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Human land use is one of the primary threats to terrestrial species richness and is considered a priority for meet-
ing global sustainability and biodiversity targets. Decision-support tools, such as life cycle assessment (LCA), are
widely used for developing strategies to achieve such objectives. Currently available life cycle impact assessment
(LCIA) methods apply the countryside species-area relationship (c-SAR) to quantify habitat conversion impacts
on species richness. However, additional effects of habitat fragmentation are yet ignored in these assessments.
We use the species-habitat relationship (SHR), an adaptation of the c-SAR that considers both habitat conversion
and fragmentation effects, to develop a new set of land-use characterisation factors for 702 terrestrial ecoregions
(in 238 countries), four land-use types (urban, cropland, pasture, and forestry), and four taxonomic groups (am-
phibians, birds, mammals, and reptiles; plus the aggregate of these vertebrate groups). The SHR generally pre-
dicts higher per-area impacts of land-use than the impacts estimated by the c-SAR (a median relative
difference of +9%), indicating that land-use impacts may be systematically underestimated when ignoring frag-
mentation effects. Whereas per-area impacts of land-use on regional species richness are highest in temperate
regions, reflecting the diminished extent of natural habitat, per-area impacts of land-use on global species rich-
ness are highest in the subtropics, reflecting the importance of tropical regions and islands to global vertebrate
species diversity. The large variety in magnitude of land-use impacts across the world's regions emphasizes
the importance of regionalised assessments. The set of characterisation factors proposed here can be readily
used in environmental decision-making.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Habitat conversion is considered one of the key drivers for global de-
clines in terrestrial species richness (IPBES, 2019). Agriculture, covering
~40% of the ice-free land (Ramankutty et al., 2008), is the dominant con-
tributor, but also forestry and expansion of urban settlements instigate
disappearance of natural habitat globally (Ellis and Ramankutty,
2008). As human land-use is projected to further expand (Kehoe et al.,
2017), global targets and agreements for meeting human needs whilst
preserving biodiversity have been established (Tittensor et al., 2014;
UN, 2019).

Development of strategies to achieve sustainability targets depend
on quantitative understandings of environmental impacts of human ac-
tivities. Life cycle assessment (LCA) is a standardised method to quanti-
tatively assess cradle-to-grave environmental impacts of products and
processes (Hellweg and Mila i Canals, 2014). It is widely used to com-
pare environmental consequences of products or technologies to cap-
ture potential trade-offs between different impacts and to identify
impact hotspots (Finnveden et al., 2009).

Chaudhary et al. (2015) developed a life cycle impact assessment
(LCIA) methodology for characterising land-use impacts per m2 of var-
ious land-use types on vertebrate and plant species richness, based on
the countryside species-area relationship (c-SAR) (Pereira and Daily,
2006), a species-area relationship (SAR) variant that considers habitat
suitability. They used this method to assess land-use impacts of alterna-
tive bioethanol production technologies. The characterisation factors
they developed are currently recommended by the life cycle initiative
(Jolliet et al., 2018) and implemented in the LC-IMPACT methodology
(Verones et al., 2020). Because of the direct applicability to land-use
data, this method has been used in various global impact assessments,
for example to address consumption-based land-use impacts along
global value chains (Chaudhary and Brooks, 2019; Chaudhary and
Kastner, 2016; Marques et al., 2019), to quantify impacts of different
land-use intensities (Chaudhary and Brooks, 2018), or to use it in com-
bination with other impacts for estimating human footprints (Verones
et al., 2017b).

However, the c-SAR considers impacts of habitat conversion only,
neglecting other land-use impacts that may also negatively affect biodi-
versity, such as habitat fragmentation (Kuipers et al., 2019b). The
species-fragmented area relationship (SFAR) (Hanski et al., 2013) is a
SAR variant that considers habitat fragmentation through themetapop-
ulation capacity (Hanski and Ovaskainen, 2000). Larrey-Lassalle et al.
(2018a, 2018b) combined the c-SAR with the SFAR to develop a set of
characterisation factors (CFs) for land-use impacts on birds in
ecoregions covering forest biodiversity hotspots (n = 283). However,
the metapopulation capacity requires population-specific information
for scaling the effect of fragmentation on immigration, emigration, and
extinction rates (Hanski and Ovaskainen, 2000), restricting the applica-
bility of this method across regions and taxa, as such data is not broadly
available.

Another approach for considering both habitat conversion and frag-
mentation in SAR models is to incorporate the equivalent connected
area (ECA) concept (Saura et al., 2011), as proposed first by Garcia-
Ulloa et al. (2016). The ECA is ameasure of effectively connected habitat
considering species dispersal distances and permeability of the land-
scape (i.e., matrix) and can be parametrised relatively easily compared
to the metapopulation capacity. Kuipers et al. (2021) developed the
species-habitat relationship (SHR) by integrating the c-SAR and the
ECA to consider both habitat suitability and connectivity in a SAR ap-
proach designed for global applications and showed that neglecting
fragmentation effects may lead to, on average, 9% underestimation of
land-use impacts on non-flying mammals globally.

Here, we present a new set of CFs for land-use (i.e., occupation) and
land-use change (i.e., transformation) impacts on vertebrate species
richness considering the combined effects of habitat conversion and
fragmentation by adopting the SHR and applying it across vertebrate
2

taxa, ecoregions, and land-use types. TheproposedCFs cover 702 terres-
trial ecoregions, four land-use types (i.e., urban, cropland, pasture, and
forestry), and four taxonomic groups (amphibians, birds, non-flying
mammals, and reptiles), based on globally available land-use and spe-
cies data. These CFs can be readily used in impact assessments, e.g., in
LCA or environmentally extended input output analyses (EEIOA).

2. Material and methods

2.1. Impacts on species richness

2.1.1. Species-habitat relationship
SARs denote the relationship between species richness and area and

can be used to estimate change in regional richness due to land-use. The
SHR considers the effects of change in land type suitability and connec-
tivity on species richness by replacing the area variable of the c-SAR by
the ECA (Eq. (1)) (Kuipers et al., 2021).

PDFg,j,reg ¼ 1−
Hg,j

Hg,j,ref

� �zg,j
¼ 1−

∑ihg,i,j � ECAg,i,j

∑ihg,i,j � ECAg,i,j,ref

 !zg,j

ð1Þ

PDF is the potentially disappeared fraction of species in taxon g and
region j, and is the recommended LCAmetric for damage to ecosystems
(Verones et al., 2017a). H is the suitable connected habitat and defined
as the sum of the habitat suitability (h) to taxon g multiplied with the
equivalent connected area (ECA) of all land types in region j (this in-
cludes both natural land cover and anthropogenic land-use types)
(Eq. (2)).

Hg,j ¼ ∑ihg,i,j � ECAg,i,j ð2Þ

h is the habitat suitability of land type i to taxon g in region j, and z is
the SHR slope for taxon g and region j (Pereira andDaily, 2006). The ECA
is the effectively connected area of land type i for taxon g in region j
(Saura et al., 2011). The difference of the ECA in the current and in the
reference (ref) state forms the basis for the change in PDF. The PDF
can be converted to species loss (Sg,j,loss) by multiplying it with the
original number of species in the region (Sg,j).

Land type suitability is defined as theproportion of species of taxon g
occurring in land type i relative to the total number of species (S) of
taxon g in region j, raised to the power 1/z (Eq. (4)) (Chaudhary and
Brooks, 2018; Martins and Pereira, 2017; Pereira et al., 2014).

hg,i,j ¼
Sg,i,j
Sg,j

� �1=zg,j
ð3Þ

The ECA (expressed in unit of area) is the effectively connected area
of land type i for species group g in region j, based on the number and
size (a) of individual patchesm and n of land type i and the probability
of dispersal (p) between each pair of patches m and n (Eq. (4)) (Saura
et al., 2011).

ECAg,i,j ¼ ∑m,nai,j,m � ai,j,n � pg,i,j,mn

� �0:5
ð4Þ

The probability of dispersal is dependent on the least-cost distance
(w) between patches m and n and the median dispersal distance (α)
of the species of taxon g in land type i and region j (Eq. (5)).

pg,i,j,mn ¼ e
−wg,i,j,mn=αg,i,j ð5Þ

The least-cost distance (w) between patches m and n is the matrix-
permeability-weighted length of the route that results in the shortest
distance connecting the two patches (Garcia-Ulloa et al., 2016; Saura
and Pascual-Hortal, 2007). The permeability-weighted length is defined
as the distance (d) travelled through matrix type k multiplied with the
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resistance (r) of the species of taxon g in land type i and region j to this
matrix type (Eq. (6)).

wg,i,j,mn ¼ ∑kdi,j,k,mn � rg,i,j,k ð6Þ

The resistance of the species of taxon g in land type i and region j to
matrix type k is dependent on the overlap of species between land type i
and matrix type k (Eq. (7)).

rg,i,j,k ¼ 1−
Sg,i,j,k
Sg,i,j

ð7Þ

If there is a full overlap between the species in land type i andmatrix
type k, the resistance equals 0, meaning that the matrix can be crossed
without any cost, effectively forming a corridor for dispersal. Thus, rela-
tively permeable matrix types form corridors and so-called “stepping
stones”, increasing patch connectivity (Saura and Pascual-Hortal, 2007).

Compared to the c-SAR, which considers the total amount of habitat
in a landscape, the SHR considers amount and connectivity of habitat
(dependent on the species group) via matrix resistance and least-cost
distances between habitat patches (based on the spatial landscape con-
figuration), species dispersal distances, migration probability between
habitat patches, and sizes of individual habitat patches (Fig. 1). By in-
cluding these components in the calculation of land use CFs, effects of
both change in habitat amount as well as fragmentation are considered.

2.1.2. Global extinction probability
Because of the overlap of species across regions, regional extinctions

do not equate global (i.e., irreversible) extinctions. Only a proportion of
species that become extinct regionally will be extinct globally, based on
species endemism and extinction risk. The global extinction probability
(GEP) addresses the potential contribution of regional species loss to
global species extinctions, considering endemism and the threat status
of the regional species pools (Kuipers et al., 2019a), and can be used di-
rectly to translate regional impacts to potential global impacts (Dorber
et al., 2019) (Eq. (8)).

PDFg,j,glo ¼ PDFg,j,reg � GEPg,j ð8Þ

2.2. Land occupation and transformation characterisation factors

Land-use CFs attribute regional impacts on species richness to the
per-area effects of several land-use types. In LCA, land-use impacts are
differentiated by land occupation (land-use) and land transformation
(land-use change) impacts. Land occupation CFs indicate the PDF/m2

of land-use type i. Land transformation CFs are time-integrated impact
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Fig. 1. Diagram of the species-habitat relationship (S
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factors (PDF·years/m2 of land-use type i) considering the regeneration
time after a land-use pressure is released (Curran et al., 2016; Milà i
Canals et al., 2007). The CFs can be calculated for both regional extinc-
tions by using the damage function of Eq. (1), or for global extinctions
by using the damage function of Eq. (8).

Land-use CFs typically comprise three aspects: i) a regional impact
indicator (calculated by the damage function in Eqs. (1) or (8)), ii) a
conversion factor for per-area land use impacts, and iii) a distribution
factor to attribute the impacts to the various land-use types. There are
two approaches for converting the regional impacts to the regional
per-area impacts of land-use: the average and marginal approach
(Fig. S4.1) (Huijbregts et al., 2011). The marginal approach is recom-
mended only for assessingmarginal (i.e., small) changes to the environ-
ment, whereas the average approach is recommended for assessments
at larger scales (Jolliet et al., 2018).

2.2.1. Average characterisation factors
Using the average approach, occupation CFs are calculated by divid-

ing the impact indicator by the total regional amount of land-use and
multiplying this with the land-use distribution factor (Eq. (9) and
Fig. S4.1) (Chaudhary et al., 2015; de Baan et al., 2013b).

CFg,i,j,occ,avg ¼ PDFg,j � Alu,j
−1 � qg,i,j ð9Þ

Here, PDF is the impact indicator for taxon g in region j, A is the total
area of all land-use types combined (lu), and q is the distribution factor
for attributing the impacts on taxon g in region j to land-use type i.

The distribution factor is dependent on the area (A) weighted by the
suitability of land-use type i to the taxon g in region j, relative to the total
suitability weighted area of the land-use types (Eq. (10)) (Chaudhary
et al., 2015; de Baan et al., 2013b). Relatively high impacts are attributed
to land-use types with a high proportion of the total land-use area and
low suitabilities to the regional species pool.

qg,i,j ¼
1−hg,i,j

zg,j
� � � Alu,j

∑i lu½ �Ai lu½ �,j � 1−hg,i lu½ �,j
zg,j

� � ð10Þ

Land transformation CFs are calculated by multiplying the occupa-
tion CFs with half the regeneration time (t) of taxon g in land-use type
i and region j (Eq. (11)) (independent of the average or marginal ap-
proach) (Chaudhary et al., 2015; de Baan et al., 2013b).

CFg,i,j,tra ¼ CFg,i,j,occ � 0:5tg,i,j ð11Þ
 habitat 
s1,4

(h) Species 
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habitat 
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Table 1
Relationships between bird andmammal bodymass (b, in grams) and natal dispersal dis-
tance (D, in meters).

Taxon Carnivorous Non-carnivorous

Birds D ¼ 12
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:1 � 105b1:13

p
D ¼ 12

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3:7 � 104b

p
Mammals D ¼ 40

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3:8 � 102b1:13

p
D ¼ 40

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5:4 � 101b

p
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2.2.2. Marginal characterisation factors
Instead of calculating the average per-area impacts of land-use, the

marginal approach considers the effects of marginal change in land-
use (Fig. S4.1). This is achieved by taking the partial derivative of the
damage function (Eq. (1)) by the change in suitable connected habitat
(Eq. (12)) (Chaudhary et al., 2015; de Baan et al., 2013b). Change in suit-
able connected habitat can be defined as the difference between current
suitable connected habitat and the suitable connected habitat in the ref-
erence state as ΔHg, j = Hg, j, ref − Hg, j.

∂PDFg,j
∂ΔHg,j

¼ Hg,j,ref
−1 � zg,j �

Hg,j

Hg,j,ref

� �zg,j−1

ð12Þ

To convert themarginal impacts of land-use type i to the impacts per
m2, themarginal damage function (Eq. (12)) is multipliedwith the con-
version factor converting change in suitable connected habitat. To attri-
bute the impacts across the land-use types the per-area impacts are
multiplied with the land-use distribution factor (q; Eq. (13)), identical
to the distribution factor used in the average approach (Eq. (10)).

CFg,i,j,occ,mar ¼
∂PDFg,j
∂ΔHg,j

� ΔHg,j

Alu,j
� qg,i,j ð13Þ

Marginal transformation CFs are calculated by multiplying the mar-
ginal occupation CFs with half the regeneration time (t) of taxon g in
land-use type i and region j (Eq. (11)).

2.2.3. Aggregated characterisation factors
Regionally and land-use-specific taxon-aggregated (g) CFs are calcu-

lated as the average over the regional land-use CFs across the taxa
(Eq. (14)) (Verones et al., 2015). This means that each taxon receives
equal weight, independent of the number of species within each taxon
present in the region.

CFg,i,j ¼ ∑N
g CFg,i,j � Nj

−1 ð14Þ

Here, CF is the taxon, land-use type, and regionally specific charac-
terisation factor and N is the number of taxa present in the region.

To ease application in country-based impact assessments, the
ecoregion-level characterisation factors are also aggregated to the coun-
try level as the average CFs weighted by the ecoregion (j) area (A)
shares per country (u) (Eq. (15)).

CFg,i,u ¼ ∑jCFg,i,j �
A j,u

Au
ð15Þ

2.3. Model parametrisation

Local impacts (affinities at 5′ grid scale) are upscaled to ecoregional
impacts via the SHR. Characterisation factors are calculated at the
ecoregion-level. Terrestrial ecoregions are biogeographical units that
are relatively homogeneous in their vegetation and species pool
(Olson et al., 2001). The proposed CFs cover 702 of the 825 terrestrial
ecoregions based on available land-use and species data as CFs cannot
be calculated for ecoregions absent of land-use or species data points.
We derived taxon-, region-, and scale-dependent slopes (i.e., z values)
for the SHR from Storch et al. (2012) (Table S1.2).

Land-use and land cover data in each ecoregion was based on the
GLOBIO 2015 land use map (Schipper et al., 2020). To reduce computa-
tion times and in line with other global land-use impact assessments
(Chaudhary et al., 2015, 2016; Marques et al., 2019; Verones et al.,
2017b), the GLOBIO 2015 map was resampled from a resolution of 10″
(300 m) to 5′ (9 km) based on the modal values. Furthermore, the
4

GLOBIO 2015 land cover and land-use types were aggregated to eight
major land types. Four of these are natural land cover types (forests,
grasslands, deserts, and rock and ice) and four of these are anthropo-
genic land-use types (urban, cropland, pasture, and forestry). The
GLOBIO “light pasture” landcover class was replaced by the original
European Space Agency Climate Change Initiative land cover (ESA,
2017) as this class indicates natural habitat that is used mainly for ex-
tensive grazing (Alkemade et al., 2013) and is not appropriate for aggre-
gationwithmore intensive pastural practices. The area and ECA of these
land types per ecoregion can be found in the Supporting Information
(Tables S1.4 and S1.5, respectively).

The reference land cover map, used for the ECA in the reference
state, indicates the land cover absent of human land-use. This reference
state land covermap is based on the current GLOBIO 2015 land-usemap
with all land-use cells replaced by original natural land cover as defined
by the ISLCSP II Potential Natural Vegetation Cover map (Gallego-
Zamorano et al., 2020; Ramankutty et al., 2010).

The taxon- and regional-specific land type suitability and matrix
permeability values were derived from the regional number of species
occurring in the land and matrix types. These regional land and matrix
type-specific species numbers were obtained from species range maps
and habitat occurrences documented by the International Union for
Conservation of Nature (IUCN) covering 6490 amphibian species,
11120 bird species, 4179 non-flying mammal species, and 4923 reptile
species (IUCN, 2020) (Tables S1.1 and S1.3).

Themedian dispersal distance of the taxon-, land type, and regional-
specific species group (i.e., species of taxon g in region j that occur in
land type i) was defined as the median of the natal dispersal distances
of all individual species within this group. Bird and non-flyingmammal
dispersal distances were estimated from reported relationships be-
tween body mass (b), home range, and natal dispersal distance
(Table 1) (Bowman, 2003; Bowman et al., 2002; Hilbers et al., 2016).
Bats (Chiroptera) were excluded from the mammal analysis because of
the uncertainty regarding the dispersal behaviour of this mammal
order compared to other mammals. Bird and mammal body masses
were extracted from the EltonTraits 1.0 database covering 9994 birds
and 3696 (non-flying) mammals. The estimated median dispersal dis-
tances of the bird and mammal species groups per region and land
type can be found in the Supplementary Information (Table S1.6 and
Fig. S4.2).

There are no general allometric relationships available for the dis-
persal of reptiles and amphibians. Due to this data limitation and con-
sidering the land cover cell resolution of 9 km and the reported small
dispersal distances for amphibians and (terrestrial) reptiles (Cushman,
2006; Smith and Green, 2005; Southwood and Avens, 2010; Trochet
et al., 2014) we adopted the conservative assumption that amphibians
and reptiles are unable to disperse over a distance of more than 9 km
through unsuitable landcover, making themmore susceptible to habitat
fragmentation effects.

The GEP per taxon and ecoregion was extracted from Kuipers et al.
(2019a) (Table S1.7) and can be applied directly to the regional impacts
in this study to translate regional extinctions into potential global ex-
tinctions.

The taxon-, land-use type-, and regional-specific regeneration times
for calculating the land transformation CFs were extracted from
Chaudhary et al. (2015) (Table S1.8) (Curran et al., 2014).
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3. Results

Themain result is the set of CFs for land occupation and transforma-
tion impacts on regional and global vertebrate species richness. We
present taxon-specific (i.e., amphibians, reptiles, birds, and non-flying
mammals) and taxon-aggregated characterisation factors using an av-
erage and marginal approach on the ecoregion (Tables S2.1–2.8) and
country level (Tables S3.1–3.8). We were able to calculate taxon-
aggregated characterisation factors for global impacts of at least one of
the land-use types (i.e., urban, cropland, pasture, and forestry) for 702
of the in total 825 terrestrial ecoregions based on available land-use
and species data. Correspondingly, we were able to calculate country-
level impacts for 238 of the 257 countries listed by Eurostat. Here, we
present the results of the average CFs at the ecoregion-level. Further-
more, here we focus on taxon-aggregated CFs rather than taxon-
specific CFs. Average and marginal CFs, as well as taxon-specific and
taxon-generic CFs for ecoregions and countries, can be found in the Sup-
plementary Information (Tables S2.1–2.8 and S3.1–3.8).

CFs indicating regional and global land-use impacts varied on aver-
age by four orders of magnitude across the land-use types and regions
(Fig. 2). Global CFs were generally three orders of magnitude smaller
than regional CFs, suggesting that on average every 1000 regional spe-
cies disappearances result in one global species extinction. Landoccupa-
tion and transformation CFs have similar distributions (Fig. 3).

CFs indicating regional land-use are highest in the northern hemi-
sphere (Fig. 3a–b), reflecting the relationship between the extent of
human land-use (Fig. S4.1) and the resulting effects of habitat conver-
sion and fragmentation on regional vertebrate species richness. The spa-
tial distribution of land transformation effects largely reflects the
distribution of the land occupation effects, although the generally larger
regeneration times in the northern hemisphere emphasize high impacts
in the regions north of the equator.

CFs indicating use impacts on global species richness are generally
highest in the subtropics (Fig. 3c–d), reflecting species-rich regions
0
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Fig. 2. Distribution of taxon-aggregated land occupation characterisation factors (per
region and land-use type) for global and regional impacts (characterisation factors are
distributed over a logarithmic scale). The darker colour indicates overlap between the
distribution of the global and regional characterisation factors. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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(Table S1.1) and vulnerabilities of species-communities characterised
by the presence of endemic species (e.g., on tropical islands). Conse-
quently, per-area impacts of land-use on global species richness are
projected to be highest in ecoregions located in Oceanic, Indomalayan,
Neotropic, and Australasian realms (Fig. 4).

The country-aggregated characterisation factors reflect the spatial
pattern of the ecoregions (Fig. 5), highlighting per-area impacts of
land-use in tropical and insular countries (e.g., Sri Lanka and the
Philippines) whereas lower per-area impacts of land-use are expected
at higher latitudes (e.g., Canada and Scandinavia), or in arid countries
(e.g., Egypt and Libya).

The magnitude of the impacts of the different land-use types largely
depends on the suitability of the land-use types to the regional species
community. There is a large variation in species community responses
to these land-use types between the regions (Fig. S4.5), revealing no ob-
vious general distinction between the per-area impacts of each land-use
type. (Fig. 6).

CFs calculated by the marginal approach are systematically higher
than those calculated by the average approach (as illustrated by
Fig. S4.1). However, the difference between the two methods is gener-
ally small and only becomes substantial if a large proportion of the nat-
ural land has been modified by human land-use.

Comparing the CFs calculated by the SHR with CFs calculated with
the traditional c-SAR (not considering fragmentation effects) on a re-
gional basis reveals that the SHR generally predicts higher per-area im-
pacts of land-use than the c-SAR (a median relative difference of +9%).
On the aggregate level, the CFs calculated by the SHR have a similar dis-
tribution as the CFs calculate by the c-SAR, but the set of CFs calculated
with the SHR containsmore large CFs than the c-SAR. This is reflected by
the shift to the right of SHR CFs in Fig. 7. Per region, the SHR does not
systematically calculate higher impacts than the c-SAR because the
SHR also considers fragmentation of the natural land types in the refer-
ence state, meaning that the c-SAR and SHR have different reference
states.

There is no biogeographical bias in SHR CFs predicting higher im-
pacts as habitat change is the dominant factor explainingdifferences be-
tween c-SAR and SHR CFs. SHR predicts higher impacts if
i) fragmentation effects contribute to the total land use impacts and ii)
the landscape has become increasingly fragmented. The c-SAR predicts
higher impacts if habitat connectivity remained unchanged or in-
creased. Comparing c-SAR- and SHR-based cropland occupation CFs
for impacts on global species richness shows that in most ecoregions
the SHR predicts higher impacts (n = 454, c-SAR predicts higher im-
pacts in 193 ecoregions; Fig. 8). This implies that most ecoregions
have become increasingly fragmented.
4. Discussion

CFs were calculated for ecoregions (and countries) where land-use
data was available at a resolution of 5′ (9 km). To assess potential
land-use impacts in regions for which no CFs could be developed we
suggest using CFs of neighbouring and comparable regions. Further-
more, CFs could only be calculated for regions with species data points
present. Regional species data was obtained from the IUCN range
maps, IUCN habitat occurrence documentation (IUCN, 2020) and ge-
neric species body mass data (Wilman et al., 2014). For this reason,
only terrestrial vertebrate species were assessed as the distribution
and habitat occurrences of other terrestrial species (e.g., plants or in-
sects) are not globally available. To calculate CFs for amphibians and
reptiles we assumed, despite the uncertainty and global unavailability
regarding their dispersal distances, and based on the little available
data (Cushman, 2006; Smith and Green, 2005; Southwood and Avens,
2010; Trochet et al., 2014), that they would not disperse over distances
of 9 km or more. This means that the CFs potentially overestimate frag-
mentation effects on amphibians and reptiles.



Fig. 3. Taxon aggregated (average) characterisation factors for croplands as an example. a) occupation impacts on regional species richness, b) transformation impacts on regional species
richness, c) occupation impacts on global species richness, and d) transformation impacts on global species richness (logarithmic scales). Gray signifies nodata, this can indicate absence of
cropland in these regions, or missing species data. These figures for urban, pasture, and forestry land-use can be found in the Supplementary Information (S4.2–4.4).

Afrotropic

Antarctic

Australasia

Indomalay

Nearctic

Neotropic

Oceania

Palearctic

1e−16 1e−14 1e−12

CFglo,occ,avg [PDF/m2]

Fig. 4. Taxon-aggregated (average) characterisation factors (CFs) for land occupation
impacts (across the land-use types) on global species richness (logarithmic scale). The
dashed line indicates the global mean.
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The CFs varied several orders of magnitude across the ecoregions
and land types indicating that the per-area impacts of land-use can be
very different from region to region, emphasizing the importance of
regionalised land-use impact assessments (Chaudhary et al., 2016). Fur-
thermore, although the responses to the various land-use types were
differentwithin the regions, the responses to the land-use types differed
across the regions, further stressing that regionalised impact
Fig. 5. Cropland (average) occupation characterisation factors for impacts on global
species richness on the country-level.
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assessments are important to adequately characterise land-use impacts
at the global scale.

Per-area impacts of land-use were highest in the northern hemi-
sphere where much of the natural habitat has been converted into
human land-use types. The SAR predicts progressively increasing per-
area impacts of land-use change if the proportion of remaining natural
habitat diminishes (illustrated by the pressure-response curve in
Fig. S1) (Pereira and Daily, 2006). The relative magnitude of land-use
impacts on global species richness, however, shifts toward regions at
lower latitudes characterised by high species richness and higher pres-
ence of endemic species. Per-area impacts of land-use on global species
richness are especially high in tropical islands. Hence, in these regions,
sustainable land-use management will be of the utmost importance to
balance land-use practice with biodiversity preservation.

The difference between CFs calculated by the average and marginal
approach become increasingly apparent as the proportion of remaining
natural habitat decreases with higher per-area impacts calculated by
the marginal approach compared to the average approach. Whereas
CFs calculated by the average approach reflect the cumulative per-
area impacts of land-use practices up to the current situation, CFs calcu-
lated by the marginal approach reflect potential additional per-area
0.0
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Fig. 7. Density plots of the distribution of taxon-aggregated (average) land occupation
characterisation factors (CFs) for impacts on global species richness calculated using the
countryside SAR (c-SAR) and species-habitat relationship (SHR) (logarithmic scale on
the x-axis). Across the ecoregions, characterisation factors calculated by the SHR are a
median of 9% higher than the characterisation factors calculated by the c-SAR.
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impacts of land-use compared to the current state (Huijbregts et al.,
2011). The choice between a marginal or average approach depends
on the intended purpose of the LCA (Huijbregts et al., 2011).When com-
paring LCA impacts, it is important that impacts based on average CFs
are compared to other impacts calculated with average CFs only and
that impacts based on themarginal approach are compared to other im-
pact based on the use of marginal CFs.

The SHR is a SAR variant that replaces the area variable (A) in the c-
SAR with the ECA. Whereas the area (A) in the c-SAR reflects the total
amount of area of a specific land type, the ECA reflects the effectively
connected area considering the spatial configuration of the landscape
and the matrix permeability for and the median dispersal distance of
the species group occurring in the land type. The ECA is per definition
equal to or smaller than the total area of a certain land type. Conse-
quently, the SHR considers change in both area and connectivity of the
landscape. This leads to different results compared to the c-SAR as
apart from the total area, the connectivity of land types also changes. Be-
causewe also considered natural fragmentation of the naturalmosaic of
land cover types (i.e., forests, grasslands, deserts, and rock and ice), the
reference states are different in the c-SAR and SHR. This implies that the
SHR does not systematically predict higher impacts than the c-SAR, al-
though it most often does as fragmentation is generally more extreme
Fig. 8. Percentage change between taxon-aggregated (average) cropland occupation
characterisation factors (CFs) for impacts on global species richness calculated using the
species-habitat relationship (SHR) relative to the countryside SAR (c-SAR). Negative
values (purple) indicate SHR CFs that are lower compared to c-SAR CFs and positive
values (green) indicate SHR CFs that are higher compared to c-SAR CFs. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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in partially human-modified landscapes compared to completely natu-
ral landscapes.

Many global land-use assessments (Chaudhary and Brooks, 2018,
2019; Chaudhary and Kastner, 2016; Marques et al., 2019; Verones
et al., 2017b) based their approach on the c-SAR approach proposed
by Chaudhary et al. (2015). We followed the same logic for calculating
CFs as Chaudhary et al. (2015), but apart from using the SHR instead
of the c-SAR there are also differences in the parametrisation of the
model's variables, as explained below.

First, Chaudhary et al. (2015) based the habitat suitabilities (h) on
local species data collected by de Baan et al. (de Baan et al., 2013a).
Later, Chaudhary and Brooks (2018), used local data from the
PREDICTS database (Hudson et al., 2017) to estimate habitat suitabilities
to different land-use types and intensities. Because this data is not avail-
able across all taxonomic groups, regions, and land-use types, we used
species-specific habitat occurrences documented by the IUCN (IUCN,
2020) (Tables S1.1 and S1.3). This approach is consistent across the tax-
onomic groups and regions, but it does not consider locally specific re-
sponses to land-use types.

Second, we differentiated various broad natural land cover types
(i.e., forests, grasslands, deserts, and rock and ice) and calculated the
habitat suitability of these types to the regional species community
(Tables S1.4 and S1.5). Chaudhary et al. (2015), did not differentiate be-
tween natural land cover types and treated all natural land cover as one
typewith a habitat suitability of 1 (i.e., 100%of the regional species com-
munity occurs homogeneously across the natural land cover). By differ-
entiating between natural land cover types, it matters whether suitable
natural land cover or relatively unsuitable land cover is converted into
human land-use types whereas this is not considered when the natural
land cover types are undifferentiated. Thismeans that the spatial config-
uration of the reference state is relevant in the approach proposed here
because the original land cover types have different habitat suitabilities.
If the habitat suitability would be 1 for all natural land cover types, the
suitability-weighted area in the reference state would equal the size of
the region.

Third, Chaudhary et al. (2015) used three SAR slopes (z values for
forest, non-forest, and island ecoregions) for the ecoregions based on
a meta-analysis from Drakare et al. (2006). Nevertheless, besides
being dependent on evolutionary histories, SAR slopes are dependent
on the scale of analysis with generally steeper slopes for larger regions
(Martins and Pereira, 2017; Pereira and Daily, 2006; Storch et al.,
2012). As ecoregion sizes differ substantially, we instead adopted
taxon-, continent-, and scale-dependent SAR slopes from Storch et al.
(2012) (Table S1.2).

Fourth, instead of combining the GlobCover (Bontemps et al., 2011)
and Anthromes (Ellis et al., 2010) land classification maps, we used the
GLOBIO4 land classification map for consistency.

Fifth, instead of using so-called vulnerability scores (Verones et al.,
2015) to translate impacts on regional species richness into impacts
on global species extinctions we used the GEP (Kuipers et al., 2019a),
which is suitable for the direct application to relative species richness
impact indicators such as the PDF.

Finally, because the SHR replaces area in the c-SARwith ECA, thefirst
derivative of the SHR curve is calculated for the change in ECAweighted
by habitat suitability for the calculation of CFs using the marginal ap-
proach. To calculate the marginal CFs per-area land-use, the marginal
impacts by change in ECA need to be converted to themarginal impacts
by change in area. Here, this is addressed by considering the effect of
change in land-use area on the change in ECA (Eq. (13)).

5. Conclusion

Land-use affects biodiversity by converting and fragmenting natural
habitat, reducing the viability of the natural species community
(Bartlett et al., 2016; Crooks et al., 2017; Haddad et al., 2015; Newbold
et al., 2015). Impact assessments provide valuable insight into these
8

pressure-response relationships and standardised decision-support
tools, like LCA, inform where high impacts can be expected and which
processes and pressures contribute to these impacts (Hellweg and
Mila i Canals, 2014). For example, LCA may support decision-making
in land-use planning and management by doing scenario assessments
for production alternatives.

We propose a new set of characterisation factors that can be readily
used in impact assessments like LCIA or EEIOA (Marques et al., 2019) to
more accurately assess land-use impacts on biodiversity by considering
the combined effects of habitat conversion and fragmentation. These
land-use characterisation factors allocate higher vulnerabilities to
fragmented regions, or to regions hosting a species community vulner-
able to habitat fragmentation. Consequently, when used for the devel-
opment of conservation strategies, regions that are vulnerable because
of the combined effects of habitat conversion and fragmentation will
be highlighted.

As more data on species dispersal distances, especially for amphib-
ians, reptiles and flying mammals, becomes globally available, the
model's parametrisation can be refined. Similarly, as comprehensive
and spatially explicit data on regional and habitat-specific species oc-
currences becomes available for taxa other than the four vertebrate
groups addressed here, the set of characterisation factors can be ex-
panded to cover a broader range of species. Until then, the taxon-
aggregated characterisation factors can function as a proxy for land-
use impacts.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.149737.
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