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11.1. Areas of protection and environmental mechanisms covered

The method is based on the UNEP-SETAC guideline on global land use impact assessment on
biodiversity in LCA (Koellner et al. 2013a) concerning the area of protection of ecosystem quality. The
approach proposed by Chaudhary et al. 2015 using countryside species-area relationship (SAR) is used
for calculating ecoregion specific marginal and average characterization factors (CFs) for biodiversity
loss for both land occupation and transformation.

Description of impact pathway

Land use is a main driver of global biodiversity loss (MAS 2005). Within a product’s life cycle, the land
use impacts can represent a significant portion of their total environmental burden, e.g. for forestry
and agriculture based products. Two types of land use interventions are usually considered in life cycle
inventories and impact assessments; land transformation (also called land use change) and land
occupation (Mila i Canals 2007). During transformation, the land is modified to make it suitable for an
intended use, such as deforesting to make space for agriculture. During land occupation, land is used
in the intended productive way (e.g. agriculture) and the land cannot develop towards a “natural
reference state” (i.e. the regrowth of forest is avoided). The land use impacts result from both land
transformation (because the ecosystems characteristics are changed) and land occupation (because
ecosystem quality is kept at a different level than its natural state). As biodiversity shows a strong
spatial heterogeneity and responds differently to land transformation and occupation in different parts
of the world, aregionalized assessment is required (Koellner et al., 2013a).

Modeling the ecosystem quality damage due to land use impact on biodiversity is done in four steps
(see Figure 11.1). In the first step relative changes in species richness is calculated by comparing the
local species richness of different land use types with the (semi-)natural regional reference situation
(de Baan 2013b, Koellner 2013a). A global literature review was carried out to select studies that report
such comparisons. Data from existing databases such as GLOBIO (Alkamade et al. 2010), or the Swiss
biodiversity monitoring (BDM 2004) were also imported. Differences across land use types,
biogeographic regions (i.e. biomes) and species groups were statistically analyzed. Based on these
data, damage scores (so called local characterization factors) for six land use types and five taxa in
different biomes were calculated.

In the second step, above local CFs are fed into the ‘Countryside species area relationship model’ to
calculate species extinctions due to land use. The model predicts the absolute loss of species for each
of the five taxa and provides the regional characterization factors (CFs) in the unit ‘regional species
lost per unit of land occupied or transformed’ in 804 terrestrial ecoregions.
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However, the CFs calculated using SAR treat all species equally, whether the species present in an
ecoregion are critically threatened or widely distributed. In the third step, these CFs are weighted with
vulnerability scores (Verones et al. 2013) of each species present in a particular region to derive
weighted CFs in the unit ‘global species eq. lost per unit of land occupied or transformed’ in 804
terrestrial ecoregions. The CFs calculated in step-2 using SAR and without vulnerability scores are
referred to as unweighted CFs.

Finally, in step-4, the modelled species lost for each taxon are aggregated using Eq. 1.3 (chapter 1), to
derive the ecosystem quality loss in the final endpoint unit- global fraction of potentially disappeared
species (PDF). The impact pathway is described in figure 11.1 and equations 11.1 — 11.12. The detailed
methodology is explained in Chaudhary et al. 2015.
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Figure 11.1: Cause-effect chain for ecosystem quality impacts caused by land use and the modeled impact pathway
(following ILCD). Land transformation and land occupation causes physical changes to flora and fauna locally, which leads
to an altered species composition and species richness on the occupied land itself. If too much suitable habitat is lost, this
leads to species extinction on regional or global scales, which in turn negatively affects ecosystem quality. The unit of
corresponding biodiversity damage at each step is also shown. PDF is potentially disappeared fraction.



Description of all related impact categories
This impact pathway addresses biodiversity loss and, thus, changes in ecosystem quality.

Methodological choice

Two different sets of CFs are available: (1) marginal CFs, which are typically used in LCA to address
impacts of additional land use and (2) average CFs, which are used to assess total impacts of land use
within a region.

In ecological and conservation studies, the use of models describing species-area relationships (SARs)
is common to predict biodiversity impacts resulting from habitat loss in terrestrial systems (Brook et al
2003). The classic SAR model (Arrhenius 1921) is the most commonly used model and defines species
richness as a power function, S = cA?, where A is the area, S is the number of species, and c and z are
parameters depending on the taxonomic group, region under study, sampling scale and regime
(Rosenzweig 1995). This approach of assessing extinction risk is based on the assumption of a binary
landscape of either habitat (such as an old-growth forest) or non-habitat (e.g., farmland). In other
words, it assumes that the human-dominated areas, such as agriculture and forestry, are totally hostile
to biodiversity (Pereira et al. 2012). Therefore, the model has been criticized for overestimation of
extinction risk (He & Hubbel 2011). There is a growing recognition that that the human-modified
habitats also play an important role in the conservation of biodiversity (Karp et al. 2012). It has been
recognized that while some species are highly sensitive to habitat loss and only occur in native habitats,
many other species show partial or total tolerance to human-modified habitats, and still other species
even benefit from the conditions found in human-modified habitats (Barlow et al. 2007; Proenca et al.
2010).

Alternative models that account for habitat heterogeneity have been proposed to assess patterns of
species richness in multi-habitat landscapes. The matrix SAR model is one such example where the
matrix effects (i.e., the habitat provided by human-modified land) are incorporated into the SAR by
calibrating the z value of the power model accounting for taxon-specific sensitivity to each land use
type within a heterogeneous landscape (Koh and Gouzoul 2010). However, the matrix SAR model
predicts that no species will survive if all natural habitat within a region disappears. It predicts very
high rates of extinction as the natural undisturbed area within a region tends towards zero. This model
outcome is unrealistic for some species which survive in human-modified habitat as well (de Baan
2013b). The countryside SAR model has been proposed as an alternative to matrix SAR, recognizing the
fact that species adapted to human-modified habitats also survive in the absence of natural habitat
(Pereira & Daily 2006). Here, we use the countryside SAR because it is known to outperform both the
matrix-calibrated SAR and classic SAR models as shown by Pereira et al. 2014 for projecting tropical
bird extinctions.

We first calculate regional CFs using the countryside SAR for five taxa (mammals, birds, reptiles,
amphibians, and vascular plants) and six land use types (annual crops, permanent crops, pastures,
urban, extensive forestry and intensive forestry). Definitions of each of the land use types are taken
from Koellner et al. 2013b. The CFs weighted with vulnerability scores of taxa are then calculated.
Ecoregions are used as spatial units because their boundaries approximate the original extent of
natural ecosystems before major land use changes and distinct communities of species are known to
exist within a given ecoregion (Olson et al 2001).

Spatial detail

The method was applied to 804 ecoregions with varying sizes, resulting in a global coverage. A global
average is not considered meaningful but provided for background processes. Country and continental
averages are provided based on the share of ecoregions within them.



11.2. Calculation of the characterization factors at endpoint level

Unweighted characterization factors using countryside SAR

The countryside species-area relationship (SAR) model predicts the number of species S,,.,, in the
remaining habitat area Anew as a function of the number of species S, occurring in the original
habitat area A, as presented in equation 11.1 (Pereira et al. 2014; Chaudhary et al. 2015; Chaudhary
et al. 2016a). The species are classified into species groups sharing similar habitat affinities (h;) for
different habitats in the landscape, given by equation 11.2.
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Habitat affinities (h;) are a function of CFj,; (local land occupation characterization factor) which is
the relative decrease in species richness (S) between a land use type i and the regional reference
habitat (de Baan et al. 2013a). CFj,.; were available on the resolution of biomes.

The species lost S;,4¢,j,4 Per taxonomic group t due to cumulative land use in an ecoregion j is thus
given for countryside SAR (equation 11.3) by equation 11.3 (Chaudhary et al.2015):
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Equation (11.3) calculates the total number of species lost after conversion of the natural habitat to
the current land use mix (average assessment). This average assessment refers to past conversion of
land and not to future conversions, which would be possible as well using the same equations, if the
land use of a future point in time is known. In the marginal assessment, the impact caused by one
additional m? of land converted from the current land use mix for the production of a product is
calculated. The marginal damage function for the SAR model is given by equation (11.4) as the first
derivative of its average damage function by the area lost (de Baan et al. 2013(b)).
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This regional damage is then allocated to the different land use types i in the ecoregion j according to
their relative frequency p; ; and the local characterization factor CFj,.; j- The allocation factor a; ;
for each land use type i and ecoregion j is given by equation (11.5) (de Baan et al. 2013a):
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Equation 11.5

Regional characterization factors for occupation of each land use type for the average assessment are
calculated by multiplying the species lost per region j with the corresponding allocation factor a; ; and
dividing this by the area occupied by the land use type, A; ; (equation 11.6) (de Baan et al. 2013(b)).
The unit of the CF is Regional species lost/m?.
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Equation 11.6
The regional occupation CFs for marginal assessment are calculated using equation 11.7 as a marginal
loss of species due to a marginal increase in human used area A4, j = 1 m?(de Baan et al. 2013(b)).
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Equation 11.7

For land transformation the regional characterization factors are calculated as a multiplication of
CFreg,occ,t,i,j With half the regeneration time (Koellner et al. 2013a, de Baan 2013a), as shown in
equation 11.8. The unit is Regional species lost*years/m-.

CFtrans,t,i,j =0.5% CFocc,t,i,j * treg,t,i,j
Equation 11.8

To calculate impacts, the CF.g occ is multiplied by the inventory flow of occupation, that is, the land
requirements of a product given in m*-years. The CF,¢g trans is multiplied by the inventory flow of
transformation, that is, the amount of land use change per product in m?. The two impacts can be
summed up into the total regional biodiversity depletion potential (de Baan et al. 2013a) for each
taxonomic group g expressed in the unit Regional species lost*years.

Vulnerability Scores

The vulnerability of the taxonomic groups was quantified with a vulnerability score (VS) as an indicator
for global extinction risk (Chaudhary et al. 2015). The VS is a function of the geographic range (GR) of
each species and a threat level (TL). The latter indicates the degree of threats the species is already
facing, while the former acts as a proxy for potential susceptibility to new anthropogenic threats. This
means that small-ranged and endemic species are considered intrinsically rare.

For each animal species the TL was obtained by linearly rescaling the categories defined by the IUCN
Red List of threatened species. It varies from 0.2 to 1 (0.2-least concern, 0.4-near threatened, 0.6-
vulnerable, 0-8-endangered, 1- critically endangered). The GR (in km?) of each species was obtained
from maps provided by IUCN and Birdlife international.

From GR and TL, the VS were calculated as global maps for each species k in taxon t, and each pixel p
(0.05° x 0.05°) as the area of the respective pixel (RA ) where species k occurs divided by the total
GR of the species (the sum of RAy ,,) and multiplied with T'Ly.

The total VS, ,, of each animal taxon t in a pixel p is obtained by summing values for all species k of that
taxon which occur in pixel p and dividing by the number of species of the taxon present in pixel p (n;,
eq. 11.9). The numerator of the equation 11.9 without the threat level has also been referred to as
“endemic richness” (see Kier & Barthlott 2001 and Kier et al. 2009) or “global biodiversity fraction”
(Waldron et al. 2013).

m TLk " RAk,p
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Equation 11.9



Using ArcGIS 10.2 (ESRI 2013), the individual VS, for all the pixels that occur in an ecoregion j are
used to calculate the VS, ; for that ecoregion for each taxon t (eq. 11.10). n; ; in the equation 11.10 is
actually the original species richness (Syg ¢ j) from equation 11.3.

Yp=1(VSep nep)
VSt,j = n ]
t,j

Equation 11.10

Vulnerability Scores for plants

Vulnerability score for plants are calculated using the approach by Verones et al. 2015 (in preparation).
They used global maps of vascular plant species richness (VPSR; Kreft et al.2007) and species range
equivalents (endemic richness, EVPSRyioregion from Kier et al. 2009) per 10,000 km? for 90 biogeographic
regions. The vascular plant species richness for each biogeographic region (VPSRpioregion) Was first
calculated. The VS was then calculated from Equation 11.11.

VS _ EVPSRbioregion
plants,bioregion —
VPSRbioregion

Equation 11.11

VSpiants is then implemented to the VPSR map on 30 arc minutes resolution. The fraction in equation
11.11 approximates the expression for calculating VS for animal taxa in equation 11.9 by implicitly
assuming that the threat level for all plants is equal to 1. Finally the vulnerability score of plants per
ecoregion are calculated in the same way as for animal taxa (eq. 11.10), i.e. the ratio of threatened
endemic richness to species richness.

VS-weighted Characterization Factors

The unweighted CFs calculated using SARs (equations 11.6, 11.7 and 11.8) for each taxon t per
ecoregion j and land use type i are multiplied by VS of that taxa in that ecoregion (eq. 11.10) to obtain
weighted-CFs (equation 11.12) for both land occupation and transformation.

CFweighted,t,i,j = CFunweighted,t,i,j ’ VSt,j
Equation 11.12

Using the terminology of Kier et al. 2009, the weighted CFs thus gives an estimate of global threatened
endemic richness (of taxa t) lost per unit of land use. In Waldron et al. 2013 words, it will be global
threatened biodiversity fraction lost per unit of land use for the individual taxa t. We denote the units
of weighted CFs as — Global species eq. lost/m? (for land occupation) and Global species eq.
lost*years/m? (for land transformation).

Damage to the area of protection ecosystem quality

The damage to ecosystem quality due to a land use type i in ecoregion j is calculated using equations
11.13 -11.15. The weighted CFs from equation 11.12 for each animal taxa t and plants are multiplied
by factors W, and Wp4n:s respectively. Global potentially disappeared fraction (PDFg;0p4;) is then
obtained by giving equal weighting to plants and animal taxa (see Chapter 1).

1
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Equation 11.14

CFweighted,aggregated,i,j =05- ( CFweighted,t,i,j ’ Wt) + 0.5 (CFweighted,plants,L’,j ’ Wplants)
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Equation 11.15

Here N =4 is no. of animal taxa and S, 14 is the total global species richness of taxa t and is equal to
5,490 for mammals, 10,104 for birds, 9,084 for reptiles, 6,433 for amphibians and 321,212 for plants
(WWF Wildfinder 2006).

VSt woria is the world average vulnerability score for taxa t calculated from species richness
(Sorg,t,j) and vulnerability scores of taxa t per ecoregion j (VS; ;) and divided by their global species
richness S; yor1a4 (see Chaudhary et al. 2015 — equation S7 of supporting information-1 for more details
on calculating taxa-aggregated CFs along with VS, ,,..14).

804
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Equation 11.16
VSt woria is equal to 0.44 for mammals, 0.29 for birds, 0.59 for amphibians, 0.46 for reptiles and
VS piantsworia is €qual to 1.0. We denote the unit of these taxa-aggregated CFs as global PDF/m? for
occupation impacts and global PDF*years/m? for transformation impacts.

World-average CFs

In many LCA studies, the geographic location of land use for background processes is unknown. For
these cases, world average CFs per land use type i and taxa t are obtained by weighting the CF of each
ecoregion by their global area share (Equation 11.17). Also the CFs for some land use types could not
be calculated (denoted by NaN in the excel file) because that land use type didn’t exist in the ecoregion.
For such cases, the world average CF could be applied (in the maps offered on the Webpage this was
not done).

804
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= global

Equation 11.17

Input Data for Model Parameters

The estimates of model parameters were derived from published empirical data and existing
databases. For local characterization factors (CFy, 4 ), data from global reviews conducted by de
Baan et al. 2013b (for all land use types), Elshout et al. 2014 (for agriculture land) and Aronson et al.
2014 (for urban areas) was imported. For z-values (z;), estimates of Drakare et al. 2006 were used by
differentiating between forest, non-forest and island ecoregions. Original species richness (Syrg g,;)
per ecoregion for all taxa were obtained from Olson et al. 2001, Kier et al. 2005 and WWF wildfinder
database. Original natural habitat area (4,4, j), remaining natural habitat area (A, ;), and area per
land use type for all 804 ecoregions (4; ;), were derived from LADA and Anthrome maps (Ellis &
Ramankutty 2010). Data for calculating vulnerability scores (VS ;) was imported from IUCN and
Birdlife international databases. Finally the regeneration times (t,c4 4 ;) calculated by Curran et al.
2014 were used for the calculation of transformation CFs. All the above 8 model parameters were fed
into the countryside SAR model to calculate the CFs using equations 11.1 to 11.12 (see Chaudhary et
al. 2015 for details).



11.3. Uncertainties

We propagated the parameter uncertainty into the characterization factors using Monte Carlo
simulation (1,000 iterations). Triangular probability distribution was assumed for the model
parameters - area estimates and z-values per ecoregion. The local CFs were assumed to have non-
parametric kernel density and the regeneration times were assumed to follow a lognormal distribution
(see de Baan 2013a). Median values along with 95% confidence intervals were calculated for both
weighted and unweighted characterization factors for each of the five taxa per land use type and
ecoregion. Contribution to variance analysis was carried out to assess the influence of each of the
model input parameter on the uncertainty of characterization factors results.

11.4. Value choices

Time horizon

One value choice in the modelling of the land transformation impacts is the time horizon. As explained
in the section 1.5 of framework chapter, the further away in time the impact is, the more uncertain its
value is, (i.e. lower the level of robustness; see equation 1.4). Biodiversity recovery time (t,c4) in a
region following the abandonment of human land use ranges from ~80 years to up to ~1200 years
depending upon the ecosystem, taxa or the prior land use (Curran et al. 2014). We calculated two sets
of transformation CFs. The user can choose between short-term “core” CFs (i.e. those calculated using
the 100 year time horizon cut-off, equation 11.18) or CFs “after 100 years” (i.e. after 100 year time
horizon). The “core” and “after 100y” CF add up to the total extended transformation CFs (calculated
using total recovery times, equation 11.8).

0.5 * CFocc,g,i,j * treg,g,i,j for treg,g,i,j <100
100 = CFocc,g,i,j>

reg.g,i,j

CFtrans,g,i,j =

100 % CFyeegij — 0.5 100 * ( for treg g:; > 100

Equation 11.18
Level of robustness
The modeling pathway for assessing land use impact on biodiversity relies on ecological models
(species area relationship (SAR)) and global datasets and statistical analysis. Therefore, the level of
robustness is high for the whole characterization model. As new datasets come along, the estimates
of input model parameters can be improved, thereby reducing the uncertainty in the final
characterization factors. Further, for the transformation CFs, we provide both the extended CFs and
the core CFs (i.e. t,oy < 100 years). For occupation CFs the time horizon doesn't apply as the impact
is typically occurring in less than 100 years.

11.5. Results

The unweighted and weighted characterization factors (CFs) for land occupation and transformation,
calculated using both marginal and average approach are presented in Excel files for all 804 ecoregions
and 245 countries. In general, the CFs calculated using marginal approach were higher than those with
the average approach, but still within the same order of magnitude. Table 11.1 shows the world
average CFs calculated using equation 11.17 and average approach.

The CFs for different taxa for most ecoregions were within one order of magnitude across different
land use types. The CFs for a particular land use type for a given ecoregion varied by approximately 2
orders of magnitude across five taxa. However, for a given taxa and land use type, the occupation CFs
varied by ~5 orders of magnitude across 804 ecoregions. This underscores the importance of
regionalized impact assessment within LCA.



Table 11.1: World average endpoint CFs calculated using average approach for land occupation and transformation.
Weighted CFs per ecoregion and taxa were first calculated using eq. 11.12. Aggregation across taxa was done using eq.
11.15. CF referring to eq 11.15 are shown in italics. World average values per land use type were finally obtained using eq.
11.17. Mean CFs along with 2.5 & 97.5 percentile values are shown. *

Characterization Factors Annual Permanent Pasture Urban Extensive Intensive
crops crops forestry forestry

Mean 2.1*10% 1.5%1015 1.3*101  2.4*10715 3.7*10°16 1.1*10%

Occupation 2.5% 22,0106 -6.9¥1016  -4.9¥@1076 2.7¥1017  -6.3*1016  -7.1*1076
(PDF/m2)
97.5% | 4.7*1015  4.9*1015  4.2*105  4.9*21075  2.8*107°  4.1*1075

Mean 1.5*1013 1.1*1013 9.0v10*  1.7*1073 2.7*10%4 7.8*1014

Transformation Core 2.5% -3.2*1014 -8.9*10 -7.8*10%  1.7*101 -8.9*10 -1.0*1013
(PDF*year /Im?)
97.5% 3.6*1013 3.6%1018 3.2¥¢101%  3.7*1013 2.1*1013 3.1*1018

Mean 2.5*1013 1.8*1013 1.5%101  2.9*1013 4.2%1014 1.1*1013

Transf. Extended 2.5% -3.0*104 -8.8*1014 -7.7¥10%  2.8*10%° -8.9*1014 -1.0*1013
(PDF*year /Im?)
97.5% 6.6*1013 6.7*1013 5.9*1018  6.8*1013 3.9*1013 5.5%1013

* The complete list of CFs per taxa, per ecoregion and uncertainty ranges are provided in Excel files. Global CFs calculated
using the marginal approach and compatible CFs along with the transformation CFs with high level of robustness scenario
are also provided in online Excel files.

Two sets of CF were calculated: one average (retrospective) and one marginal set of CF. Both sets of
CF did not differ much from each other. It would also be possible to calculate average CF comparing
the current situation to a potential future situation of land use. However, to do so scenarios of future
land conversion would need to be set up, which would be uncertain in itself.

Further, owing to the lack of species richness and geographic range (GR) data in the IUCN database,
characterization factors (CFs) for other species groups such as arthropods, fungi or bacteria could not
be calculated. Once the above data gaps for these species groups are filled through research efforts,
the calculated CFs can be calculated for them.

The input data used to calculate species extinctions through SAR model come with uncertainties and
limitations that should be considered when interpreting the results obtained after applying the CFs
provided in this study. Although using the latest published data for input parameters, the calculated
CFs still have considerable uncertainty and range from positive to negative (Table 11.1). Contribution
to variance analysis showed that the model parameter local characterization factors (CFoc g, ;)
contributed the most to the variance of both occupation and transformation regional CFs (see
Chaudhary et al. 2015 for details). The local CFs were only available at biome level and their values
were assumed to be same for all ecoregions within a biome. More global biodiversity monitoring
surveys or meta-analysis (e.g. Chaudhary et al. 2016b) comparing species richness in human-modified
land with natural/undisturbed land are needed in future to reduce this uncertainty.

Similarly, area parameters also contributed to uncertainty in final CFs. We could only calculate area
share of six broad land use types per ecoregion. As more detailed global land use classification maps
differentiating between management practices (e.g. organic vs. conventional agriculture, dense vs.
vegetated urban etc.) come along, the accuracy of CFs can be improved.

Finally, other aspects of model uncertainty have been addressed in a previous publication such as the
comparison between different SAR models, in particular the matrix and countryside SAR (Chaudhary



et al. 2015). Alternative models could be included in the future, e.g. considering habitat suitability
models (de Baan et al. 2015). However, for the latter, more data is needed before such an approach
can be used on a worldwide scale and for taxa other than mammals.

11.6. References

Alkemade R, van Oorschot M, Miles L, Nellemann C, Bakkenes M, ten Brink B (2009) GLOBIO3: a framework to
investigate options for reducing global terrestrial biodiversity loss. Ecosystems 12 (3):374-390.
Aronson, M.F.J., La Sorte, F.A., Nilon, C.H. et al. (2014) A global analysis of the impacts of urbanization on bird
and plant diversity reveals key anthropogenic drivers. Proceedings of the Royal Society B: Biological

Sciences, 281, 20133330.

Arrhenius, 0. 1920. Distribution of the species over the area. Meddelanden fran K. Vetenskapsakademiens
Nobelinstitut 4:1-6.

Barlow, J., Gardner, T. A., Araujo, I. S., Avila-Pires, T. C., Bonaldo, A. B., et al. (2007). Quantifying the biodiversity
value of tropical primary, secondary, and plantation forests. Proceedings of the National Academy of
Sciences, 104, 18555-18560.

BDM (2004) Biodiversity monitoring Switzerland. Indicator Z9: species diversity in habitats. Bundesamt flr
Umwelt, BAFU. http:// www.biodiversitymonitoring.ch

BirdLife International;Nature Serve. Bird Species Distribution Maps of the World; BirdLife International:
Cambridge, UK and NatureServe: Arlington, USA, 2011.

Brook, B.W., N. S. Sodhi, and P. K. L. Ng. 2003. Catastrophic extinctions follow deforestation in Singapore. Nature
424:420-423.

Chaudhary, A., Verones, F., de Baan, L., and Hellweg, S. (2015). Quantifying Land Use Impacts on Biodiversity:
Combining Species-Area Models and Vulnerability Indicators. Environ. Sci. Technol., 49 (16), 9987-9995.

Chaudhary, A., Pfister, S., & Hellweg, S. (2016a). Spatially Explicit Analysis of Biodiversity Loss Due to Global
Agriculture, Pasture and Forest Land Use from a Producer and Consumer Perspective. Environ. Sci.
Technol., 50(7), 3928-3936.

Chaudhary, A., Burivalova, Z., Koh, L.P., & Hellweg, S. (2016b). Impact of Forest Management on Species
Richness: Global Meta-Analysis and Economic Trade-Offs. Sci. Rep. 6, 23954; doi: 10.1038/srep23954
(2016).

Curran M, Hellweg S, Beck J, Is there any empirical support for biodiversity offset policy? Ecological Applications
24 (4), 617-632,2014.

de Baan, L., Mutel, C. L., Curran, M., Hellweg, S., & Koellner, T. (2013a). Land use in life cycle assessment: global
characterization factors based on regional and global potential species extinction. Environ. Sci. Technol.,
47(16), 9281-9290.

de Baan, L.; Alkemade, R.; Koellner, T. (2013b). Land use impacts on biodiversity in LCA: a global approach. Int. J.
Life Cycle Assess. 18 (6), 1216-1230.

de Baan, L., Curran, M., Rondinini, C., Visconti, P., Hellweg, S., & Koellner, T. (2015). High-resolution assessment
of land use impacts on biodiversity in life cycle assessment using species habitat suitability models.
Environ. Sci. Technol., 49(4), 2237-2244.

Drakare, S.; Lennon, J.; Hillebrand, H. The imprint of the geographical, evolutionary and ecological context on
species-area relationships. Ecol. Lett. 2006, 9 (2), 215-227.

Ellis, E.; Ramankutty, N. Putting people in the map: anthropogenic biomes of the world. Frontiers Ecol. Environ.
2008, 6 (8), 439-447.

Elshout, P. M., van Zelm, R., Karuppiah, R., Laurenzi, I. J., & Huijbregts, M. A. (2014). A spatially explicit data-
driven approach to assess the effect of agricultural land occupation on species groups. The International
Journal of Life Cycle Assessment, 19(4), 758-769.

ESRI. 2013. ArcGIS Desktop, v10.2. Redlands CA, Environmental Systems Research Institute.

Goedkoop, M.; Heijungs, R.; Huijbregts, M.; De Schryver, A.; Struijs, J.; van Zelm, R. ReCiPe 2008 - A life cycle
impact assessment method which comprises harmonised category indicators at the midpoint and the
endpoint level. Available at: http://Icia.wik.is.

He, F.; Hubbell, S. P. Species-area relationships always overestimate extinction rates from habitat loss. Nature
2011, 473 (7347), 368-371.

IUCN, (International Union for Conservation of Nature and Natural Resources). IUCN Red List of Threatened
Species. Version 2012.1. http://www.iucnredlist.org (accessed 26 June 2014).



Karp, D.S., A.J. Rominger, J. Zook, J. Ranganathan, P. R. Ehrlich, and G. C. Daily. 2012. Intensive agriculture erodes
B-diversity at large scales. Ecology Letters 15:963—970.

Kier, G., & Barthlott, W. (2001). Measuring and mapping endemism and species richness: a new methodological
approach and its application on the flora of Africa. Biodiversity & Conservation, 10(9), 1513-1529.

Kier, G., Kreft, H., Lee, T. M., Jetz, W., Ibisch, P. L., Nowicki, C., ... & Barthlott, W. (2009). A global assessment of
endemism and species richness across island and mainland regions. Proceedings of the National
Academy of Sciences, 106(23), 9322-9327.

Kier, G.; Mutke, J.; Dinerstein, E.; Ricketts, T.; Kuper, W.; Kreft, H.; Barthlott, W., Global patterns of plant diversity
and floristic knowledge. J. Biogeogr. 2005, 32, (7), 1107-1116.

Koellner T, Scholz RW (2008) Assessment of land use impacts on the natural environment. Part 2: generic
characterization factors for local species diversity in Central Europe. Int J Life Cycle Assess 13(1):32—-48.

Koellner, T., de Baan, L., Beck, T., Brandao, M., Civit, B., Goedkoop, M., Margni, M., Mila i Canals, L., Miller-Wenk,
R., Weidema, B., Wittstock, B., 2013a. Principles for life Cycle Inventories of land use on a global scale.
Int. J. LCA. Published online March 2012.

Koellner, T.; de Baan, L.; Beck, T.; Brandao, M.; Civit, B.; Margni, M.; Milai Canals, L.; Saad, R.; de Souza, D. M.;
Miiller-Wenk, R. UNEP-SETAC guideline on global land use impact assessment on biodiversity and
ecosystem services in LCA. Int. J. Life Cycle Assess. 2013a, 18 (6), 1188-1202.

Koh, L. P.; Ghazoul, J. A matrix-calibrated species-area model for predicting biodiversity losses due to land-use
change. Conserv. Biol. 2010, 24 (4), 994-1001.

Kreft, H. &. Jetz, W. (2007). Global patterns and determinants of vascular plant diversity. In: Proceedings of the
National Academy of Sciences 104, 5925-5930.

LADA, Mapping Land use Systems at global and regional scales for Land Degradataion Assessment Analysis.
Nachtergaele, F., Petri, M. In LADA Technical Report n.8, version 1.1; UNEP/GEF; 2008.

Milai Canals, L.; Bauer, C.; Depestele, J.; Dubreuil, A.; Knuchel, R.; Gaillard, G.; Michelsen, O.; Mller-Wenk, R.;
Rydgren, B. Key elements in a framework for land use impact assessment within LCA. Int. J. Life Cycle
Assess. 2007, 12 (1), 5-15.

Millennium Ecosystem Assessment (2005) Millennnium Ecosystem Assessment. Ecosystems and human well-
being: biodiversity synthesis. World Resources Institute, Washington.

Olson, D.; Dinerstein, E.; Wikramanayake, E.; Burgess, N.; Powell, G.; Underwood, E.; D’Amico, J.; Itoua, |.; Strand,
H.; Morrison, J.; Loucks, C.; Allnutt, T.; Ricketts, T.; Kura, Y.; Lamoreux, J.; Wettengel, W.; Hedao, P.;
Kassem, K. Terrestrial ecoregions of the worlds: A new map of life on Earth. BioScience 2001, 51 (11),
933-938.

Pereira, H. M., Ziv, G., & Miranda, M. (2014). Countryside Species—Area Relationship as a Valid Alternative to the
Matrix-Calibrated Species—Area Model. Conservation Biology, 28(3), 874-876.

Pereira, H.; Daily, G. Modeling biodiversity dynamics in countryside landscapes. Ecology 2006, 87, 1877-1885.

Pereira, H.M., Borda-de-Agua, L. & Martins, |.S. (2012). Geometry and scale in species-area relationships. Nature,
482, E3—EA4.

Proenca, V. M., Pereira, H. M., Guilherme, J., & Vicente, L. (2010). Plant and bird diversity in natural forests and
in native and exotic plantations in NW Portugal. Acta Oecologica, 36, 219-226.

Rosenzweig ML (1995) Species diversity in space and time. Cambridge: Cambridge University Press.

Schmidt J (2008) Development of LCIA characterisation factors for land use impacts on biodiversity. J Clean Prod
16:1929-1942.

Sgrensen, T. A method of establishing groups of equal amplitude in plant sociology based on similarity of species
content. Biol. Skr. - K. Dan. Vidensk. Selsk. 1948, 5 (1-34), 4-7.

The World Conservation Union. 2010. IUCN Red List of Threatened Species. Summary Statistics for Globally
Threatened Species. Table 1: Numbers of threatened species by major groups of organisms (1996—
2010).

Verones, F., Pfister, S., van Zelm, R., and Hellweg, S. 2015 (in preparation): Biodiversity impacts from water
consumption on a global scale for use in life cycle assessment.

Verones, F., Saner, D., Pfister, S., Baisero, D., Rondinini, C., & Hellweg, S. (2013). Effects of consumptive water
use on biodiversity in wetlands of international importance. Environmental science &
technology, 47(21), 12248-12257.

Waldron, A., Mooers, A. O., Miller, D. C., Nibbelink, N., Redding, D., Kuhn, T. S., ... & Gittleman, J. L. (2013).
Targeting global conservation funding to limit immediate biodiversity declines. Proceedings of the
National Academy of Sciences, 110(29), 12144-12148.

World Wildlife Fund WildFinder: Online database of species distributions, ver. Jan-06; 2006.
http://www.worldwildlife.org/ WildFinder (accessed July 30, 2014).






