2013 Species Mammals, amphibians, birds High -

[109] Species richness, endemic species 2013 Species Mammals, amphibians, birds - High
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3.2. Three-Level Hierarchical Biodiversity Life Cycle Impact Analysis

This chapter explains the development of a new methodological framework, based on the
requirements and enabling a three-level hierarchical approach that allows the assessment of
biodiversity in life cycle analysis at the global-level. Depending on the availability of primary data and
the depth of information on the life cycle of a product, the following three levels (Location, Land use
Type, Intensity and Management Parameters) can be analyzed in varying degrees of detail either as
foreground or background systems.

3.2.1. Location—Regionalization of Land Use Types

State of the Art and Research Gaps

For the first level, it is necessary to locate the areas of occupation or transformation for land use
caused by the life cycle of a product. Although some biodiversity LCA methods are able to regionalize
impacts at the global-level, they use only very specific biodiversity criteria (see Section 2.1) and usually
aggregate biodiversity risks only at the country level. As to the knowledge of the authors, none of
the methodologies use existing land use maps for both occupation and transformation to make the
regionalization as accurate as possible (see refs. [67,68,71–75,77,81,88,91,95]).

Methodological Framework

For the regionalization of land use, we propose for our methodological framework to use the
uniform global risk map. This map is intersected with land use maps (e.g., for cropland, forestry,
pasture, plantation, and urban areas) in order to determine where land use takes place (occupation),
which type of land use (see refs. [11,110]) and whether and to what extent it falls into one or more
biodiversity risk areas, similar to ref. [100]. The same approach is used for the investigation of land
transformation. Here however, maps, e.g., for cropland suitability [110,111] or urban development
scenarios [112,113], are used and overlaid with the unified global risk map. Figure 3 shows (in green)
the areas where the land use type cropland takes place (occupation) and does not intersect with reactive
conservation areas. From a life cycle perspective it would be better with respect to biodiversity impacts
for a company to source their crop from such areas. The areas where the land use type cropland falls
into one or more areas of high vulnerability or irreplaceability for biodiversity is depicted in the color
range from yellow to red, depending on the number of risk areas affected. Figure 4 shows examples
of areas that might be suitable in future for cropland production (green = no overlap with proactive
schemes) and the potentially affected reactive risk areas for biodiversity (yellow to red).

If primary data on the location of land use is available (e.g., in the form of coordinates or regions),
one can zoom in on the uniform global risk map and determine the occurrence and number of
biodiversity risk areas in this region. If no primary data is available, background data should be
used. Herein, the risk value for biodiversity is aggregated at land use level for each country. This is
particularly important to assess the biodiversity risk within the supply chain if the exact location of the
land use is not known, but only the country of origin of the resources. This approach also prevents the
inclusion and overvaluation of areas in which land use does not currently take place (occupation) (e.g.,
barren land, deserts, or mountainous areas) and is not suitable in the future (transformation). The next
two subfigures show a comparison of risks for the transformation to cropland in different countries.
Figure 5a shows the risks for cropland transformation in proactive areas aggregated at the country
level only for the regions where suitable areas for cropland production exist, and Figure 5b shows the
risks in proactive areas for the transformation to cropland aggregated at the country level regardless
whether there is suitable area or not. If the risk value is aggregated only at the country level, as it is
the case in Figure 5b, then this overestimates the risks for cropland transformation in countries where
there are still intact ecosystems although land is not suitable for cropland production there anyways,
such as in Norway, or countries in the Sahara region.
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Figure 4. Future areas suitable for cropland (transformation) [111] and overlapping with proactive
conservation schemes (HBWA, Protected Areas, IFL, and LTW) [34,35,44,68,69,86,88]. If suitable areas
for the land use cropland do not fall inside proactive conservation schemes, they are shown in green.
If suitable cropland areas coincide with one or more proactive conservation schemes, it is highlighted
in yellow to red.

This approach of regionalizing land use by overlaying areas of land use types with identified
risk areas of biodiversity has also been recommended by the International Institute for Sustainable
Development and several conservation organizations (IUCN, BirdLife International, Conservation
International, UNEP WCMC) [114]. It is quite common from a biodiversity conservation
perspective [99,100], but is rather new for the regionalization of land use for biodiversity methods in
LCIA. Yet, it is crucial also for a LCIA biodiversity method to take up and adapt this approach. In doing
so, it is possible for companies to assess whether land use in their supply chain takes place within
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or outside an area with highly endemic species, whether it takes place where many endangered and
phylogenetically unique species occur or in an intact ecosystem with high biodiversity. These examples
include areas with high endemicity and species richness, as it is the case in the Centre of Plant
Diversity. These areas are an indicator of biodiversity risks at species-level with a focus on vascular
plant species. Intact ecosystems with a high proportion of endemic species form the basis for High
Biodiversity Wilderness Areas. EDGE areas show critical areas where phylogenetically unique and
globally threatened species occur [49,50,105].
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3.2.2. Land Use Type

State of the Art and Research Gaps

For the second level, it is necessary to distinguish between the impacts of different types
of land use in the context of its regionalization. The majority of biodiversity methods in LCA
is able to distinguish between different land use types and to assess their local impacts on
biodiversity [30,68,69,71,72,74,77,87–90,93–95]. Some of the methods however, only apply to one
specific land use types, such as forestry [67,78], cropland [70,75,80,91], and mining [79], or do not
take into account any land use type at all [81,92]. The impact of a specific type of land use is usually
measured using the UNEP SETAC framework [97,115]. Herein, the change in biodiversity quality due
to land occupation and transformation is compared to a reference situation. This reference situation
can be any biodiversity metric such as change in species richness or abundance, e.g., in primary
vegetation, the naturalness level of an ecosystem, or potential natural vegetation. For hemeroby,
the degree of ecosystem degradation due to land use is assigned to so-called hemeroby levels, where the
highest degree means that an ecosystem is close to a natural state and the lowest degree indicates a
high degradation of ecosystems [116]. Sometimes abstract values, such as the maximum potential
biodiversity, are used as a reference situation. These are defined by a range of conditions that have to
be fulfilled for achieving the highest biodiversity quality [67,92]. The change in biodiversity quality
between the reference situation and the land use type gives a value for land use impacts on biodiversity
(see Figure 6). Limitations of existing LCIA methods at this level are that they are usually very species-
or taxa-specific or only apply to certain land use classes. Most methods at the global-level use only
data from vertebrates or vascular plants. Methods at the ecosystem level are usually not empirically
validated and sometimes subjective (e.g., relying on expert knowledge).
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Methodological Framework

We propose to address these challenges by using data from the PREDICTS project—Projecting
Responses of Ecological Diversity in Changing Terrestrial Systems—one of the largest studies on the
impact of different land use types on biodiversity [117–119]. An analysis was performed to calculate
the mean impacts of five different land use types, such as primary vegetation, secondary vegetation,
farmland, pasture, urban areas, and plantations on biodiversity. The effects of a type of land use are
compared with a reference state, which is the minimum use of primary vegetation in the respective
region and which are expressed in relative differences [22,120]. This approach is therefore in line with
the UNEP SETAC framework and current LCIA methods. The advantages of the PREDICTS database
are that it is a global database with more than 3 million data entries from over 21,000 sites. It also
covers more than 38,000 species, including vertebrates and plants but also invertebrates. It is based on
primary data that has been collected worldwide at the plot level. The global database covers different
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land use types and intensities and their impact on biodiversity using metrics such as species richness,
abundance, evenness, community biomass, spatial turnover, and functional diversity [22,120,121].
These data attribute a value for the average impact of a land use type on biodiversity (change in
biodiversity quality) and an interval depending on the land use intensity. The interval is defined by
the land use management activities that take place in the respective area and are explained in the next
subsection (see Figure 7).
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Since the PREDICTS database enables the assessment of land use types on the basis of different
biodiversity metrics (e.g., abundance, species richness, composition, and function), it is possible to
calculate an index or to provide values for each single biodiversity metric, such as the biodiversity
intactness index [121] based on ref. [122]. For the background data (e.g., the supply chain), the default
value for the impact on biodiversity for occupation is always the average worst scenario (the mean
value for intensive land use). This applies, for example, to the supply chain if no specific information
is provided other than the land use types involved in the life cycle of a product. Within the interval,
changes in biodiversity impacts are possible by changing management parameters and thus the land
use intensity (the interval for a type of land use is always the same, but the value of biodiversity quality
varies according to the intensity). This additional information can be obtained from primary data
(see Section 3.2.3—Land Use Intensity and Management Parameter). Positive impacts on biodiversity
are also possible for land use types where the interval exceeds the reference state. If no further
information is available (e.g., if the company only knows that its resources originate from pasture in
Brazil) improvements in the impact on biodiversity are only possible by switching to resources from
one type of land use, which is on average less harmful than the other, or by changing the origin of the
resources. For the assessment of transformation impacts, the average biodiversity quality of one type of
land use is compared with the biodiversity quality of another land use type (transformation from: the
biodiversity quality of the historic land use type is compared to current land use types; transformation
to: biodiversity quality of current land use type is compared to the quality of the future land use type).
Studies on the impacts of land use on biodiversity have shown that in average forestry and pasture
have a lower impact on biodiversity than arable land [22,123]. Urban areas have the worst impacts
when intensively used, but also the largest interval based on the land management [22]. Furthermore,
there is no statistically significant difference in the impacts of land use types on biodiversity (in relative
terms), depending on broad biogeographical regions in which they occur [22,120]. This justifies the
use of a land use quality factor for biodiversity that depends only on the type and intensity of land use
and not its location. Moreover, these results allow us to decouple the quality values of biodiversity
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impacts due to the land use type from the regionalization factor, as there is no statistically significant
difference in relative terms, but only in absolute and qualitative terms.

3.2.3. Land Use Intensity and Management Parameters

State of the Art and Research Gaps

For the third level, it is crucial to evaluate the degree of land use intensity (e.g.,
extensive and intensive) and to quantify each management parameter that influences this
degree. Some LCIA methods do provide values for the effects of land use intensities on
biodiversity [30,67,68,70–72,77,78,80,87,90,91,93–95]. However, most of them are only able to evaluate
qualitative intensity classes, such as low, medium, and high intensity (extensive and intensive or
organic and conventional), but none are able to provide continuous intensity variables for land use,
except for ref. [78] which is only applicable for forestry. Only a few methods are able to assess specific
land use management parameters and to quantify their impact on biodiversity [67,68,70,78,80,81,90,92],
such as the potential field method [92] based on ref. [67]. These methods tend to be very data
intensive, site-specific or only applicable to a certain type of land use or region [33]. Additionally,
the specific management parameters are rarely combined with continuous intensity variables. However,
recommendations on land use management practices are particularly important for the landowners
as they can directly influence their impact on biodiversity [124]. In most cases, it is not possible for
them to change the location of their fields or to change the type of land use from, e.g., pasture to
forestry. Nevertheless, they can directly change their negative impacts on biodiversity through the way
they manage their land. The provision and quantification of land use management parameters is also
beneficial for companies, as they can suggest improvements to their suppliers and assess the changes
in biodiversity impact. Consequently, as shown in Table A1 in the Appendix A, no methodology is yet
capable of fulfilling all the requirements: assessing the impact of locations, land use types, land use
intensities including management practices, while being globally operational at the same time.

Methodological Framework

In order to integrate management parameters in our methodological framework, we identified
those which influence land use intensities for each land use type. Then, those management parameters
are used to calculate Land Use Intensity indices for each type of land use. The concept of Land Use
Intensity Indices (LUI) is based on [125–129]. It stems from the fields of agroecology, geography,
and earth sciences, but has not yet been applied in any of the LCIA methods for biodiversity. The Land
Use Intensity Index is an additive index which consists of a summary of different management
parameters and the standardization of existing values either by a maximum value, mean value or as
z-standardization [125–128]. Depending on the way of standardization, the index ranges from 0 to >1,
related to the values of the individual parameters, with 0 being low intensity and 1 being high land
use intensity. For the methodological framework, Land Use Intensity Indices are calculated for the
land use types proposed by ref. [22], namely, primary and secondary vegetation, plantation forest,
pasture, cropland, and urban areas. The following examples for the calculation of Land Use Intensity
Indices for, e.g., cropland, pasture and plantations are based on refs. [125–128].

LUICropland[i] =
F[i]

F[max]
+

Me[i]
Me[max]

+
Pe[i]

Pe[max]
+

I[i]
I[max]

+
P[i]

P[max]

LUIPasture[i] =
F[i]

F[max]
+

G[i]
G[max]

+
M[i]

M[max]
+

Pe[i]
Pe[max]

+
P[i]

P[max]

LUIPlantation[i] =
F[i]

F[max]
+

Me[i]
Me[max]

+
Pe[i]

Pe[max]
+

I[i]
I[max]
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Herein, F[i] is the fertilization level (kg nitrogen ha−1·year−1), Me[i] is the level of mechanization
(hectare per tractor), Pe[i] is the pesticide application per year (tones of active ingredients), I[i] is
the level of irrigation per grid cell, and P[i] symbolizes further parameters to be added (see Table 3).
The max or mean L[i] can be used in this framework, where it is defined as the global max or
mean value within each global agroecological zone. This approach is based on refs. [126,128]. Yet,
in this framework, LUIs are calculated for each land use type and the management parameters are
standardized by the global max or mean of an agroecological zone, if applicable. Further management
parameter can be added depending on the availability of data.

These land use intensity indices are then related to the information from the PREDICTS
database, which shows the clear statistically significant influence of land use intensities on the specific
biodiversity metrics [22]. For each land use type the database provides values for biodiversity impacts
for land use intensities at the level minimal, light and intense. These intervals show the range of
biodiversity impact depending on the land use management practices applied, which are used to
calculate the Land Use Intensity Index per type of land use (see Figure 8).
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for land use type I to Biodiversity Metric based on ref. [22] and Management Parameters P[i].

The advantage of calculating land use intensity indices is that both primary and secondary data
can be used: thus it is applicable as both foreground and background system. For the secondary data,
one can rely on statistics and global maps for example for global fertilizer application or pesticide
application (e.g., FAO and NASA). This data serves as a benchmark value. Primary and secondary
data are standardized, e.g., with global maximum or mean values for each agroecological zone
for the calculation of the land use intensities. We propose using the maximum or mean value of
agroecological zones for management parameters that depend on different soil types, landforms
and climatic conditions in a region (such as fertilizer application or irrigation). These specific
characteristics are reflected by 18 global agroecological zones as identified by ref. [130]. Further
parameters, benchmark values and specific biodiversity impacts can be derived from ref. [23] in their
review on studies on management parameters that are beneficial or harmful to biodiversity. A list of
land use management parameters and suitable global data sets is summarized in Table 3 based on
refs. [22,23,119,127,131,132].
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3.3. Summary of the Methodological Framework

The proposed methodological framework aims at closing the research gap described above.
It combines the assessment of the location of land use types with the quantification of the impacts
of different land use types and the management parameters influencing land use intensity, which is
new for biodiversity impact assessment at the global-level. Vulnerability and irreplaceability analysis
measures are included in the global uniform risk map by taking a reactive and proactive perspective.
Since it is important for LCIA to provide recommendations to practitioners on what can be changed
and how this would improve existing impacts on biodiversity, this method makes them measurable
for all three levels. The framework is based on several components that need to be considered for a
LCIA assessment of biodiversity. First, a comprehensive assessment of the distribution of biodiversity
and the associated risks is needed. A global unified risk map is developed for this component, capable
of quantifying the differences between regions in the inclusion of ecosystems, species, and (phylo-)
genetic levels. In a second step, this map is combined with land use maps for different types of land
use. Thus, one can see where land use takes place and how it coincides with one or more priority areas
for biodiversity conservation. This component serves the regionalization of land use types and the
assessment of the location of each land use type with regard to its biodiversity risks. The next step is
to examine the land use types themselves and their specific local impacts on biodiversity. On average,
some types of land use have less impact on biodiversity than others. However, the exact impact
depends on the intensity of land use and the land use management practices. Therefore, the last step is
to identify the management parameters for different land use types that define the degree of land use
intensity. This is done by calculating land use intensity indices for each type of land use. The land
use intensities, in turn, define the degree of quality loss of biodiversity for each specific land use
type. The overall framework with all its components is shown below in Figure 9. Since the purpose
of this publication is only to present the conceptual framework, the overall framework is described
conceptually. This includes a detailed description of the state of the art, potentially appropriate data
and databases, a methodological approach and the expected results.
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Table 3. Land use types, intensities, and suitable management parameters.

Land Use Flows Management Parameter

Land Use Type
[22,117–119] Sub Types [110] Land Use Intensity (LUI)

[22,117–119]
Land Use Intensity

(LUI) Index
Management

Parameter for LUI Data type Indicator [Unit] Data Source

Primary
vegetation

Forested/Non
forested

Minimal
(0.0–0.33)

Light
(0.34–0.66)

Intense
(0.67–>1.0)

0.0–>1.0

Tree age global maps, primary data years primary data

Wood harvesting rates global maps, primary data units kg C [110], primary data

Dead Wood volume regional maps (Europe),
primary data

Average deadwood
volume [m3 ha−1] [133] primary data

Fire frequency global/regional maps,
primary data fire density per km2 MODIS, primary data

Biomass density global maps, primary data kg C/m2 [110], primary data

Set aside areas/
buffer zones primary data, satellite images Ratio Field size/buffer

zone size [%]
Satellite images,

primary data

Secondary
vegetation

Forested/Non
forested

Minimal
(0.0–0.33)

Light
(0.34–0.66)

Intense
(0.67–>1.0)

0.0–>1.0

Mean age/tree age global maps, primary data years [110], primary data

Wood harvesting rates global maps, primary data units kg C [110], primary data

Dead Wood volume maps (Europe), primary data Average deadwood
volume (m3 ha−1) [133]

Fire frequency global/regional maps,
primary data fire density per km2 MODIS, primary data

Set aside areas/
buffer zones primary data, satellite images Ratio Field size/buffer

zone size [%]
Satellite images,

primary data

Biomass density global maps, primary data kg C/m2 [110]

Native vegetation global maps, primary data [%] native vegetation per
land use type [110]

Cropland

C3 annual/C3
perennial/C4

annual/C4
perennial/C3

nitrogen fixing

Minimal
(0.0–0.33)

Light
(0.34–0.66)

Intense
(0.67–>1.0)

0.0–>1.0

Fertilizer global maps, primary data kg nitrogen ha−1·year−1 [134,135]

Irrigated/flooded Global maps, primary data Percentage/grid cell [136]

Pesticide Global maps, FAO statistics,
primary data tons of active ingredients [136]

Mechanization (tillage) FAO statistics, primary data hectare per tractor [136]

Set aside areas primary data, satellite images Ratio Field size/buffer
zone size [%]

Satellite images,
primary data

Mixed cropping Global maps, primary data C3/C4 and nitrogen fixing
plants per grid cell [%] [110]

Native vegetation global maps, primary data [%] native vegetation per
land use type [110]
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Table 3. Cont.

Land Use Flows Management Parameter

Land Use Type
[22,117–119] Sub Types [110] Land Use Intensity (LUI)

[22,117–119]
Land Use Intensity

(LUI) Index
Management

Parameter for LUI Data type Indicator [Unit] Data Source

Pasture
Managed

pasture/Rangeland
pasture

Minimal
(0.0–0.33)

Light
(0.34–0.66)

Intense
(0.67–>1.0)

0.0–>1.0

Livestock density global maps primary data livestock units
ha−1·year−1 [136]

livestock manure FAO statistics, global maps
primary data kg/ha [134–136]

Pesticides global maps

Mowing frequency primary data, statistics times per year

Set aside areas/
buffer zones primary data, satellite images Ratio Field size/buffer

zone size [%]
Satellite images,

primary data

Native vegetation global maps primary data [%] native vegetation per
land use type [110]

Plantation

Minimal
(0.0–0.33)

Light
(0.34–0.66)

Intense
(0.67–>1.0)

0.0–>1.0

Mixed cropping/
Tree diversity Global maps primary data [%] [110]

Fertilizer global maps primary data,
Fertilizer perennial plants kg nitrogen ha−1·year−1 [110,134,135]

Pesticide Global maps, FAO statistics
primary data tons of active ingredients [136]

Irrigation Global maps primary data [%] Percentage/grid cell [110,136]

Mechanization FAO statistics, primary data hectare per tractor [136]

Harvesting rates FAO statistics, primary data

Native vegetation global maps primary data [%] native vegetation per
land use type [110]

Set aside areas primary data, satellite images Ratio Field size/buffer
zone size [%]

Satellite images,
primary data

Urban

Minimal
(0.0–0.33)

Light
(0.34–0.66)

Intense
(0.67–>1.0)

0.0–>1.0

Green spaces satellite images, primary data [%] green space per
urban area

Sentinel data,
NDVI maps

https://modis.gsfc.
nasa.gov/data/

dataprod/mod13.php

Degree of sealing global maps primary data [%] imperviousness [137]

Native vegetation global maps primary data [%] native vegetation per
land use type [110]

Light pollution global maps, statistics
primary data

artificial sky brightness
[mcd/m2] [138]

Set aside areas primary data, satellite images Ratio Field size/buffer
zone size [%]

Satellite images,
primary data

https://modis.gsfc.nasa.gov/data/dataprod/mod13.php
https://modis.gsfc.nasa.gov/data/dataprod/mod13.php
https://modis.gsfc.nasa.gov/data/dataprod/mod13.php
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4. Discussion

4.1. Major Research Gap and Main Findings

Land use and land use change are among the most important factors for the continuing loss of
biodiversity at the global-level. Although many valuable biodiversity assessment methods in LCA have
already been developed, there are still some limitations. In this publication the classification system of
ref. [53] used in biodiversity conservation sciences is applied to investigate existing LCIA methods.
By doing so, this paper shows that there are still gaps associated with the inclusion of proactive and
reactive conservation approaches, as well as measures of irreplaceability and vulnerability in LCIA
methods. These gaps demonstrate the need to develop a holistic global biodiversity risk map that
incorporates and summarizes existing research findings from biodiversity conservation science and
which is operational and applicable in the field of LCA. Furthermore, this study could reveal that there
is still no existing method available that is able to quantify the specific impacts of land use parameters
and land use intensities on a continuous and global-scale and for the major land use types as suggested
by ref. [22]. We propose a methodological framework for biodiversity assessments in LCIA which
consists of datasets, methods and concepts from diverse disciplines such as biodiversity conservation,
ecology, agroecology, earth sciences, and LCA. Therefore, the proposed framework responses to
existing review studies on biodiversity assessments in LCA, that call for a need to include additional
data and methods from life and earth sciences into LCA, as it has been highlighted, for example, by
refs. [28,33,36,139].

4.2. Advantages and Limitations

The main advantage of the herein presented methodological framework is that it is the first
approach in the LCIA to include and synthesize the main sites identified as critical for biodiversity.
This is done not only through a reactive approach, including endangered species or already degraded
landscapes, but also through the consideration of land use taking place in or near intact ecosystems.
In addition, this approach includes as many taxa as possible for assessing the value and risk of
biodiversity, rather than relying on data from fewer taxa, which is often done within LCIA methods.
Consequently, this method offers maximum integration of the ongoing new research on proactive
and reactive systems and the inclusion of aspects of irreplaceability. The methodology exerts a strong
integrative force as it is designed to easily add new research results. This strength of the framework also
leads to a weakness, namely the possible one-sided emphasis on aspects that are overrepresented in
research (e.g., endemism) [53]. However, this will be alleviated in the future, when further information
on crucial factors such as below ground biodiversity is available. Additionally, as described above,
almost 80% of terrestrial land is classified as a priority area for biodiversity conservation [53]. However,
in order to be able to evaluate the remaining 20% of terrestrial regions in an LCIA methodology,
additional maps, e.g., species richness can be included. Furthermore, due to the transdisciplinary
approach, which combines aspects of biology and nature conservation research with LCA concepts,
some conflicts cannot be avoided, as is the case with double counting. Although this is not a problem
from a biological point of view, LCA experts try to avoid this when assessing biodiversity [29,140].
However, when different levels of biodiversity are included in the assessment, these are inherently
linked and overlap (genes define species and species define ecosystems). Another constraint is our
approach to defining biodiversity as holistically as possible. This means that no weighting is provided
to areas, for example by declaring that areas with endangered vertebrates should be prioritized over
areas with endemic plant species. Thus, some sites may appear overestimated or underestimated if
only one aspect of biodiversity is prioritized. Another challenge is the difference in size between the
different systems. Systems that focus on the ecosystem level have larger scales than, e.g., species maps
and thus are more likely to coincide with a certain land use type. To mitigate this effect, it could be
possible not to weigh the schemes according to biodiversity aspects but according to the data quality
and accuracy of the different studies (e.g., to inversely weigh the schemes by area).
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A further limitation was pointed out by ref. [126] with regard to the compromises between
achieving an overall picture by using a land use intensity index and understanding causal relationships
of management parameters in individual field studies: Since the LCA is intended to be a globally
applicable instrument, this compromise must be taken into account, and the advantage outweighs
the trade-offs, namely, that it is possible to calculate the impacts of individual land use management
parameters and to provide a continuous scale for the change in land use intensities depending on
a change of management parameter. We further emphasize that this method does not establish
causal relationships between biodiversity loss at the local level through different land use types and
biodiversity loss at the global-level. However, since ref. [22] have shown in their study that the
relative impacts on biodiversity are statistically independent of the broad geographic region (e.g.,
the percentage decline in species richness due to cropland production in temperate or tropical regions).
The regionalization shows where land use takes place globally and which biodiversity risk areas are
affected. The analysis of land use shows the direct local impacts of different types of land use on
biodiversity, which is directly connected to the land use intensities and management practices through
the land use intensity indices.

Of course, one has to bear in mind that the LCA is a generic tool that normally works with
statistical data at the global-level. If possible, it is recommended to carry out on site studies and to
check the actual impact on local biodiversity in order to achieve the best results. However, this is not
the purpose of a LCIA. Nonetheless, LCA is an effective instrument for preserving biodiversity, as it
is the most widespread analytical tool used by companies to assess their environmental impacts of
products and therefore to take action in order to mitigate their negative impacts.

5. Conclusions

The herein-proposed new methodological framework takes in a transdisciplinary approach
combining definitions, concepts and analytical proceedings from biology, conservation sciences,
earth sciences and LCA. Its main focus lies on designing a framework which deals with our current
partial lack and asymmetry of data concerning the global distribution of biodiversity. Additionally,
it also takes into account nonstandard proceedings, such as measurements and mapping. Although
this brings along some limitations (as discussed in the preceding section), it also offers the advantage of
providing a methodological processing ‘hub’ which can use all existing data on biodiversity. This data
is then structured and processed, allowing for immediate assessment of the current state on biodiversity
which is globally applicable. Apart from assessing biodiversity, one can also provide recommendations
on how to mitigate the impact on biodiversity by either relocating the site of land transformation,
replacing some materials with a land use type of lesser impact or by modifying on-site management
practices of land use. This productive approach will hopefully increase the acceptance of involved
stakeholders, by not only revealing their negative impact on biodiversity but also by offering feasible
and sound alternatives.

Important policy implications of the study concern critical sites for biodiversity and the need to
conserve these sites. Proactive areas should be protected and the conversion of intact ecosystems to
land use should be avoided. Land management should be improved in areas where land is already
damaged, as highlighted in reactive protected areas. Both policy-makers and decision-makers could
steer areas of land use and transformation by considering the most critical sites for biodiversity
conservation. In addition, materials from land use types that are less harmful to biodiversity could be
promoted and highlighted in the labeling of products and their specific effects on biodiversity, as is the
case in the EU with the Product Environmental Footprint (PEF).
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The improvement of land use practices could be influenced by policy, e.g., by setting an upper limit
for each management parameter, which should not be exceeded. In addition, incentives to reduce land
use intensity could be created for individual farmers and landowners, thus improving biodiversity.

Future research is necessary to fully understand the complex and causal relationships between
different management parameters, land use intensities, and impacts on biodiversity. In addition,
the development of a single global biodiversity risk map, which would allow critical regions for
biodiversity to be assessed at all levels (genes, species communities, and ecosystems) would contribute
to better regionalize the impact of land use on a global-level. This goes hand in hand with an update
of existing maps on belowground biodiversity or taxa that are still underrepresented in conservation
science. In addition, other aspects such as climate change or the introduction of invasive species and
their impact on biodiversity in relation to the life cycle of a product have not yet been included in the life
cycle assessment. A continued focus should also be on the ongoing transdisciplinary research among
scientists from several disciplines to integrate and exploit current research and scientific knowledge
for the protection of biodiversity. Ideally, scientists and other experts around the world should agree
on a holistic definition of biodiversity and standard proceedings of retrieving and structuring data.
This would result in a harmonized world map depicting the quality and quantity distribution of
biodiversity. Until then, this methodological framework offers an analytical ‘hub’ which can integrate
our current patchwork of research findings and contributions in order to offer a globally applicable tool.
In doing so, companies and industries will hopefully give biodiversity the attention and consideration
it deserves.
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Appendix A

Table A1. Comparison of Biodiversity LCIA Methods with regard to location, land use type, intensities, and management parameters.

Author
Location/Distribution of

Biodiversity on
Global-scale

Land Use Types Intensities
Management

Parameters for
Land Use

Operational on
Global-scale Comment Empirical/Qualitative (e/q)

[87] x x No recommendations on activities, only
species-level, only Switzerland e

[88] x x x No recommendations on activities, only
species-level e

[94] x x Qualitative assessment, do not take into
account distribution of biodiversity q

[89] x Only for Netherlands, two models: 1 for
species, 1 for ecosystems e

[66,95] x x No recommendations on activities,
only Europe e

[79] only mining Sweden, region in Namibia; Site specific,
only for mines e

[80] grassland and
cropland x x

Site specific, management options from
experts/literature, no global comparison of
locations, no comparison in between land

use types

e, q

[67] x only forestry x x Difficult to compare different land use types;
only land use practices, qualitative scoring q

[68] x x x x
Only species richness of vascular plants,

no direct quantification of
management options

e

[69] x Qualitative assessment with interviews per
ecoregion, data intensive q

[30] x x No recommendations on parameters,
only some ecoregions e

[70] only croplands x x Site specific, only for Germany e
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Table A1. Cont.

Author
Location/Distribution of

Biodiversity on
Global-scale

Land Use Types Intensities
Management

Parameters for
Land Use

Operational on
Global-scale Comment Empirical/Qualitative (e/q)

[71] x x x No recommendations on parameters e

[72] x x x No recommendations on parameters e

[90] three land use
types x Site specific, too data intensive for

global-scale, only field and farm level e, q

[73] x
So far only for New Zealand, no intensities,

data intensive since CMB has to be
developed for all areas

q

[91] Only cropland intensities
for cropland x So far only 6 biomes, no management

parameters, data intensive, site specific e

[74] x x x no management parameters e

[92] x x
Data intensive, interviews for each ecoregion

necessary, no differentiation of land
use types

q

[75] x only cropland Land use only cropland,
no recommendations on activities e

[93] x x
Only for ‘Temperate Broadleaf and Mixed

Forest’ biome, no recommendations on
management parameters

e

[76] x x x No management parameters e

[81] x x
Data intensive, parameters for every
ecoregion, no differentiation of land

use types
e, q

[38] x x x x No recommendations on parameters
for intensities e

[77] x x x x
Intensities measured at the interval

minimum, light, intense, not possible to
quantify impact due to specific parameters

e

[78] only forestry x x
So far for forestry, no differentiation

between locations and land use types,
only for Finland

q
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