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Response to Reviewer’s Comments 
 

We would like to thank the reviewers for the thorough review and comments on our manuscript. In the 

revised version, we did our best to incorporate them and we feel that the manuscript has greatly improved 

as a result. Please see the specific replies to the reviewer comments below.  

Anonymous Referee #1  

Received and published: 30 August 2018  

The manuscript outlines a protocol for comparing models of the impacts of land-use and climate on 

biodiversity and ecosystem services. Intercomparisons of biodiversity and ecosystem services models and 

scenarios is much needed, especially for intergovernmental processes such as the IPBES, other policy 

processes, and conservation interventions. The manuscript outlines a process of comparing 16 spatially-

explicit models for past (up to 900 AD), present (2015) and future (up to 2070) based on 3 scenarios 

(combinations of SSPs and RCPs) and the output variables that can be compared. Overall, biodiversity and 

ecosystem services model intercomparisons are much needed and this manuscript outlines a protocol for 

such intercomparisons for the first time.  

Thank you for your comments.  

Uncertainty is a critical part of models and model intercomparisons as acknowledged in the manuscript 

(section 7). The section on uncertainties, how uncertainty will be assessed within models and across 

models is too brief to be helpful. It would be interesting to better understand what the “comprehensive 

uncertainty analysis based on a variance partitioning approach” would involve. Furthermore, the text 

states that uncertainty of “the models of biodiversity” (P11) will be assessed, but there is no mention on 

how ecosystem services model outputs will be assessed for uncertainty. Both types of models will contain 

uncertainties that require assessment.  

We appreciate this comment. In BES-SIM, uncertainties were reported by each modelling team with 

quantiles, both for biodiversity and ecosystem services where feasible (i.e. models that are able to 

incorporate uncertainty in their structure). Using the outputs provided, we explored intermodel 

uncertainty by calculating the mean and standard deviations across all models. The proposed variance 

partitioning approach is a forward-looking analysis that we aim to produce, but that was not part of the 

first iteration of BES-SIM. Therefore, we removed it from this section and updated the text accordingly. 

Please see page 13 (P13L16-24). 

The section on other input data (section 3.3) should acknowledge the need for additional parameters 

within each model, in particular in ecosystem service models. For example, InVEST requires detailed 

information on parameters/look up tables to allocate the ecosystem service; Madingley has predator-prey 

relationships encoded. Will the default values be used for the intercomparisons or will models be 
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modified? Which versions of the models will be used? Some of this information is provided in Appendix 

1, however more detail could be provided.  

In this protocol manuscript, we documented for each model its key components and any particular 

modifications made for this exercise (Appendix 1 and Table S2). Given the vast amount of technical 

information for each model and this intermodel comparison, we tried to keep the level of technical details 

to the extent of readability of the manuscript. Further details on the parameterization of each model, 

including its default values, can be found in the key publications of each model listed in Appendix 1 of the 

manuscript and a further set of publications being prepared as a special issue in Global Change Biology 

detailing each model. 

Minor comments  

P2L27: ecosystems are a subset of biodiversity as defined by the Convention on Biological Diversity, 

therefore delete “ecosystems” here.  

Corrected. Please see page 2 (P2L29). 

P2L31-32: the statement that land-use change has immediate impacts on biodiversity and ecosystem 

services and impacts of climate change involves time lags is not correct. Both land use and climate 

changes can have immediate and lagged impacts. There is substantial evidence that climate change can 

have immediate impacts (e.g. Wellbergen et al. 2008 Proc Roy Soc B 275: 419-425) and land use impacts 

can be time lagged (e.g. McMichael et al. 2017. Ancient human disturbances may be skewing our 

understanding of Amazonian forests. PNAS 114: 522-527; Jakovac et al. 2016. Land use as a filter for 

species composition in Amazonian secondary forests. J. Veg. Sci. 27: 1104-1116; Graham et al. Graham 

et al. 2017. Implications of afforestation for bird communities: the importance of preceding land-use type. 

Biodiv. Cons. 26: 3051-3071).  

We have used suggested references (Wellbergen et al., 2008; Graham et al., 2017) and revised the 

sentence as follows on page 3 (P2L32-35):  

“Habitat and land-use changes, resulting from past, present and future human activities, as well as 

climate change, have both immediate and long term impacts on biodiversity and ecosystem services 

(Graham et al., 2017; Lehsten et al., 2015; Welbergen et al., 2008).” 

P3L8 Ferrier et al. 2016 missing from reference list, maybe should be IPBES 2016?  

We corrected the reference to IPBES 2016, see for example on page 3 (P3L31).  

P5L21 Need to clarify the difference between RCP7.0 which was used for land-use projections and 

RCP6.0 which is used for other scenario production. Explain why SSP3/RCP7.0 was not used instead of 

the mixed SSP3/RCP6.0+RCP7.0 for land use. Furthermore, Table 5 does not show the use of RCP7.0 for 
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land use, it is shown as RCP6.0; check this is correct.  

The land use dataset used, LUH2, was produced to be consistent with paired RCPs. However, and 

although the SSP3 is associated with RCP7.0 (SSP3xRCP7.0), currently, climate projections (i.e., time 

series of precipitation and temperature) are not available for RCP7.0. Therefore, we chose the closest 

RCP available, which was RCP6.0, and adapted the name of this SSPxRCP combination to SSP3xRCP6.0 

to fit our exercise. We now make this clearer in the text on page 5 (P5L17-20): 

“The SSP3 is associated with RCP7.0 (SSP3xRCP7.0); however, climate projections (i.e., time series of 

precipitation and temperature) are currently not available for RCP7.0. Therefore, we chose the closest 

RCP available, which was RCP6.0, for the standalone use of climate projections and chose SSP3xRCP6.0 

for the land use projections from the LUH2. In this paper, we refer to this scenario as SSP3xRCP6.0.” 

P6L16: spell out ESM at first use.  

ESM is spelled out at its first use on page 4 (P4L5). 

P7L21: Table 2 shows 13 (and not 12) models requiring climate data. Which is correct, text or table?  

Corrected. Please see page 8 (P8L6)  

P10L12-15: reword this sentence, not comprehensible.  

We have rewritten this sentence to increase clarity as follows on page 12 (P12L2-7):  

“The habitat change (H) measures cell-wise changes in available habitat for the species. It is the changes 

in the suitable habitat extent of each species relative to a baseline, i.e., (Ei,t-Ei,t0)/Ei,t0, where Ei,t is the 

suitable habitat extent of species i at time t within the unit of analysis. It is reported by averaging across 

species occurring in each unit of analysis (grid cell, region, or globe), and is provided by the species-level 

models (i.e., AIM-biodiversity, InSiGHTS, MOL) (Table 4).” 

P10L30: “units of the metrics” are not listed in Table 6. Update Table 6 with units, or reword text.  

Thank you for noting this. We now state that units are in Table S3 of the Supplement on page 12 (P12L22-

23). 

P11L3: replace “Additional” with “Additionally”  

Corrected. Please see page 12 (P12L26). 

P11L4: Table 5 does not show the multiple time points from past to future, this information is provided in 

Appendix 1 first table. Note tables in Appendix 1 do not have legends or numbers.  
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Indeed, we now refer to Appendix 1. We have now numbered Appendix 1 table as Appendix 1 Table A1. 

Please see page 34. 

P12L4-5: insert “to” before “the CBD and. . .” and before “other relevant stakeholders”  

The paragraph that contained this sentence has been deleted in response to a comment of the second 

reviewer to avoid the repetition of information from the Introduction.  

P14References: some references included “edited by” information for journal articles, e.g. Harfoot et al 

2014b, Heinimann et al 2017. Check this is in line with the journal reference guidelines. Several 

references are submitted or in preparation, hence make it impossible to fully assess this manuscript.  

Thanks for noting this. We have now corrected all of the references with editors according to the 

Copernicus reference style. We have also updated the publishing status of the four references in 

preparation or submission with a URL link to the preprint where available. Please see for example on 

page 16 (P16L2-4) 

P23-all tables: check carefully throughout. CO2 and m2 should have subscript and superscript “2”s.  

Thank you for noting this. We now have subscripts and superscripts correctly placed, see for example of 

CO2 in Table 1 on page 28.  

P23Table1: Information on RCP6.0 is provided, however as RCP7.0 is used for land use projection, some 

info needs to be provided for RCP7.0 in this table or elsewhere. Information on climate policies is missing 

for RCP6.0. Table legend should read “Sources of land use and climate input data in BES-SIM” as other 

input data are used in all models (see later Tables).  

Please see our reply to the reviewer’s comment P5L21. Further, we added the missing information 

regarding “climate policies” in RCP6.0 in Table 1 on page 28. We have also modified the caption of 

Table 2 as suggested on page 29. 

P26Table4: better explain “alpha and gamma metrics”.  

In Section 5 Output metrics, we now provide definitions to alpha (α) and gamma (γ) metrics as follows on 

page 11 (P11L18-20): 

“These metrics were calculated at two scales: local or grid cell (α scale, i.e. the value of the metric within 

the smallest spatial unit of BES-SIM which is the grid cell) and regional or global (γ scale, i.e. the value of 

the metric for a set of grid cells comprising a region).” 

P32: Scholes et al. 2005 reference is missing in reference list  
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We added Scholes and Bigg 2005 reference to the list. Thank you for your note. 

P34: spell out PFTs at first use (and all other acronyms throughout, e.g. GIS on P36, etc.)  

All acronyms are now spelled out at their first use in Appendix 1, see for example on pages 36 and 38. 

P37: PCR-GLOBWB is missing from the list of acronyms  

We have now added it to the list of acronyms in Appendix 2 on page 43. 

P1-37: throughout the text reference is being made to Table S1, S2 etc. (e.g. P7L11), however no tables 

S1, S2 etc. are included.  

We now added a sentence at the end of the manuscript on page 15 (P15L1-2) stating the existence of the 

Supplement. 
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Anonymous Referee #2  

Received and published: 31 August 2018  

Dear authors  

The manuscript "A protocol for an intercomparison of biodiversity and ecosystem services models using 

harmonized land-use and climate scenarios" could be suitable for Geoscientific Model Development. This 

manuscript explains the framework of BESSIM (inter-comparison study). This model inter-comparison 

study tries to contribute not only to science communities including earth system modeling, climate 

science, and ecology, but also the other stakeholders such as policy maker. I fully agreed on the 

importance of this project to manage the impact on biodiversity and ecosystem services by anthropogenic 

activities. However, I feel the main manuscript is the lack of content to follow the overall picture of BES-

SIM.  

From the view to GMD paper, I cannot recommend acceptance for the publication in the current 

manuscript.  

Major comments  

Many concerns are as follow;  

1. For outside of the ecological area of expertise, the manuscript is not so helpful to understand BES-

SIM. For example, there are many outputs related to the biodiversity, however, there are few definition 

and explanation of each output. At least, this journal’s fields is not ecology. So, readers cannot follow 

even the unit of outputs provided in BES-SIM (e.g., abundance). They should be clearly described in 

the main manuscript.   

Thank you for your comments. We have now expanded the definitions of each output metric to better 

guide non-specialists readers throughout the manuscript. Please see Section 4 and Section 5. 

2. (I guess) To each SSP (RCP), the narratives (and interpretation) from the view to biodiversity and its 

social governance should be described in the scenario session. Table 1 provides such kind of 

information against each factor. The readers want to know these narratives in advance. For example, 

which one is business as usual to biodiversity? If there are no narratives in biodiversity (it means 

biodiversity sector is just passive against the other policies), please explain instead. Or, please make 

the narratives so as to follow the each SSP concept.  (Sorry, I wrote this comment before reading the 

discussion. But, even after the reading discussion, I keep this comment. Also, I apologize that I cannot 

read Rosa et al. (2017) due to the non-license to read.)   

The SSPs purposely excluded biodiversity in its narratives, except for SSP1 being an environmentally 



 7 

friendly scenario; thereby potentially the best for biodiversity. We have now added couple of sentences 

to make it explicit as follows on page 5 (P5L18-21):    

“The SSP scenarios excluded elements that have interaction effects with climate change except for 

SSP1, which focuses on environmental sustainability. Thus, SSPs describe futures where biodiversity is 

not affected by climate change to allow for the important estimation of the climate change impact on 

biodiversity (O’Neill et al., 2014).” 

Individual comments  

P2L17–19 Please suggest the combination (i.e., SSP1×RCP2.6?) here.  

We have inserted the three scenarios combinations in the abstract on page 2 (P2L20). 

P3L2 Please clarify "at high levels of climate change".  

We have deleted this part from the sentence for clarity on page 3 (P3L4). 

P3L5–6 Please suggest how to assess the impacts using the scenario? With empirical or mechanistic 

model?  

We have now refined this by adding the following text on page 3 (P3L8-12): 

“Models are used to quantify the biodiversity and ecosystem services impacts of different scenarios, based 

on climate and land-use projections from General Circulation Models (GCM) and Integrated Assessment 

Models (IAM) (Pereira et al., 2010).” 

P3L6–8 Models are ... Meaning of this sentence is not clear.  

We have now refined this by adding the following text on page 3 (P3L12-14): 

“These models include empirical dose-response models, species-area relationship models, species 

distribution models and more mechanistic models such as trophic ecosystem models (Pereira et al., 2010; 

Akçakaya et al., 2016).” 

P3L9 I’m not sure "cross-model harmonization".  

We replaced the term with “intermodel comparison” on page 3 (P3L15). Thank you for your note.  

P3L9–12 "addressing this issue" <Please add the citation.  

We replaced the term “this issue” with “this gap” to make it explicit that we refer to the gap identified in 

the previous sentence. We also added citations (IPBES, 2016; Leadley et al., 2014) that mention this gap 
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and clarified the role of this manuscript in addressing this gap as follows on page 3 (P3L14-19): 

“So far, each of these scenario exercises have been based on a single model or a small number of 

biodiversity and ecosystem service models, and intermodel comparison and uncertainty analysis have 

been limited (IPBES, 2016; Leadley et al., 2014). The Expert Group on Scenarios and Models of the 

Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) is addressing 

this gap by carrying out a biodiversity and ecosystem services model intercomparison with harmonized 

scenarios, for which this paper lays out the protocol.” 

P3L21–23 I didn’t find Ferrier et al. (2016) said the meaning of this sentence in the discussion. Is this a 

correct citation?  

We corrected the reference to IPBES 2016, see for example on page 3 (P3L31).  

P3L25–27 I cannot agree with the sentence "to improve the robustness and comprehensiveness". MIPs (at 

least without observation data) will not contribute to the improvement of the robustness. Did Warszawski 

et al. (2014) explain such? (I found they said "process understanding and model development" for 

ISIMIP.)  

Thank you for your comments. We revised the sentence to correct the mention of the robustness, and make 

clear that MIPs allow for identification of uncertainties associated with scenarios and models. We also 

added a citation as follows on page 3 (P3L32-34): 

“Model intercomparisons bring together different communities of practice for comparable and 

complementary modelling, in order to improve the comprehensiveness of the subject modelled, and to 

estimate uncertainties associated with scenarios and models (Frieler et al., 2015).” 

P3L28–32 Are there any relationship between ISI-MIP and BES-SIM? If they have, please explain. Else, 

please remove this sentence.  

We added the following sentence to the next paragraph to clarify the relationship between ISI-MIP and 

BES-SIM as follows on page 4 (P4L12-13): 

“Whereas independent of the ISI-MIP, the BES-SIM has been inspired by ISI-MIP and other 

intercomparison projects and was delivered to address the needs of the global assessment of IPBES.” 

P4L7 assess -> assessed  

Corrected. Please see page 4 (P4L18). 

2 Scenario selection It is a little bit obvious that there is no description for bioenergy in 

SSP1×RCP2.6. Regarding this, there is no information for SSP×RCP scenario matrix in this session. 
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Therefore, I don’t fully understand what is the rationale in the selection of scenario. I believe careful 

explanation in the scenario selection is helpful to communicate the results. 

The SSP and RCP scenarios explore low and high levels of changes in land use and climate. Bioenergy 

aspects are not prescribed by the storylines in scenarios but it is an endogenous outcome of the models 

applied on the SSPs in combination with the RCPs. The bioenergy is fairly low in SSP1xRCP 2.6 (highest 

mitigation) with low emissions of RCP2.6 in a low energy intense and sustainable SSP1 world. It is fairly 

high in SSP3xRCP 6.0 (little mitigation) even with little mitigation as, for instance, other land based 

mitigation is not working due to governance failures. SSP5xRCP8.5 (no mitigation) has the lowest 

bioenergy mainly based on residues. We have now added this information in Table 1 (c) on page 28. 

P7L6–7 Please add the citations for all the biodiversity models here. This line is the first appearance of the 

models in the text.  

We have revised the Section 3.3 and Section 4 where the models are introduced, to have the references for 

the models to appear the first time they are mentioned. Thank you for noting this.  

P7L4–11 Please add the citation in the manuscript, even though author remarked the citations.  

We have revised the Section 3.3 and added citations in the manuscript. 

What is "PREDICTS"?  

PREDICTS (Projecting Responses of Ecological Diversity In Changing Terrestrial Systems) is the name 

of one of the biodiversity models included in the BES-SIM exercise. In reality, PREDICTS is a research 

project (http://www.predicts.org.uk/), in which they create a database of field data (collected from the 

literature) (Hudson et al. 2017; Hudson et al. 2016) and with which they developed their biodiversity 

model (Newbold et al., 2016; Purvis et al., 2018). In order to ease the read of the manuscript, which has a 

large number of acronyms, we kept the model names in acronyms in the text to prevent acronym cluttered 

sentences which are difficult to follow. The full names of the models can be found both in Appendix 1 and 

Appendix 2. 

CO2 concentrations come from RCP? etc...  

To maintain readability, we opted by keeping the text of the manuscript brief with a reference to the table 

where data sources can be found either in the table itself or in the key publications for each model. 

Section 4 Please remark specifically how many species (taxonomic groups?) can simulate in each model.  

We have now added the taxonomic groups and the number species modelled in each model in Section 4. 

P7L24–25 Please suggest the definitions and units in each variable, if they have (e.g., species, amphibians, 

http://www.predicts.org.uk/
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organisms).  

We have added definitions to the metrics, ecological concepts and methods used in modelling, and 

taxonomic groups and the number of species modelled in Section 4 to better guide the reader.   

P8L6 What is the expert-based model?  

We now describe expert-based models and maps as for general comment and clarified it in the sentence as 

follows on page 8 (P8L25-30):  

“Both models rely on IUCN’s expert-based range maps as a baseline, which are developed based on 

expert knowledge of the species habitat preferences and areas known to be absent (Fourcade, 2016). 

InSiGHTS and MOL used a hierarchical approach with two steps: first, a statistical model trained on 

current species ranges is used to assess future climate suitability within species ranges; second, a model 

detailing associations between species and habitat types based on expert opinions is used to assess the 

impacts of land-use in the climate suitable portion of the species range.” 

P8L7 Please add the brief explanation for BIOMOD2.  

We added brief description of the BIOMOD2 model as follows on page 8-9 (P8L30-P9L2):  

“BIOMOD2 is an R modelling package that runs up to nine different algorithms (e.g., random forests, 

logistic regression) of species distribution models using the same data and the same framework. 

BIOMOD2 included three taxonomic groups (amphibians, birds, mammals) (see section 7. 

Uncertainties).” 

P8L11–21 Please suggest the definitions and units in each variable.  

Thank you for your comment. We edited this paragraph with definitions and units where feasible to 

increase clarity. Please see the new text on page 9 (P9L4-17):  

“Community-based models predict the assemblage of species using environmental data and assess 

changes in community composition through species presence and abundance (D’Amen et al., 2017). 

Output variables of community-based models include assemblage-level metrics such as the proportion of 

species persisting in a landscape, mean species abundances (number of individuals per species), and 

compositional similarity (pairwise comparison at the species level) relative to a baseline (typically 

corresponding to a pristine landscape).  

Three models in BES-SIM – cSAR-iDiv (Martins and Pereira, 2017), cSAR-IIASA-ETH (Chaudhary et al., 

2015), BILBI (Hoskins et al., submitted.; Ferrier et al., 2004, 2007) – rely on versions of the species-area 

relationship (SAR) to estimate the proportion of species persisting in human-modified habitats relative to 

native habitat (i.e., number of species in modified landscape divided by number of species in the native 
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habitat). In its classical form, the SAR describes the relationship between the area of native habitat and 

the number of species found within that area. The countryside SAR (cSAR) builds on the classic SAR but 

accounts for the differential use of both human-modified and native habitats by different functional 

species groups.” 

P8L27 What is species-area relationship? species abundance-area relationship?  

As noted in the response to the previous comment, we have now added explanations on species area 

relationship and countryside species area relationship. For each ecological concept introduced and used 

in models in the manuscript, we now give brief description. 

P8L32 "a hierarchical mixed-effects framework to model" -> just "hierarchical mixed effects model"  

Corrected. Please see page 10 (P10L5). 

P8L33 "global database" <Please add the citation.  

We added sources (Hudson et al. 2017; Hudson et al. 2016) for the database as suggested on page 9 

(P10L7). Thank you for your note. 

P9L20 Please clarify what ecosystem states are in DGVM. Also for functioning and habitat structure.  

We have added examples in the sentence as follows on page 10-11 (P10L30-P11L4). In addition, the 

details of the DGVMs included in BES-SIM are documented in Table S2 of the Supplement, and can also 

be found in the model specific publications referenced. 

“DGVMs can project changes in future ecosystem state (e.g., type of plant functional trait (PFT), relative 

distribution of each PFT, biomass, height, leaf area index, water stress), ecosystem functioning (e.g., 

moderation of climate, processing/filtering of waste and toxicants, provision of food and medicines, 

modulation of productivity, decomposition, biogeochemical and nutrient flows, energy, matter, water), 

and habitat structure (i.e., amount, composition and arrangement of physical matter that describe an 

ecosystem within a defined location and time); however, DGVMs are limited in capturing species-level 

biodiversity change because vegetation is represented by a small number of plant functional types (PFTs) 

(Bellard et al., 2012; Thuiller et al., 2013).” 

5 Please add the units in each output (variables).  

We added units to output metrics mentioned in the section.  

P10L6 "was calculated at two scales: local or grid cell (α)" <Is this correct? The area of grid differs among 

different latitudinal bands. So, the scale is not unique when the grid cell is used.  
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All alpha (α) values are proportions calculated relative to an historical baseline in each cell. Therefore, 

they are not affected by variations of cell area across latitude. The exception is Nα, where absolute 

changes are calculated relative to an historical baseline. Still, the variations in cell area have limited 

impact on these absolute changes which are mostly influenced by land-use and climate changes and by the 

latitudinal gradient in species richness. 

P10L10–11 Please describe the definitions of intactness in the text.  

We added the definition of abundances and intactness in the text as follows on page 11-12 (P11L30-

P12L2):    

“The abundance-based intactness (I) measures the mean species abundance in the current community 

relative to the abundances in a pristine community. This metric is available only for two community-based 

models, i.e., GLOBIO (where intactness is estimated as the arithmetic mean of the abundance ratios of the 

individual species, whereby ratios >1 are set to 1), and PREDICTS (where intactness is estimated as the 

ratios of the sum of species abundances).” 

P10L16–17 I’m strongly doubtful whether just one-year baseline is appropriate. But, I’m not sure how 

large variances in the year to year change are existing in such projected variables.  

Biodiversity models in our analysis respond to land-use change and climate change. Land-use changes 

are relatively smooth over time and there are no large year to year fluctuations. Climate can indeed 

exhibit large scale annual fluctuations, particularly at the local level, but for historical projections for the 

year 1900 the biodiversity models assumed no climate impacts on biodiversity metrics. So we believe a 

single baseline year of 1900 is appropriate here. 

P10L18–31 Please add the units for each outputs (e.g., kg-C/m2/year, kg-algae/L etc...).  

We added units for each output as suggested. Please see page 12 (P12L10-24). 

P11L9 What is "IPBES region"? Please show us the map.  

We added references to a map and a dataset showing IPBES regions and subregions (Brooks et al. 2016; 

UNEP-WCMC, 2015). Please see page 13 (P13L1-2). 

P11L17–19 Why? I’m not sure "the gap in climate input".  

We revised the sentences as follows on page 13 (P13L9-14): 

“When backcasting to 1900, for the models that required continuous climate time-series, random years in 

the period 1951 to 1960 from the ISIMIP 2a IPSL climate dataset were used to fill the data missing for 

years 1901 to 1950. Models that used multi-decadal climate averages (i.e., InSiGHTS, BILBI) assumed no 
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climate impacts for 1900.” 

P11L24 "different model parameterizations" <I (and readers) cannot follow this meaning. Which 

parameters? Why they have the uncertainty range. How many simulations are used to get the quantiles of 

metrics?  

We changed it to “based on the parameterizations specific to each model” for clarity on page 13 

(P13L18). The way in which each model produced the quantiles depends on the model’s internal 

structure, but in general these arise from varying internal model parameters. For instance, in the cSAR-

iDiv model, the uncertainty arises from performing a Monte Carlo/bootstrapping on the affinity values 

(i.e., sample 100 different values), which leads to slightly different model outputs (i.e., 100 maps of 

projected extinctions per year). The quantiles are then derived from the distribution of these 100 model 

outputs (computed using different affinities and the same land use). The details of how uncertainty was 

provided by each of the models can be found in either their key publications (listed in Appendix 1) or in 

the Table S2 of the Supplement if this was an improvement made specifically for BES-SIM (e.g., as is the 

case of cSAR-iDiv).  

P11L25 Option 2 seems to assess the uncertainty just for BIOMOD model. This is not inter-comparison 

among BES-SIM models.  

The reviewer is correct. We revised the text as follows to differentiate the two elements of uncertainty 

analysis – one with quantiles provided by each model and their intercomparison, and another one 

specifically to climate projections by BIOMOD2, which is independent of the intermodel comparison. We 

revised the text as follows on page 13 (P13L16-24): 

“Reporting uncertainty is a critical component of model intercomparison exercises (IPBES, 2016). Within 

BES-SIM, uncertainties were explored by each model reporting the mean values of its metrics, and where 

possible the 25th, 50th, and 75th percentiles based on the parameterizations set specific to each model, 

which can be found in each model’s key manuscripts describing the modelling methods; and when 

combining the data provided by the different models, the average and the standard deviation of the 

common metrics were calculated (e.g., intermodel average and standard deviation of Pγ). In a parallel 

exercise to inform BES-SIM, the BIOMOD2 model was used in assessing the uncertainty in modelling 

changes in species ranges arising from using different RCP scenarios, different GCMs, a suite of species 

distribution modelling algorithms (e.g., random forest, logistic regression) and different species dispersal 

hypotheses.” 

Section 8 First paragraph seemed to be just repeatment of introduction. Please remove this paragraph.  

We removed the paragraph as suggested.  

Section 8 In my opinion, the discussion is not essential in this paper, because of nothing results. Instead of 
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discussion, please summarize uncovered topics in the current BES-SIM framework from the view to 

biodiversity (ESs) projection.  

This section is now called “Conclusion” to better reflect the manuscript. Uncovered topics in this BES-

SIM framework will be published in a separate manuscript; thus, we kept the remaining text.  

P20L20 Please revise the author list in Settele et al.  

We added the full author list for the Settele et al. reference.  

P33 Appendix1 Please remove "?" in "Three functional groups?" in Madingley model  

We corrected this typo. 
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Abstract. To support the assessments of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem 

Services (IPBES), the IPBES Expert Group on Scenarios and Models is carrying out an intercomparison of biodiversity and 

ecosystem services models using harmonized scenarios (BES-SIM). The goals of BES-SIM are (1) to project the global impacts 15 
of land use and climate change on biodiversity and ecosystem services (i.e., nature’s contributions to people) over the coming 

decades, compared to the 20th century, using a set of common metrics at multiple scales, and (2) to identify model uncertainties 

and research gaps through the comparisons of projected biodiversity and ecosystem services across models. BES-SIM uses 

three scenarios combining specific Shared Socio-economic Pathways (SSPs) and Representative Concentration Pathways 

(RCPs) – SSP1xRCP2.6, SSP3xRCP6.0, SSP5xRCP8.6 – to explore a wide range of land-use change and climate change 20 
futures. This paper describes the rationale for scenarios selection, the process of harmonizing input data for land use, based on 

the second phase of the Land Use Harmonization Project (LUH2), and climate, the biodiversity and ecosystem service models 

used, the core simulations carried out, the harmonization of the model output metrics, and the treatment of uncertainty. The 

results of this collaborative modelling project will support the ongoing global assessment of IPBES, strengthen ties between 

IPBES and the Intergovernmental Panel on Climate Change (IPCC) scenarios and modelling processes, advise the Convention 25 
on Biological Diversity (CBD) on its development of a post-2020 strategic plans and conservation goals, and inform the 

development of a new generation of nature-centred scenarios.  

1 Introduction 

Understanding how anthropogenic activities impact biodiversity, ecosystems, and human societies is essential for nature 

conservation and sustainable development. Land use and climate change are widely recognized as two of the main drivers of 30 
future biodiversity change (Hirsch and CBD, 2010; Maxwell et al., 2016; Sala, 2000; CBD and UNEP, 2014) with potentially 

severe impacts on ecosystem services and ultimately human well-being (Cardinale et al., 2012; MA, 2005). Habitat and land-

use changes, resulting from past, present and future human activities, as well as climate change, have both immediate and long 

term impacts on biodiversity and ecosystem services whereas the impacts of climate change have considerable lag times 

(Lehsten et al., 2015)(Graham et al., 2017; Lehsten et al., 2015; Welbergen et al., 2008). Therefore, current and future land-35 



 
 

3 

use projections are essential elements for assessing biodiversity and ecosystem change (Titeux et al., 2016, 2017). Climate 

change has already observed to have direct and indirect impact on biodiversity and ecosystems and it is projected to intensify 

as we approach the end of the century with potentially severe consequences on species and habitats, thereby also on ecosystem 

functions and ecosystem services at high levels of climate change (Pecl et al., 2017; Settele et al., 2015).  

 Global environmental assessments, such as the Millennium Ecosystem Assessment (MA 2005), the Global Biodiversity 5 
Outlooks (GBO), the multiple iterations of the Global Environmental Outlook (GEO), the Intergovernmental Panel on Climate 

Change (IPCC), and other studies have used scenarios to assess the impact of socio-economic development pathways on land 

use and climate and their consequences for biodiversity and ecosystem services (Jantz et al., 2015; Pereira et al., 2010). Models 

are used in quantifyingto quantify the biodiversity and ecosystem services impacts narratives of different scenarios, based on 

climate and land-use projections from General Circulation Models (GCM) and Integrated Assessment Models (IAM)  using 10 
selected and modellable drivers, which describe key components of a system or relationships between them (Ferrier et 

al.Pereira et al., 2010 2016). These models include empirical dose-response models, species-area relationship models, species 

distribution models and more mechanistic models such as trophic ecosystem models (Pereira et al., 2010; Akçakaya et al., 

2016).  So far, each of these scenarios analysis exercises have has been based on a single model or a small number of 

biodiversity and ecosystem service models, and cross-model harmonizationintermodel comparison and uncertainty analysis 15 
have been limited (IPBES, 2016; Leadley et al., 2014). The Expert Group on Scenarios and Models of the Intergovernmental 

Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) is addressing this issue gap by carrying out a 

biodiversity and ecosystem services model intercomparison with harmonized scenarios, for which this paper lays out the 

protocol.     

 Over the last two decades, IPCC has fostered the development of global scenarios to inform climate mitigation and 20 
adaptation policies. The Representative Concentration Pathways (RCPs) describe different climate futures based on 

greenhouse gas emissions over the 21st century (van Vuuren et al., 2011). These emissions pathways have been converted into 

climate projections in the most recent Climate Model Inter-comparison Project (CMIP5). In parallel, the climate research 

community also developed the Shared Socio-economic Pathways (SSPs), which consist of trajectories of future human 

development with different socio-economic conditions and associated land-use projections (Popp et al., 2017; Riahi et al., 25 
2017). The SSPs can be combined with RCP-based climate projections to explore a range of futures for climate change and 

land-use change and are being used in a wide range of impact modelling intercomparisons (Rosenzweig et al., 2017; van 

Vuuren et al., 2014). Therefore, the use of the SSP-RCP framework for modelling the impacts on biodiversity and ecosystem 

services provides an outstanding opportunity to build bridges between the climate, biodiversity and ecosystem services 

communities, and has been explicitly recommended as a research priority in the IPBES assessment on scenarios and models 30 
(Ferrier et al.IPBES, 2016). 

 Model intercomparisons bring together different communities of practice for comparable and complementary modelling, 

in order to improve the robustness and comprehensiveness of the subject modelled, and to estimate associated uncertainties 

associated with scenarios and models (Frieler et al., 2015)(Warszawski et al., 2014). In the last decades, various model 
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intercomparison projects (MIPs) have been initiated to assess the magnitude and uncertainty of climate change impacts. For 

instance, the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP) was initiated in 2012 to quantify and synthesize 

climate change impacts across sectors and scales (Frieler et al., 2015; Rosenzweig et al., 2017)(Rosenzweig et al., 2017; 

Warszawski et al., 2014). The ISIMIP aims to bridge sectors such as agriculture, forestry, fisheries, water, energy, and health 

with Global Circulation Models (GCMs), Earth System Models (ESMs), and Integrated Assessment Models (IAMs) for more 5 
integrated and impact-driven modelling and assessment (Frieler et al., 2017). and the data used by , to bridge the climate 

change and biodiversity and ecosystem services communities, 

 Here, we present the methodology used to carry out a Biodiversity and Ecosystem Services Scenario-based 

Intercomparison of Models (BES-SIM) in terrestrial and freshwater ecosystems. The BES-SIM project addresses the following 

questions: (1) What are the projected magnitudes and spatial distribution of biodiversity and ecosystem services under a range 10 
of climate and land-use future scenarios? (2) What is the magnitude of the uncertainties associated with the projections obtained 

from different models and scenarios? Whereas independent of the ISI-MIP, the BES-SIM has been inspired by ISI-MIP and 

other intercomparison projects and was delivered to address the needs of the global assessment of IPBES. We brought together 

ten biodiversity models and six ecosystem functions and ecosystem services models to assess impacts of land-use and climate 

change scenarios in coming decades (up to 2070) and to hindcast changes to the last century (to 1900). The modelling 15 
approaches differ in several ways in how they treat biodiversity and ecosystem services responses to land use and climate 

changes, including the use of correlative, deductive, and process-based approaches, and in how they treat spatial scale and 

temporal dynamics. We assessed different classes of dimensions Essential Biodiversity Variables (EBV) of biodiversity 

including species populations, community composition and ecosystem functionrichness, species abundance, community 

composition, and habitat shifts, as well as a range of measures on ecosystem services such as food production, pollination, 20 
water quantity and quality, climate regulation, soil protection, and pest control (Pereira et al. 2010; Akçakaya et al., 2016). 

This paper provides an overview of the scenarios, models and metrics used in this intercomparison, thus a roadmap for further 

analyses that is envisaged to be integrated into the first global assessment of the IPBES (Figure 1).  

2 Scenarios selection  

All the models involved in BES-SIM used the same set of scenarios using particular combinations of SSPs and RCPs. In the 25 
selection of the scenarios, we used the following criteria: 1) data on projections should be readily available, and 2) the total set 

should cover a broad range of land-use change and climate change projections. The first criterion implied that we selected 

SSP-RCP combinations that are included in the ScenarioMIP protocol as part of CMIP6 (O’Neill et al., 2016), as harmonised 

data was available for these runs and these form the basis of the CMIP climate simulations. The second criteria implied a 

selection within the ScenarioMIP set of scenarios with low and high degrees of climate change and different land-use scenarios. 30 
Our final selection was SSP1 with RCP2.6 (moderate land-use pressure and low level of climate change) (van Vuuren et al., 

2017), SSP3 with RCP6.0 (high land-use pressure and moderately high level of climate change) (Fujimori et al., 2017), and 
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SSP5 with RCP8.5 (medium land-use pressure and very high level of climate change) (Kriegler et al., 2017), thus allowing us 

to assess a broad range of plausible futures (Table 1). Further, by combining projections of low and high anthropogenic pressure 

of land-use with low and high levels of climate change projections, we can test these drivers’ individual and synergistic impacts 

on biodiversity and ecosystem services.  

 The first scenario (SSP1xRCP2.6) is characterized by relatively “environmentally-friendly world” with a low population 5 
growth, high urbanization, a relatively low demand for animal products, a high urbanization rate and a high agricultural 

productivity. These factors together lead to a decrease in the land use of around 700 Mha globally over time (mostly pastures). 

This scenario is also characterised by low air pollution, while policies are introduced to limit the increase of greenhouse gases 

in the atmosphere, leading to an additional forcing of 2.6 W/m2 before 2100. The second scenario (SSP3xRCP6.0) is 

characterised by “regional rivalry”, leading with high population growth, slow economic development, material-intensive 10 
consumption and low food demand per capita. Agricultural land intensification is low, especially due to the very limited 

transfer of new agricultural technologies to developing countries. This scenario has land-use change hardly regulated, with a 

large land conversion of land tofor human-dominated uses, and has a relatively high level of climate change with the a radiative 

forcing of 6.0 W/m2 by 2100. The third scenario (SSP5xRCP8.5) is a world characterised by “strong economic growth” fuelled 

by fossil fuels, with low population growth, high urbanization, a high food demand per capita, a high urbanization rate but also 15 
a high agricultural productivity. As a result, there is a modest increase in land use. Air pollution policies are stringent, motivated 

by local health concerns. This scenario leads to a very high level of climate change with a radiative forcing of 8.5 W/m2 by 

2100. Full descriptions of each SSP scenario are given in Popp et al. (2017) and Riahi et al. (2017). The SSP scenarios excluded 

elements that have interaction effects with climate change except for SSP1, which focuses on environmental sustainability. 

Thus, SSPs describe futures where biodiversity is not affected by climate change to allow for the important estimation of the 20 
climate change impact on biodiversity (O’Neill et al., 2014).  

3 Input data   

A consistent set of land use and climate data was used across the models to the extent possible, using existing datasets. All 

models in BES-SIM used the newly released Land Use Harmonization dataset version 2 (LUH2, Hurtt et al., 2018). For the 

models that require climate data, we selected the climate projections of the past, present and future from CMIP5 / ISIMIP2a 25 
(McSweeney and Jones, 2016) and its downscaled version from the WorldClim (Fick and Hijmans, 2017), as well as MAGICC 

6.0 (Meinshausen et al., 2011a, 2011b) from the IMAGE model for GLOBIO models (Table 2). A complete list of input 

datasets and variables used by the models is documented in Table S1 of the Supplementary Materials. 

3.1 Land cover and land-use change data 

The land-use scenarios provide an assessment of land-use dynamics in response to a range of socio-economic drivers and their 30 
consequences for the land system. The IAMs used to model land-use scenarios – IMAGE for SSP1/RCP2.6, AIM for 
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SSP3/RCP7.0, and REMIND/MAgPIE for SSP5/RCP8.5 – include different economic and land-use modules for the translation 

of narratives into consistent quantitative projections across scenarios (Popp et al., 2017). It is important to note that the land-

use scenarios used, although driven mostly by the SSP storylines, were projected to be consistent with the paired RCPs and 

include biofuel deployment to mitigate climate change. The SSP3 is associated with RCP7.0 (SSP3xRCP7.0); however, 

climate projections (i.e., time series of precipitation and temperature) are currently not available for RCP7.0. Therefore, we 5 
chose the closest RCP available, which was RCP6.0, for the standalone use of climate projections and chose SSP3xRCP6.0 

for the land use projections from the LUH2. As there was no land-use projection available for SSP3 with RCP6.0, we chose 

the available closest simulation SSP3/RCP.0 from the LUH2 datasetsIn this paper, we refer to this scenario as SSP3xRCP6.0.  

 The land-use projections from each of the IAMs were harmonized using the LUH2 methodology. LUH2 was developed 

for CMIP6 and provides a global gridded land-use dataset comprising estimates of historical land-use change (850-2015) and 10 
future projections (2015-2100), obtained by integrating and harmonizing land-use history with future projections of different 

IAMs (Jungclaus et al., 2017; Lawrence et al., 2016; O’Neill et al., 2016). Compared to the first version of the LUH (Hurtt et 

al., 2011), LUH2 (Hurtt et al., 2018) is driven by the latest SSPs, has a higher spatial resolution (0.25 vs 0.50 degree), more 

detailed land-use transitions (12 versus 5 possible land-use states), and increased data-driven constraints (Heinimann et al., 

2017; Monfreda et al., 2008). LUH2 provides over 100 possible transitions per grid cell per year (e.g., crop rotations, shifting 15 
cultivation, agricultural changes, wood harvest) and various agricultural management layers (e.g., irrigation, synthetic nitrogen 

fertilizer, biofuel crops), all with annual time steps. The 12 states of land include the separation of primary and secondary 

natural vegetation into the forest and non-forest sub-types, pasture into managed pasture and rangeland, and cropland into 

multiple crop functional types (C3 annual, C3 perennial, C4 annual, C4 perennial, and N fixing crops) (Table 3).  

 For biodiversity and ecosystem services models that rely on discrete, high-resolution land-use data (i.e., the GLOBIO 20 
model for terrestrial biodiversity and the InVEST model), the fractional LUH2 data were downscaled to discrete land-use grids 

(10 arc-seconds resolution; ~300 m) with the land-use allocation routine of the GLOBIO4 model. To that end, the areas of 

urban, cropland, pasture, rangeland and forestry from LUH2 were first aggregated across the LUH2 grid cells to the regional 

level of the IMAGE model, with forestry consisting of the wood harvest from forested cells and non-forested cells with primary 

vegetation. Next, the totals per region were allocated to 300m cells with the GLOBIO4 land allocation routine, with specific 25 
suitability layers for urban, cropland, pasture, rangeland, and forestry. After allocation, cropland was reclassified into three 

intensity classes (low, medium, high) based on the amount of fertilizer per grid cell. More details on the downscaling procedure 

are provided in Annex Supplementary Methods1 inof the Supplement.  

3.2 Climate data   

General Circulation Models (GCMs) are based on fundamental physical processes (e.g., conservation of energy, mass, and 30 
momentum and their interaction with the climate system) and simulate climate patterns of temperature, precipitation, and 

extreme events at a large scale (Frischknecht et al., 2016). Some GCMs now incorporate elements of Earth’s climate system 

(e.g., atmospheric chemistry, soil and vegetation, land and sea ice, carbon cycle) in Earth Systems Models (ESMs (GCM with 
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interactive carbon cycle), and have dynamically downscaled models with higher resolution data in Regional Climate Models 

(RCMs).  

 A large number of climate datasets are available today from multiple GCMs, but not all GCMs provide projections for 

all RCPs. MoreoverIn BES-SIM, some models in BES-SIM require continuous time-series data. In order to harmonize the 

climate data to be used across biodiversity and ecosystem service models, we chose the bias-corrected climate projections from 5 
CMIP5, which were also adopted by ISIMIP2a (Hempel et al., 2013) or their downscaled versions available from WorldClim 

(Fick and Hijmans, 2017). Most analyses were carried out using a single GCM, the IPSL-CM5A-LR (Dufresne et al., 2013), 

since it provides data in the mid-range projections across the five GCMs (HadGEM2-ESGFDL-ESM2M, IPSL-CM5A-LR, 

MIROC-ESM-CHEM, and NorESM1-M) in ISIMIP2a (Warszawski et al., 2014). 

 The ISIMIP2a output from the IPSL-CM5A-LR provides 12 climate variables on daily time steps from the pre-industrial 10 
period 1951 to 2099 at 0.5-degree resolution (McSweeney and Jones, 2016), of which only a subset was used in this exercise 

(Table S1). The WorldClim downscaled dataset has 19 bioclimatic variables derived from monthly temperature and rainfall 

from 1960 to 1990 with multi-year averages for specific points in time (e.g., 2050, 2070) up to 2070. Six models in BES-SIM 

used ISIMIP2a dataset and three models used WorldClim. An exception was made to the GLOBIO models, which used 

MAGICC 6.0 climate data (Meinshausen et al., 2011b, 2011a) in the IMAGE model framework (Stehfest et al., 2014), to 15 
which GLOBIO is tightly connected (Table 2). The variables used from climate dataset in each model are listed in Table S1. 

 

3.3 Other input data  

In addition to the land-use and climate data, most models use additional input data to run their future and past simulations to 

estimate changes in biodiversity and ecosystem services. For instance, species occurrence data are an integral part of modelling 20 
in several of thesix of ten biodiversity models (i.e. AIM-biodiversity, MOL, cSAR-iDiv, cSAR-IIASA-ETH, BILBI, 

InSiGHTS) while some two models (i.e. cSAR-iDiv, BILBI) rely on estimates of habitat affinity coefficients (e.g., reductions 

in species richness in a modified habitat relative to the pristine habitat) from the PREDICTS model (Newbold et al., 2016; 

Purvis et al., 2018). In three Dynamic Global Vegetation Models (DGVM) models (i.e. LPJ-GUESS, LPJ, CABLE), 

atmospheric CO2 concentrations, irrigated fraction, and wood harvest estimates are commonly used, while GLOBIO and 25 
GLOSPtwo ecosystem services models rely on topography and soil type data for soil erosion measures. A full list of model-

specific input data is listed in Table S1.   

4 Models in BES-SIM  

Biodiversity and ecosystem services models at the global scale have increased in number and improved considerably over the 

last decade, especially with the availability advancement in of biodiversity data availability and advancement in statistical 30 
modelling tools and methods (IPBES, 2016). In order for a model to be included in BES-SIM, it had either to be published in 
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a peer-reviewed journal or adopt published methodologies, with modifications made to modelling sufficiently documented and 

accessible for review (Table S2). Sixteen models participated in BES-SIM (Appendix 1, details on modelling methods can be 

found in Table S2). These models were mainly grouped into four classes: species-based, community-based, and ecosystem-

based models of biodiversity, and models of ecosystem functions and services. The methodological approaches, the taxonomic 

or functional groups, the spatial resolution and the output metrics differ across models (Appendix 1). All sixteen models are 5 
spatially explicit with 15 of them using land-use data as an input, 132 of them also requiring climate data. We also used one 

model,  (BIOMOD2 (Thuiller, 2004; Thuiller et al., 2009), ) to assess the uncertainty of climate range projections without the 

use of land-use data. 

4.1 Species-based models of biodiversity 

Species-based models aim to predict historical, current, and future potential distribution and abundance of individual species. 10 
These can be developed using correlative methods based on species observation and environmental data (Aguirre-Gutiérrez et 

al., 2013; Guisan and Thuiller, 2005; Guisan and Zimmermann, 2000), as well as expert-based solutions where data limitations 

exist (Rondinini et al., 2011). Depending on the methodologies employed and the ecological aspects modelled, they can be 

known as species distribution models, ecological niche models, bioclimatic envelop models and habitat suitability models 

(Elith and Leathwick, 2009), and they have been used to forecast environmental impacts on species distribution and status.  15 
 In BES-SIM, four species-based models were included: AIM-biodiversity (Ohashi et al.,  in prep.submitted), InSiGHTS 

(Rondinini et al., 2011; Visconti et al., 2016), MOL (Jetz et al., 2007; Merow et al., 2013), and BIOMOD2 (Appendix 1, Table 

S2). The first three models project individual species distributions across a large number of species by combining projections 

of climate impacts on species ranges with projections of land-use impacts on species ranges. AIM-biodiversity (Ohashi et al., 

in prep.) uses Global Biodiversity Information Facility (GBIF) species occurrence data of 9,025 species in five taxonomic 20 
groups (amphibians, birds, mammals, plants, reptiles) to train statistical models for current land use and climate to project 

future species distributions. InSiGHTS uses species’ presence records (Rondinini et al., 2011; Visconti et al., 2016) from 

regular sampling within species’ ranges and pseudo-absence records from regular sampling outside of species’ ranges on 2,827 

species of mammals. and MOL uses species land cover preference information and species presence and absence predictions 

on 20,833 species of amphibians, birds and mammals. (Jetz et al., 2007; Merow et al., 2013)Bboth models rely on IUCN’s 25 
expert-based range maps as a baseline, which are developed based on expert knowledge of the species habitat preferences and 

areas known to be absent (Fourcade, 2016). . InSiGHTS and MOL used a hierarchical approach with two steps: first, a 

statistical model trained on current species ranges is used to assess future climate suitability within species ranges; second, an 

expert-based model detailing associations between species and habitat types based on expert opinion is used to assess the 

impacts of land-use in the climate suitable portion of the species range. BIOMOD2 (Thuiller, 2004; Thuiller et al., 2009) is an 30 
R modelling package that runs up to nine different algorithms (e.g., random forests, logistic regression) of species distribution 

models using the same data and the same framework. was only used to assess uncertainties in climate-envelope-based 
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projections, BIOMOD2 included three taxonomic groups (amphibians, birds, mammals)and was not included in the model 

intercomparison with other models incorporating the impacts of land-use change (see section 7. Uncertainties).  

4.2 Community-based models of biodiversity 

Community-based models predict the assemblage of species using environmental data and assess changes in community 

composition through species presence and abundance (D’Amen et al., 2017). Output variables of community-based models 5 
include assemblage-level metrics such as the proportion of species persisting in a landscape, mean species abundances (number 

of individuals per species), and compositional similarity (pairwise comparison at the species level) relative to a baseline 

(typically corresponding to a pristine landscape).  

 Three models in BES-SIM – (cSAR-iDiv (Martins and Pereira, 2017), cSAR-IIASA-ETH (Chaudhary et al., 2015), 

BILBI (Hoskins et al., in prep.; Ferrier et al., 2004, 2007)) – rely on versions of the species-area relationship (SAR) to estimate 10 
the proportion of species persisting in human-modified habitats relative to native habitat (i.e., number of species in modified 

landscape divided by number of species in the native habitat). In its classical form, , while three models (PREDICTS, GLOBIO 

Aquatic, GLOBIO Terrestrial(Alkemade et al., 2009; Janse et al., 2015; Schipper et al., 2016)) estimate a range of assemblage-

level metrics based on correlative relationships between biodiversity responses and pressure variables (Appendix 1). the SAR 

describes the relationship between the area of native habitat and the number of species found within that area. The countryside 15 
SAR (cSAR) builds on the classic SAR but accounts for the differential use of both human-modified and native habitats by 

different functional species groups. Both the cSAR-iDiv (Martins and Pereira, 2017) and the cSAR-IIASA-ETH (Chaudhary 

et al., 2015) models are based on the countryside species-area relationship (cSAR), which useuses habitat affinities (proportion 

of area of an habitat type that can be effectively used by a species group) to weight the areas of the different habitats in a 

landscape. The habitat affinities are calibrated from field studies by calculating the change in species richness in a modified 20 
habitat relative to the native habitat. The habitat affinities of the cSAR-iDiv model are estimated from the PREDICTS dataset 

(Hudson et al. 2017; Hudson et al. 2016) (Hudson et al., 2014) while the habitat affinities of the cSAR-IIASA-ETH come from 

a previously published database of studies (Chaudhary et al., 2015). The cSAR-iDiv model considers 9,853 species for one 

taxonomic group (birds) in two functional species groups (forest species and non-forest species) for one taxonomic group 

(birds; N=9853) while the cSAR-IIASA-ETH uses considers a total of 1,911,583 species for five taxonomic groups 25 
(amphibians, birds, mammals, plants, and reptiles) by ecoregions (these are however not 1,911,583 unique species as a species 

present in two ecoregions will be counted twice)a single functional group for multiple taxonomic groups (amphibians, birds, 

mammals, plants, and reptiles). BILBI (Hoskins et al., in prep.; Ferrier et al., 2004, 2007) couples application of the species-

area relationship with correlative statistical modelling of continuous patterns of spatial turnover in the species composition of 

communities as a function of environmental variation. Through space-for-time projection of compositional turnover (i.e., 30 
change in species), this coupled model enables the effects of both climate change and habitat modification to be considered in 

estimating the proportion of species persisting (in this study for 254,145 vascular plant species globally). 
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 Three community-based models – PREDICTS, GLOBIO Aquatic and GLOBIO Terrestrial (Alkemade et al., 2009; Janse 

et al., 2015; Schipper et al., 2016) – estimate a range of assemblage-level metrics based on empirical dose-response 

relationships between pressure variables (e.g., land-use change and climate change) and biodiversity variables (e.g., species 

richness or mean species abundance) (Appendix 1). PREDICTS (Newbold et al., 2016; Purvis et al., 2018) uses a hierarchical 

mixed-effects framework to model to assess how a range of site-level biodiversity metrics respond to land use and related 5 
pressures, using a global database of 767 studies, including over 32,000 sites and 51,000 species in a wide range of taxonomic 

groups (Hudson et al. 2017; Hudson et al. 2016). GLOBIO (Alkemade et al., 2009; Janse et al., 2015; Schipper et al., 2016) is 

an integrative modelling framework for aquatic and terrestrial biodiversity that builds upon correlative relationships between 

biodiversity intactness and pressure variables, established with meta-analyses of biodiversity monitoring data retrieved from 

the literature on a wide range of taxonomic groups.  10 

4.3 Ecosystem-based model of biodiversity 

The Madingley model (Harfoot et al., 2014b) is a mechanistic individual-based model of ecosystem structure and function. It 

encodes a set of fundamental ecological principles to model how individual heterotrophic organisms with a body size greater 

than 10 µg that feed on other living organisms interact with each other and with their environment. The model is general in 

the sense that it applies the same set of principles for any ecosystem to which it is applied, and is applicable across scales from 15 
local to global. To capture the ecology of all organisms, the model adopts a functional trait-based approach with organisms 

characterised by a set of categorical traits (feeding mode, metabolic pathway, reproductive strategy and movement ability), as 

well as continuous traits (juvenile, adult and current body mass). Properties of ecological communities emerge from the 

interactions between organisms, influenced by their environment. The functional diversity of these ecological communities 

can be calculated as well as the dissimilarity over space or time between communities (Table S2). Madingley uses three 20 
functional groups (trophic levels, metabolic pathways, reproductive strategies).   

4.4 Models of ecosystem functions and services   

In order to measure ecosystem functions and services, three Dynamic Global Vegetation Models (DGVM modelss) –  (i.e., 

LPJ-GUESS (Lindeskog et al., 2013; Olin et al., 2015; Smith et al., 2014), LPJ (Poulter et al., 2011; Sitch et al., 2003), CABLE 

(Haverd et al., 2017) – ) and three ecosystem services models – (i.e., InVEST (Sharp et al., 2014), GLOBIO (Alkemade et al., 25 
2009, 2014; Schulp et al., 2012), GLOSP (Guerra et al., 2016)) – were engaged in this model intercomparison. The DGVMs 

are process-based models that simulate responses of potential natural vegetation and associated biogeochemical and 

hydrological cycles to changes in climate and atmospheric CO2 and disturbance regime (Prentice et al., 2007). Processes in 

anthropogenically managed land (crop, pasture and managed forests) are also increasingly being accounted for (Arneth et al., 

2017). DGVMs can project changes in future ecosystem state (e.g., type of plant functional trait (PFT), relative distribution of 30 
each PFT, biomass, height, leaf area index, water stress), ecosystem and functioning (e.g., moderation of climate, 

processing/filtering of waste and toxicants, provision of food and medicines, modulation of productivity, decomposition, 
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biogeochemical and nutrient flows, energy, matter, water), and habitat structure (i.e., amount, composition and arrangement 

of physical matter that describe an ecosystem within a defined location and time); however, they DGVMs are limited in 

capturing species-level biodiversity change because vegetation is represented by a small number of plant functional types 

(PFTs) (Bellard et al., 2012; Thuiller et al., 2013).  

 The InVEST (Sharp et al., 2014) suite includes 18 models that map and measure the flow and value of ecosystem goods 5 
and services across a land or a seascape. They are, based on biophysical processes of the structure and function of ecosystems, 

accounting and accounts for both supply and demand. The GLOBIO model (Alkemade et al., 2009, 2014; Schulp et al., 

2012)estimates ecosystem services based on outputs from the IMAGE model (Stehfest et al., 2014), the global hydrological 

model PCRaster Global Water Balance (PCR-GLOBWB, van Beek et al., 2011), and the Global Nutrient Model (Beusen et 

al., 2015). It is based on correlative relationships between ecosystem functions and services and particular environmental 10 
variables (mainly land use), quantified based on literature data. Finally, GLOSP (Guerra et al., 2016) is a 2D model that 

estimates the level of global and local soil erosion and protection using the Universal Soil Loss Equation.  

5 Output metrics   

Given the diversity of modelling approaches, a wide range of biodiversity and ecosystem services metrics can be produced by 

the model set (Table S2). For the biodiversity model intercomparison analysis, three main categories of common output metrics 15 
were reported over time: extinctions as absolute change in species richness (N, number of species) or as proportional species 

richness change (P, % species); abundance-based intactness (I, % intactness); and mean proportional change in suitable habitat 

extent across species (H, % suitable habitat) (Table 4). These metrics were calculated at two scales: local or grid cell (α scale, 

i.e. the value of the metric within the smallest spatial unit of BES-SIM which is the grid cell) and regional or global (γ scale, 

i.e. the value of the metric for a set of grid cells comprising a region). For species richness change, some models project the α 20 
metrics at the level of the grid cell (e.g., species-based and SAR based community models) while others average the local point 

values of the metrics across the grid cell weighted by the area of the different habitats in the cell (e.g., PREDICTS, GLOBIO). 

In addition, some models only provided α values while others provided both α and γ values (Table 4). For the models that can 

project γ metrics, both regional-γ for each IPBES regions (Table 1 in Brooks et al., 2016, UNEP-WCMC, 2015) and a global-

γ were reported.  25 
 The species diversity change metrics measured as absolute number or percentage change in species richness shows 

species persistence and extinction in given time and place. Absolute changes in species richness and proportional species 

richness change are interrelated and may be calculated from reporting species richness over time, as Nt=St -St0 and P= Nt /St0, 

where St is the number of species at time t. Most models reported one or both types of species richness metrics (Table 4). 

IntactnessThe abundance-based intactness,  (I) which measures the mean species abundancecan be estimated in several ways, 30 
refers to the difference between in the current community composition and the inferred original state in therelative to the 

abundances in a  native vegetationpristine community. This metric is available only for two community-based models,  (i.e., 
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GLOBIO (where intactness is estimated as the arithmetic mean of the abundance ratios of the individual species, whereby 

ratios >1 are set to 1), and PREDICTS (where intactness is estimated as the ratios of the sum of species abundances). The 

habitat change (H) measures cell-wise changes in available habitat for the species. It was calculated from is averaging across 

species occurring in the unit of analysis (grid cell, region, or globe) the changes in the suitable habitat extent of each species 

relative to a baseline, i.e., (Ei,t-Ei,t0)/Ei,t0, where Ei,t is the suitable habitat extent of species i at time t within the unit of analysis. 5 
It is reported by averaging across species occurring in each unit of analysis (grid cell, region, or globe), It and can be reported 

foris provided by the species-level models (i.e., AIM-biodiversity, InSiGHTS, MOL) (Table 4). The baseline year, t0, used to 

calculate changes for the extinction and habitat extent metrics, was the first year of the simulation (in most cases t0=1900, see 

Table 5).  

 For ecosystem functions and services, each model’s output metrics were mapped onto the new classification of Nature’s 10 
Contributions to People (NCP) published by the IPBES scientific community (Díaz et al., 2018). Among the 18 possible NCPs, 

the combination of models participating in BES-SIM were able to provide measures for 10 NCPs, including regulating metrics 

on pollination (e.g., proportion +of agricultural lands whose pollination needs are met, % agricultural area), climate (e.g., 

vegetation carbon, total carbon uptake and loss, MgC), water quantity (e.g., monthly runoff, Pg/month), water quality (e.g., 

nitrogen and phosphorus leaching, PgN/salgal blooms), soil protection (e.g., erosion riskprotection, 0-100 index), hazards (e.g., 15 
costal resiliencevulnerability, unitless score, ; flood risk, number of people affected) and detrimental organisms (e.g., fraction 

of cropland potentially protected by the natural pest, relative to all available cropland, km2), and material metrics on bioenergy 

(e.g., bioenergy-crop production, PgC/yr), food and feed (e.g., total crop production, 109KCal) and materials (e.g., wood 

harvest, KgC) (Table 6). Some of these metrics require careful interpretation in the context of NCPs (e.g., an increase in flood 

risk can be caused by climate change and/or by a reduction of the capacity of ecosystems to reduce flood risk) and additional 20 
translation of increasing or declining measures of ecosystem functions and services (e.g., food and feed, water quantity) into 

contextually relevant information (i.e., positive or negative impacts) on human well-being and quality of life. Given the 

disparity of metrics across models within each NCP category, names and units of the metrics are listed in Table 6, withand 

units, definitions and methods are provided in Table S3. 

6 Core simulations  25 

The simulations for BES-SIM required a minimum of two outputs from the modelling teams: present (2015) and future (2050). 

Additionally, a past projection (1900) and a further future projection (2070) were also provided by several modelling teams. 

Some models projected further into the past and also at multiple time points from the past to the future (Table 5Appendix 1). 

Models that simulated a continuous time-series of climate change (and land-use change) impacts provided 20-year averages 

around these mid-points to account for inter-annual variability. The models ran simulations at their original spatial resolutions 30 
(Appendix 1), and upscaled results to one-degree grid cells using arithmetic means. In order to provide global or regional 

averages of the a or grid cell metrics, the arithmetic mean values across the cells of the globe or a region were calculated, as 
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well as percentiles of those metrics. Both, one-degree rasters and a table with values for each IPBES region (Table 1 in Brooks 

et al., 2016, UNEP-WCMC, 2015) and the globe were provided by each modelling team for each output metric. 

 To measure the individual and synergistic impacts of land use and climate change on biodiversity and ecosystem services, 

models accounting for both types of drivers were run three times: with land-use change only, with climate change only, and 

with both drivers combined. For instance, to measure the impact of land use alone, the projections into 2050 were obtained 5 
while retaining climate data constant from the present (2015) to the future (2050). Similarly, to measure the impact of climate 

change alone, the climate projections into 2050 (or 2070) were obtained while retaining the land-use data constant from the 

present (2015) to the future (2050). Finally, to measure the impact of land use and climate change combined, models were run 

using projections of both land use and climate change into 2050 (or 2070). When backcasting to 1900, for the models that 

required continuous climate time-series,  used ISIMIP 2a IPSL climate dataset, random years from in the period 1951 to 1960 10 
were from the ISIMIP 2a IPSL climate dataset were used selected to fill the gapthe data missing for years 1901 to 1950in 

climate input for years 1901 to 1950. The modelsModels that used multi-decadal climate averages (i.e., InSiGHTS, BILBI) 

that used WorldClim dataset did not simulate climate scenarios for the past projections given the gap in climate input before 

1960assumed no climate impacts for 1900.   

7 Uncertainties  15 

Reporting uncertainty is a critical component of model intercomparison exercises (IPBES, 2016). Within BES-SIM, 

uncertainties were explored in two ways: (1)by each model had to reportreporting the mean values of its metrics, and where 

possible the 25th, 50th, and 75th percentiles based on different modelthe parameterizations set specific to each model, which 

can be found in each model’s key manuscripts describing the modelling methods; and when combining the data provided by 

the different models, the average and the standard deviation of the common metrics were calculated (e.g., intermodel average 20 
and standard deviation of Pγ).; In additiona parallel exercise to inform BES-SIM,(2) the BIOMOD2 model was used in 

assessing the uncertainty in modelling changes in species ranges arising from using different RCP scenarios, different GCMs, 

a suite of species distribution modelling algorithms (e.g., random forest, logistic regression) and different species dispersal 

hypotheses. 

 In the intercomparison analysis, we will conduct a comprehensive uncertainty analysis based on a variance partitioning 25 
approach on the outputs provided by the models of biodiversity. This will allow us to highlight uncertainties arising from the 

land use (SSPs), the climate (RCPs and GCMs), and, where relevant, the different taxa.  
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8 Discussion Conclusion 

This manuscript lays out the context, motives, processes, and approaches taken for a scenario-based intercomparison of 

biodiversity and ecosystem service models (BES-SIM). This model intercomparison initiative aims to provide scientifically 

rigorous information to the IPBES and its ongoing and future assessments, the CBD and its strategic plans and conservation 

goals, and other relevant stakeholders on the expected status and trends of biodiversity and ecosystem services using a suite of 5 
metrics from a range of global models. The resulting outputs will include the analyses on the past, present and future impacts 

of land-use change, climate change and other drivers as embodied in a range of human development scenarios, coupled with 

associated climate projections. The model intercomparison analyses will put the future in the context of the past and the present.  

 The existing SSP and RCP scenarios provided a consistent set of past and future projections of two major drivers of 

terrestrial and freshwater biodiversity change – land use and climate. However, we acknowledge that these projections have 10 
certain limitations. These include limited inclusion of biodiversity-specific policies in the storylines (only the SSP1 baseline 

emphasises additional biodiversity policies) (O’Neill et al., 2016; Rosa et al., 2017), coarse spatial resolution, and land-use 

classes that are not sufficiently detailed to fully capture the response of biodiversity to land-use change (Harfoot et al., 2014a; 

Titeux et al., 2016, 2017). The heterogeneity of models and their methodological approaches, as well as additional 

harmonization of metrics of ecosystem functions and services (Tables 6, S3) are areas for further work. In the future, it will be 15 
also important to capture the uncertainties associated with input data, with a focus on uncertainty in land-use and climate 

projections resulting from differences among IAMs and GCMs on each scenario (Popp et al., 2017). The gaps identified 

through BES-SIM and future directions for research and modelling will be published separately as well aswith analyses of the 

results on the model intercomparison and on individual models.  

 As a long-term perspective, BES-SIM is expected to provide critical foundation and insights for the ongoing development 20 
of nature-centred, multiscale Nature Futures scenarios (Rosa et al., 2017). Catalysed by the IPBES Expert Group on Scenarios 

and Models, this new scenarios and modelling framework will shift traditional ways of forecasting impacts of society on nature 

to more integrative, biodiversity-centred visions and pathways of socio-economic and ecological systems. A future round of 

BES-SIM could use these biodiversity-centred storylines to project dynamics of biodiversity and ecosystem services and 

associated consequences for human well-being and socio-economic development and human well-being. This will help 25 
policymakers and practitioners to collectively identify pathways for sustainable futures based on alternative biodiversity 

management approaches and assist researchers in incorporating the role of biodiversity in socio-economic scenarios.  

9. Code and data availability 

The output data from this model intercomparison will be downloadable from the website of the IPBES Expert Group on 

Scenarios and Models in the future (https://www.ipbes.net/deliverables/3c-scenarios-and-modelling). The LUH2 land-use data 30 
used for model runs are available on http://luh.umd.edu/data.shtml. The climate datasets used in BES-SIM can be downloaded 

from the respective websites (https://www.isimip.org/outputdata/, http://worldclim.org/version1)  
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There is a Supplement for this manuscript with Supplementary Methods and Tables S1, S2, S3, which can be found here:  

https://www.geosci-model-dev-discuss.net/gmd-2018-115/.  
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Figure 1: Input-models-output flowchart of BES-SIM.  

 
   

Input -
Harmonized scenarios & data

(sections 2, 3)

Models
(section 4)

Output -
Common (or categorized) metrics 

(section 5)

Biodiversity
Species-based:
AIM-biodiversity, InSiGHTS, MOL, 
BIOMOD2 (uncertainty analysis)

Community-based: 
cSAR-iDiv, cSAR-IIASA-ETH, 
BILBI, PREDICTS, 
GLOBIO - Aquatic, Terrestrial

Ecosystem-based:
Madingley

Ecosystem Functions and Services
LPJ-GUESS, LPJ, CABLE (DGVMs), 
GLOBIO-ES, InVEST, GLOSP

(see Appendix 1 and Table S2)

Land Use
LUH2 
(native resolution or GLOBIO 
downscaled) for 
SSP1, SSP3, SSP5 

Climate
ISIMIP2a IPSL-CM5A-LR 
(native resolution or WorldClim
downscaled) or MAGICC* for 
RCP2.6, RCP6.0, RCP8.5 
*GLOBIO

Others (model-specific)
Species records, habitat affinities, 
range maps, vegetation cover, 
population density, correlation 
coefficients of pressure drivers, etc.

(see Tables 2, 3, 5 and S1)

Biodiversity:
Local, regional and global diversity
Abundance and intactness
Local and global habitat change

Nature’s Contributions to People:
Pollination
Climate regulation
Water regulation (quantity, quality)
Soil protection
Hazards/extreme events regulation
Pest control
Energy production
Food and feed
Materials

(see Tables 4, 6, and S3)
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Table 1: Characteristics of (a) SSP and (b) RCP scenarios simulated in BES-SIM (adapted from Moss et al., 2010; O’Neill et al., 
2017; Popp et al., 2017; van Vuuren et al., 2011). 

(a) SSP scenarios 

 SSP1  
Sustainability 

SSP3  
Regional Rivalry 

SSP5  
Fossil-fueled Development  

Population growth Relatively low  Low (OECD countries) to high 
(high fertility countries) 

Relatively low 

Urbanization High Low High 
Equity and social cohesion High Low High 
Economic growth High to medium Slow High 
International trade and 
globalization 

Moderate Strongly constrained High 

Land-use regulation Strong to avoid environmental 
trade-off 

Low Limited with continued 
deforestation due to agriculture 
expansion  

Medium with slow decline in 
deforestation 

Agricultural productivity High improvements with diffusion 
of best practices 

Low with slow technology 
development and restricted trade 

Highly managed and resource 
intensive 

Consumption & diet Low growth in consumption, low-
meat 

Resource-intensive consumption Material-intensive consumption, 
meat-rich diet 

Environment Improving Serious degradation Highly successful management 
Carbon intensity Low High High 
Energy intensity Low High High 
Technology development Rapid Slow Rapid 
Policy focus Sustainable development Security Development, free market, human 

capital 
Participation of the land-use sector 
in mitigation policies 

Full  Limited  Full  

International cooperation for 
climate change mitigation 

No delay Heavy delay Delay 

Institution effectiveness  Effective Weak  Increasingly effective 
 
(b) RCP scenarios 

 
RCP2.6  

Low emissions 
RCP6.0  

Intermediate emissions 
RCP8.5  

High emissions 
Radiative forcing Peak at 3W/m2 before 2100 and 

decline 
Stabilizes without overshoot 
pathways to 6W/m2 in 2100 

Rising forcing pathways leading 
to 8.5 W/m2 in 2100 

Concentration (p.p.m) Peak at 490 CO2 equiv. before 
2100 and then declines 

850 CO2 equiv. (at stabilization 
after 2100) 

>1,370 CO2 equiv. in 2100 

Methane emission Reduced Stable Rapid increase 
Reliance on fossil fuels Decline Heavy Heavy 
Energy intensity Low Intermediate High 
Climate policies Stringent Very modest to almost none High range of no policiesNo 

implementation 
 
(c) SSPxRCP scenarios 

 
SSP1xRCP2.6   

Highest mitigation 
SSP3xRCP6.0   

Limited mitigation 
SSP5xRCP8.5   
No mitigation 

Bioenergy Low Highest Lowest 
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Table 2: Sources of land use and climate input data in BES-SIM. 

BES-SIM model Land-use data Climate data 

  LUH2 v2.0 
Native  

resolution 
0.25 degree 

LUH2 v2.0 
Downscaled 
(GLOBIO) 

300m 

ISIMIP2a  
IPSL-CM5A-LR 

Native  
resolution 
0.5 degree 

ISIMIP2a  
IPSL-CM5A-LR  

Downscaled 
(WorldClim) 

1km 

IMAGE† 
(MAGICC 6.0) 

Species-based models of biodiversity 
AIM-biodiversity *  *   
InSiGHTS *   *  
MOL *   *  
Community-based models of biodiversity 
cSAR-iDiv *     
cSAR-IIASA-ETH *     
BILBI *   *  
PREDICTS *     
GLOBIO - Aquatic *    * 
GLOBIO4 - Terrestrial  *   * 
Ecosystems-based model of biodiversity 
Madingley *  *   
Models of ecosystem functions and services 
LPJ-GUESS *  *   
LPJ *  *   
CABLE *  *   
GLOBIO-ES *    * 
InVEST  *  *  
GLOSP *  *   

†All GLOBIO models use MAGICC climate data from the IMAGE model. 
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Table 3: Improvements made in the Land Use Harmonization v2 (LUH2) from LUH v1 (sources: Hurtt et al., 2011; Hurtt et al., 
2018). 
 

  LUH v1 LUH v2 
Spatial resolution 0.5 degree 0.25 degree 
Time steps Annually from 1500 to 2100 Annually from 850 to 2100  
Land use categories 5 categories 

Primary 
Secondary 
Pasture 
Urban  
Crop 

12 categories 
Forested primary land (primf) 
Non-forested primary land (primn) 
Potentially forested secondary land (secdf) 
Potentially non-forested secondary land (secdn) 
Managed pasture (pastr) 
Rangeland (range) 
Urban land (urban) 
C3 annual crops (c3ann) 
C3 perennial crops (c3per) 
C4 annual crops (c4ann) 
C4 perennial crops (c4per) 
C3 nitrogen-fixing crops (c3nfx) 

Future RCPs (4) 
2.6 
4.5 
6.0 
8.5 

SSPs (6) 
SSP1-RCP2.6 
SSP4-RCP3.4 
SSP2-RCP4.5 
SSP4-RCP6.0 
SSP3-RCP7.0 
SSP5-RCP8.5 

Land use transitions <20 per grid cell per year >100 per grid cell per year 
Improvements  - New shifting cultivation algorithm 

- Landsat forest/non-forest change constraint 
- Expanded diagnostic package 
- New historical wood harvest reconstruction 
- Agricultural management layers: irrigation, 
fertilizer, biofuel crops, wood harvest product 
split, crop rotations, flooded (rice) 
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Table 4: Selected output indicators for inter-comparison of biodiversity and ecosystems models. For species diversity change, both 
proportional changes in species richness (P) and absolute changes (N) are reported. Some models project the α metrics at the level of the 
grid cell (e.g. species-based and SAR based community models) while others average the local values of the metrics across the grid cell 
weighted by the area of the different habitats in the cell (e.g. PREDICTS, GLOBIO). 

BES-SIM model 

Local scale Sspecies 
diversity change  
at local scale ( 
(Pα and Nα) 

Subregional and global 
scale Sspecies diversity 

change 
at subregional and global 

scale 
(Pγ and Nγ) 

Abundance-based 
intactness  

at local scale 
(Iα)  

Local and global Mmean 
habitat extent change  

at local and global scale 
(Hα and Hγ) 

Species-based models of biodiversity 
AIM-biodiversity * *   * 
InSiGHTS * *   * 
MOL * *   * 
Community-based models of biodiversity 
cSAR-iDiv * *     
cSAR-IIASA-ETH  * *     
BILBI   *     
PREDICTS *  *   
GLOBIO - Aquatic     *   
GLOBIO - Terrestrial     *   
Ecosystems-based model of biodiversity 
Madingley    *  
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Table 5: Scenario (forcing data) for models in BES-SIM. 

  Future Land-Use Change or Climate  
(2050) 

BES-SIM model Historical 
Land use only, climate held 

constant at 2015  
(SSP1, SSP3, SSP5) 

Climate change only, land use 
held constant at 2015  

(RCP2.6, RCP6.0, RCP8.5) 

Land use and climate   
(SSP1xRCP2.6, 

SSP3xRCP6.0, SSP5xRCP8.5) 
Species-based models of biodiversity 
AIM-biodiversity * * * * 
InSiGHTS * * * * 
MOL   * * * 
Community-based models of biodiversity 
cSAR-iDiv * *     
cSAR-IIASA-ETH * *    
BILBI * *   * 
PREDICTS * *     
GLOBIO - Aquatic      * 
GLOBIO - Terrestrial   * * * 
Ecosystems-based model of biodiversity 
Madingley *     * 
Models of ecosystem functions and services   
LPJ-GUESS * * * * 
LPJ * * * * 
CABLE * * * * 
GLOBIO-ES  *     * 
InVEST *     * 
GLOSP       * 
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Table 6: Selected output indicators for inter-comparison of ecosystem functions and services models, categorized based on the classification of Nature's 
Contributions to People (Díaz et al., 2018). 

BES-SIM 
model 

NCP 2. 
Pollination 

and dispersal 
of seeds and 

other 
propagules  

NCP 4. 
Regulation 
of climate 

NCP 6. 
Regulation 

of freshwater 
quantity, 

location and 
timing 

NCP 7. 
Regulation of 

freshwater 
and coastal 

water quality 

NCP 8. 
Formation, 
protection 

and 
decontamina
tion of soils 

and 
sediments  

NCP 9. 
Regulation 
of hazards 

and extreme 
events 

NCP 10. 
Regulation 

of 
detrimental 
organisms 

and 
biological 
processes  

NCP 11. 
Energy 

NCP 12.  
Food and feed 

NCP 13. 
Materials, 

companionship 
and labor  

LPJ-
GUESS 

  Total carbon  
Vegetation 
carbon 

Monthly 
runoff 

Nitrogen 
leaching 

      Bioenergy-
crop  
production 

Harvested 
carbon in 
croplands that 
are used for 
food 
production 

Wood harvest 
(LUH2 
extraction) 

LPJ 
 

  Total carbon 
Vegetation 
carbon 

Monthly 
runoff 

              

CABLE 
 

  Total carbon 
Vegetation 
carbon  

Monthly 
runoff,  
Total runoff 

          Above 
ground 
carbon 
removed from 
cropland and 
pastures as a 
result of 
harvest and 
grazing 

Wood harvest  

GLOBIO-
ES  

Fraction of 
cropland 
potentially 
pollinated, 
relative to all 
available 
cropland 

Total carbon Water 
scarcity 
index 

Nitrogen in 
water 
Phosphorus 
in water  

Erosion 
protection: 
fraction with 
low risk 
relative to 
the area that 
needs 
protection  

Flood risk: 
number of 
people 
exposed to 
river flood 
risk 

Pest control: 
Fraction of 
cropland 
potentially 
protected, 
relative to all 
available 
cropland 

  Total crop 
production 
Total grass 
production 

  

InVEST 
 

Proportion of 
agricultural 
lands whose 
pollination 
needs are met  

    Nitrogen 
export 
Nitrogen 
export*capita 

  Coastal 
vulnerability  
Coastal 
vulnerability  
*capita 

    Caloric 
production 
per hectare on 
the current 
landscape for 
each crop 
type  

  

GLOSP 
 

        Soil 
protection 
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Appendix 1 

Table A1: Description of biodiversity and ecosystem functions and services models in BES-SIM.  

BES-SIM 
Model 

Brief model 
description  

Defining features and key 
processes  Model modification Spatial 

resolution 
Time 
steps 

Taxonomic 
or functional 

scope 

Key 
reference 

Species-based models of biodiversity 
AIM-
biodiversity 
(Asia-Pacific 
Integrated 
Model – 
biodiversity) 

A species distribution 
model that estimates 
biodiversity loss 
based projected shift 
of species range under 
the conditions of land 
use and climate 
change. 
 

Distribution of suitable habitat 
(land) estimated from climate and 
land-use data using a statistical 
model on species presence and 
climate and land-use 
classifications, calibrated by 
historical data.  

Please see Table S2 
for detailed 
methodology. 

0.5 
degree 

1900, 
2015, 
2050, 
2070 

Amphibians, 
birds, 
mammals, 
plants, 
reptiles 

(Ohashi et 
al., 
submittedin 
prep.) 

InSiGHTS A high-resolution, 
cell-wise, species-
specific hierarchical 
species distribution 
model that estimate 
the extent of suitable 
habitat (ESH) for 
mammals accounting 
for land and climate 
suitability. 
 

Bioclimatic envelope models 
fitted based on ecologically 
current reference bioclimatic 
variables. Species’ presence and 
pseudo-absence records from 
sampling within and outside of 
species’ ranges. Forecasted layers 
of land-use/land-cover 
reclassified according to expert-
based species-specific suitability 
indexes. 

Increased number 
of modelled 
species, new 
scenarios for 
climate and land 
use. 

0.25 
degree 

1900, 
2015, 
2050, 
2070 

Mammals (Rondinini 
et al., 2011; 
Visconti et 
al., 2016) 
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BES-SIM 
Model 

Brief model 
description  

Defining features and key 
processes  Model modification Spatial 

resolution 
Time 
steps 

Taxonomic 
or functional 

scope 

Key 
reference 

MOL  
(Map of Life) 

An expert map based 
species distribution 
model that projects 
potential losses in 
species occurrences 
and geographic range 
sizes given changes in 
suitable conditions of 
climate and land cover 
change.  

Expert maps for terrestrial 
amphibians, birds and mammals 
as baseline for projections, 
combined with downscaled layers 
for current climate.  A penalized 
point process model estimated 
individual species niche 
boundaries, which were projected 
into 2050 and 2070 to estimate 
range loss. Species habitat 
preference-informed land cover 
associations were used to refine 
the proportion of suitable habitat 
in climatically suitable cells with 
present and future land-cover 
based projections.  
 

Inductive species 
distribution 
modelling was built 
using point process 
models to delineate 
niche boundaries.  
Binary maps of 
climatically suitable 
cells were rescaled 
(to [0,1]) based on 
the proportion of 
the cell within a 
species land cover 
preference 

0.25 
degree 

2015, 
2050, 
2070 

Amphibians, 
birds, 
mammals 

(Jetz et al., 
2007; 
Merow et 
al., 2013) 

BIOMOD2 
(BIOdiversity 
MODelling) 

An R-package that 
allows running up to 
nine different 
algorithms of species 
distribution models 
using the same data 
and the same 
framework. An 
ensemble could then 
be produced allowing 
a full treatment of 
uncertainties given the 
data, algorithms, 
climate models, 
climate scenarios. 

BIOMOD2 is based on species 
distribution models that link 
observed or known presence-
absence data to environmental 
variables (e.g. climate). Each 
model is cross-validated several 
times (a random subset of 70% of 
the data is used for model 
calibration while 30% are hold 
out for model evaluation). Models 
are evaluated using various 
metrics. 

 100km 2015, 
2050, 
2070 

Amphibians, 
birds, 
mammals 

(Thuiller, 
2004; 
Thuiller et 
al., 2009, 
2011) 
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Community-based models of biodiversity 
cSAR 
(Countryside 
Species Area 
Relationship) -
iDiv 

A countryside 
species-area 
relationship model 
that estimates the 
number of species 
persisting in a human-
modified landscape, 
accounting for the 
habitat preferences of 
different species 
groups.  
 

Proportional species richness of 
each species group is a power 
function of the sum of the areas of 
each habitat in a landscape, 
weighted by the affinity of each 
species group to each habitat 
type. Species richness is 
calculated by multiplying the 
proportional species richness by 
the number of species known to 
occur in the area. Total number of 
species in a landscape is the sum 
of the number of species for each 
species group. 
  

Two functional 
groups of bird 
species: (1) forest 
birds; (2) non-forest 
birds. Habitat 
affinities retrieved 
from PREDICTS 
database. 

0.25 
degree 

1900-
2010 (10 
years 
interval), 
2015, 
2050, 
2070, 
2090 

Birds 
(forest, non-
forest, all) 

(Martins 
and Pereira, 
2017) 

cSAR-IIASA-
ETH 

A countryside species 
area relationship 
model that estimates 
the impact of time 
series of spatially 
explicit land-use and 
land-cover changes on 
community-level 
measures of terrestrial 
biodiversity. 

Extends concept the SAR to 
mainland environment where the 
habitat size depends not only on 
the extent of the original pristine 
habitat, but also on the extent and 
taxon-specific affinity of the other 
non-pristine land uses and land 
covers (LULC) of conversion. 
Affinities derived from field 
records. Produces the average 
habitat suitability, regional 
species richness, and loss of 
threatened and endemic species 
for five taxonomic groups. 
  

Refined link 
between LULCC 
and habitat (gross 
transitions between 
LULC classes at 
each time) and 
better accounting of 
time dynamics of 
converted LULC 
classes. 

0.25 
degree 

1500-
1900 (100 
years 
interval), 
1900-
2090 (10 
years 
interval) 

Amphibians, 
birds, 
mammals, 
plants, 
reptiles 

(Chaudhary 
et al., 2015; 
UNEP, 
2016) 
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BILBI 
(Biogeographic 
modelling 
Infrastructure 
for Large-scale 
Biodiversity 
Indicators) 

A modelling 
framework that 
couples application of 
the species-area 
relationship with 
correlative 
generalized 
dissimilarity modeling 
(GDM)-based 
modelling of 
continuous patterns of 
spatial and temporal 
turnover in the species 
composition of 
communities (applied 
in this study to 
vascular plant species 
globally).  
 

The potential effects of climate 
scenarios on beta-diversity 
patterns are estimated through 
space-for-time projection of 
compositional-turnover models 
fitted to present-day biological 
and environmental data. These 
projections are then combined 
with downscaled land-use 
scenarios to estimate the 
proportion of species expected to 
persist within any given region. 
This employs an extension of 
species-area modelling designed 
to work with biologically-scaled 
environments varying 
continuously across space and 
time.   
  

Please see Table S3 
for detailed 
methodology. 

1 km (30 
arcsec) 

1900, 
2015, 
2050 

Vascular 
plants 

(Ferrier et 
al., 2004, 
2007) 

PREDICTS 
(Projecting 
Responses of 
Ecological 
Diversity In 
Changing 
Terrestrial 
Systems) 

The hierarchical 
mixed-effects model 
that estimates how 
four measures of site-
level terrestrial 
biodiversity – overall 
abundance, within-
sample species 
richness, abundance-
based compositional 
similarity and 
richness-based 
compositional 
similarity – respond to 
land use and related 
pressures.  

Models employ data from the 
PREDICTS database 
encompassing 767 studies from 
over 32,000 sites on over 51,000 
species. Models assess how alpha 
diversity is affected by land use, 
land-use intensity and human 
population density. Model 
coefficients are combined with 
past, present and future maps of 
the pressure data to make global 
projections of response variables, 
which are combined to yield the 
variants of the Biodiversity 
Intactness Index (an indicator first 
proposed by (Scholes and Biggs, 
2005)Scholes et al. 2005).   
   

PREDICTS LU 
classes recurated 
for LUH2. 
Abundance rescaled 
within each study. 
Baseline of 
minimally-used 
primary vegetation. 
Compositional 
similarity models 
included human 
population. Study-
level mean human 
population and 
agricultural 
suitability used as 
control variables. 
Proximity to road 
omitted. 

0.25 
degree 

900-2100 All (Newbold et 
al., 2016; 
Purvis et al., 
2018) 



 
 
 

38 

GLOBIO 
(GLObal 
BIOdiversity) - 
Aquatic 

A modelling 
framework that 
quantifies the impacts 
of land-use, 
eutrophication, 
climate change and 
hydrological 
disturbance on 
freshwater 
biodiversity, 
quantified as the mean 
species abundance 
(MSA) and ecosystem 
functions/services. 
 

Comprises a set of (mostly 
correlative) relationships between 
anthropogenic drivers and 
biodiversity/ES of rivers, lakes 
and wetlands. Based on the 
catchment approach, i.e., the 
pressures on the aquatic 
ecosystems are based on what 
happens in their catchment. Based 
on the literature. 
  

  0.5 
degree 

2015, 
2050 

All (Janse et al., 
2015, 2016) 

GLOBIO - 
Terrestrial 

A modelling 
framework that 
quantifies the impacts 
of multiple 
anthropogenic 
pressures on local 
biodiversity, 
quantified as the mean 
species abundance 
(MSA). 
 

Based on a set of correlative 
relationships between biodiversity 
(MSA) on the one hand and 
anthropogenic pressures on the 
other, quantified based on meta-
analyses of biodiversity data 
reported in the literature. 
Georeferenced layers of the 
pressure variables are then 
combined with the response 
relationships to quantify changes 
in biodiversity.   
  

Improved land-use 
allocation routine, 
improved response 
relationships for 
encroachment 
(hunting) 

10 arc-
seconds 
(~300 m) 

2015, 
2050 

All (Schipper et 
al., 2016)  
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Ecosystems-based model of biodiversity 
Madingley An integrated process-

based, mechanistic, 
general ecosystem 
model that uses a 
unified set of 
fundamental 
ecological concepts 
and processes to 
predict the structure 
and function of the 
ecosystems at various 
levels of organisation 
for marine or 
terrestrial.  
 

Grouped by heterotroph cohorts, 
organisms are defined by 
functional traits rather than the 
taxonomy. Heterotrophs, defined 
by categorical (trophic group; 
hermoregulation strategy; 
reproductive strategy) and 
quantitative (current body mass; 
mass at birth; and mass at 
reproductive maturity) traits are 
modelled as individuals 
dynamically. Simulates the 
autotroph ecological processes of 
growth and mortality; and 
heterotroph metabolism, eating, 
reproduction, growth, mortality, 
and dispersal. Dispersal is 
determined by the body mass. 

Incorporation of 
temporally 
changing climate, 
and natural and 
human impacted 
plant stocks to 
better represent the 
LUHv2 land-use 
projections. 
Calculation of 
functional diversity 
and dissimilarity to 
represent 
community changes 

1 degree 1901, 
1915-
2070 (5 
years 
interval) 

Three 
functional 
groups? 

(Harfoot et 
al., 2014b) 

Models of ecosystem functions and services 
LPJ-GUESS 
(Lund-
Potsdam-Jena 
General 
Ecosystem 
Simulator) 

A process-based 
“demography 
enabled” dynamic 
global vegetation 
model that computes 
vegetation and soil 
state and function, as 
well as distribution of 
vegetation units 
dynamically in space 
and time in response 
to climate change, 
land-use change and 
N-input.   

. Vegetation dynamics result from 
growth and competition for light, 
space and soil resources among 
woody plant individuals and 
herbaceous understorey. A suite 
of simulated patches per grid cell 
represents stochastic processes of 
growth and mortality 
(succession). Individuals for 
woody plant functional types 
(PFTs) are identical within an 
age-cohort. Processes such as 
photosynthesis, respiration, 
stomatal conductance are 
simulated daily. Net primary 
production (NPP) accrued at the 
end of each simulation year is 
allocated to leaves, fine roots and, 
for woody PFTs, sapwood, 
resulting in height, diameter and 
biomass growth.  
  

The model version 
used here has some 
updates to the fire 
model compared to 
Knorr et al. (2016) 
see also Rabin et al. 
(2017). Simulations 
also accounted for 
wood harvest, using 
the modelled 
recommendations 
from LUH2. 

0.5 
degree 

1920, 
1950, 
1970, 
2015, 
2050, 
2070 

 (Lindeskog 
et al., 2013; 
Olin et al., 
2015; Smith 
et al., 2014) 
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LPJ 
(Lund-
Potsdam-Jena) 

A big leaf model that 
simulates the coupled 
dynamics of 
biogeography, 
biogeochemistry and 
hydrology under 
varying climate, 
atmospheric CO2 
concentrations, and 
land-use land cover 
change practices to 
represent demography 
of grasses and trees in 
a scale from 
individuals to 
landscapes.  

Hierarchical representation of the 
land surface - tiles represent land 
use with various plant or crop 
functional types. Implements 
establishment, mortality, fire, 
carbon allocation, and land cover 
change on annual time steps, and 
calculates photosynthesis, 
autotrophic respiration, and 
heterotrophic respiration on daily 
time steps. Fully prognostic, 
meaning that PFT distributions 
and phenology are simulated 
based on physical principles 
within a numerical framework. 
  

LPJ represents the 
full set of states and 
transitions 
represented in 
LUHv2 and 
improved estimate 
of carbon fluxes 
from land-cover 
change. 

0.5 
degree 

1920, 
1950, 
1970, 
2015, 
2050, 
2070 

 (Poulter et 
al., 2011; 
Sitch et al., 
2003) 

CABLE 
(Community 
Atmosphere 
Biosphere 
Land 
Exchange) 

A “demography 
enabled” global 
terrestrial biosphere 
model that computes 
vegetation and soil 
state and function 
dynamically in space 
and time in response 
to climate change, 
land-use change and 
N-input.  

Combines biophysics (coupled 
photosynthesis, stomatal 
conductance, canopy energy 
balance) with daily 
biogeochemical cycling of carbon 
and nitrogen (CASA-CNP) and 
annual patch-based representation 
of vegetation structural dynamics 
(POP). Accounts for gross land-
use transitions and wood harvest, 
including effects on patch age 
distribution in secondary forest. 
Simulates co-ordination of rate-
limiting processes in C3 
photosyntheisis, as an outcome of 
fitness maximisation.  
 

  1 degree 1920, 
1950, 
1970, 
2015, 
2050, 
2070 

 (Haverd et 
al., 2017) 
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GLOBIO-
Ecosystem 
Services 

The model simulates 
the influence of 
various anthropogenic 
drivers on ecosystem 
functions and 
services.   

Quantifies a range of provisioning 
services (e.g. crop production, 
grass and fodder production, wild 
food), regulating services (e.g. 
pest control, pollination, erosion 
risk reduction, carbon 
sequestration), and culture 
services (e.g. nature based 
tourism) and other measures (e.g. 
water availability, food risk 
reduction, harmful algal blooms). 
Derived from various models, 
including the Integrated Model to 
Assess the Global Environment 
(IMAGE) model and PCRaster 
Global Water Balance (PCR-
GLOBWB), and from empirical 
studies using meta-analysis. 
  

Relationships 
between land use 
and the presence of 
pollinators and 
predators updated 
through additional 
peer review papers. 

0.5 
degree 

2015, 
2050, 
2070 

 (Alkemade 
et al., 2009, 
2014; 
Schulp et 
al., 2012)  

InVEST 
(Integrated 
Valuation of 
Ecosystem 
Services and 
Tradeoffs) 

A suite of geographic 
information system 
(GIS) based spatially-
explicit models used 
to map and value the 
ecosystem goods and 
services in 
biophysical or 
economic terms. 

18 models for distinct ecosystem 
services designed for terrestrial, 
freshwater, marine and coastal 
ecosystems. Based on production 
functions that define how changes 
in an ecosystem’s structure and 
function are likely to affect the 
flows and values of ecosystem 
services across a land- or a 
seascape. Accounts for both 
service supply and the location 
and activities of demand. Modular 
and selectable. 
 

The crop-
production model 
was simplified from 
175 crops to the 5 
crop-types reported 
in LUH2. Other 
models have minor 
simplifications; see 
tables S2 and S3 for 
more detail.  

300m and 
5 arc-
minute 

2015, 
2050 

 (Arkema et 
al., 2013; 
Chaplin-
Kramer et 
al., 2014; 
Guannel et 
al., 2016; 
Johnson et 
al., 2014, 
2016; 
Redhead et 
al., 2018; 
Sharp et al., 
2016) 
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GLOSP 
(GLObal Soil 
Protection) 

A 2D soil erosion 
model based on the 
Universal Soil Loss 
Equation that uses 
climate and land-use 
projections to estimate 
global and local soil 
protection. 

Protected soil (Ps) is defined as 
the amount of soil that is 
prevented from being eroded 
(water erosion) by the mitigating 
effect of available vegetation. Ps 
is calculated from the difference 
between soil erosion (Se) and 
potential soil erosion (Pse) based 
on the integration of the joint 
effect of slope length, rainfall 
erosivity, and soil erodibility. Soil 
protection is given by the value of 
fractional vegetation cover 
calculated as a function of land 
use, altitude, precipitation, and 
soil properties. 
  

Please see Table S3 
for detailed 
methodology. 

0.25 
degree 

2015, 
2050 

 (Guerra et 
al., 2016) 
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Appendix 2 
 
List of. Acronyms 
 

AIM Asia-pacific Integrated Model 
BES-SIM Biodiversity and Ecosystem Services Scenario-based Intercomparison of Models  
BIOMOD BIOdiversity MODelling   
BILBI Biogeographic modelling Infrastructure for Large-scale Biodiversity Indicators 
CABLE Community Atmosphere Biosphere Land Exchange 
CMIP Climate Model Inter-comparison Project  
cSAR Countryside Species Area Relationship 
DGVM Dynamic Global Vegetation Model 
EBV 
ESM 

Essential Biodiversity Variable 
Earth System Models Earth System Models 

GBIF Global Biodiversity Information Facility 
GBO Global Biodiversity Outlooks  
GCM Global General Circulation Models 
GEO Global Environmental Outlook  
GLOBIO GLObal BIOdiversity 
GLOSP GLObal Soil Protection 
IAM Integrated Assessment Models 
IMAGE Integrated Model to Assess the Global Environment 
InVEST Integrated Valuation of Ecosystem Services and Tradeoffs 
IPBES Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services 
IPCC Intergovernmental Panel on Climate Change  
IPSL-CM5A-LR Institut Pierre-Simon Laplace-Climate Model 5A-Low Resolution 
ISIMIP Inter-Sectoral Impact Model Intercomparison Project 
LPJ  Lund-Potsdam-Jena 
LPJ-GUESS  Lund-Potsdam-Jena General Ecosystem Simulator 
LUH2 Land Use Harmonization Project version 2 
MA Millennium Ecosystem Assessment  
MAgPIE The Model of Agricultural Production and its Impact on the Environment  
MIP Model Intercomparison Project 
MOL Map of Life 
NCP Nature’s Contributions to People 
REMIND Regionalized Model of Investments and Development 
PREDICTS Projecting Responses of Ecological Diversity In Changing Terrestrial Systems 
RCM Regional Climate Models 
RCPs  
PCR-GLOBWB 

Representative Concentration Pathways 
PCRaster Global Water Balance 

SAR Species Area Relationship 
SR Species Richness  
SSPs Shared Socio-economic Pathways 

 5 



 
 

1 

Supplement  
 
Supplementary Methods: Description of the post-processing (downscaling) of LUH2 using GLOBIO 4  
 
GLOBIO 4 discrete land-use allocation routine 
The GLOBIO4 land-use allocation procedure requires two main inputs: regionally aggregated totals or demands (‘claims’) of each land-use 
type and, for each land-use type, a layer quantifying the suitability of each grid cell for that land-use type (10 arc-seconds resolution; ~300 
m). Claims can be derived from national or regional statistics or from models that estimate demands based on socio-economic developments, 
for example integrated assessment models (IAMs). All claims are expressed in terms of area (km2). The allocation algorithm then prioritizes 
candidate grid cells according to their suitability values and allocates the claims of each land-use type in each region starting from the cells 
with the highest suitability until the total claim is allocated. In the allocation a predefined order is followed, where urban land takes 
precedence over cropland (Bren d’Amour et al., 2017) and cropland in turn takes precedence over pasture (Hasegawa et al., 2017). If for a 
given land-use type in a given region there are multiple cells with the same suitability, the allocation is done randomly. Non-allocated areas 
are assigned the primary vegetation type from a natural land cover map. If the area of land use allocated in a given time step is smaller than 
the area allocated in the preceding time step, the cells that fall free are assigned secondary vegetation. 
 
Suitability layers 

Urban 
Urban claims are first allocated to existing urban area, from the centre outward, and then to non-urban area with the probability decreasing 
with increasing distance from urban areas. We further assume that within protected areas no further urban expansion takes place (beyond 
the current urban area in PA). To achieve this, the urban suitability layer is calculated as follows, based on the ESA CCI-LC map for 2005: 
• For each urban cell (class 190; see Table A2), calculate the Euclidian distance to the nearest other cell (such that cells in the city centres 

get higher values than cells near the edges). Normalize such that each value ranges between 0 and 1, and add +1 to all values. This 
gives layer 1.  

• For each non-urban cell, calculate the Euclidian distance to the nearest urban cell. Invert the distances (such that cells closer to urban 
get higher suitability) and normalize such that each value ranges between 0 and 1. Set values within protected areas to zero. This gives 
layer 2.  

• Sum the two layers and normalize again such that each cell gets a value between 0 and 1. This gives a layer where suitability within 
urban is always higher than beyond urban, and with suitability decreasing from the existing city centres outward. 

Cropland 
Similar to urban, cropland is first allocated to existing cropland and then with increasing distance to it (based on ESA CCI-LC map for 2005). 
We assume that homogeneous cropland cells in the ESA CCI-LC map represent more suitable areas than mosaic croplands. We further 
assume that within protected areas no further cropland expansion takes place (beyond the current cropland within PA). To achieve this, the 
suitability layer is calculated as follows:  
• For each homogeneous cropland cell in the ESA CCI-LC map for 2005 (classes 10, 11, 12 and 20), calculate the Euclidian distance to 

the nearest other cell (such that cells in the centres of cropland areas get higher values than cells near the edges). Normalize such that 
each value ranges between 0 and 1, and add +2 to all values. This gives layer 1. 

• For each mosaic cropland cell in the ESA CCI-LC map for 2005 (classes 30 and 40), calculate the Euclidian distance to the nearest 
other cell (such that cells in the centres of cropland areas get higher values than cells near the edges). Normalize such that each value 
ranges between 0 and 1, and add +1 to all values. This gives layer 2. 

• For each non-cropland cell, calculate the Euclidian distance to the nearest cropland cell (classes 10, 11, 12, 20, 30 and 40). Invert the 
distances (such that cells closer to cropland get higher suitability) and normalize such that each value ranges between 0 and 1. Set 
values within protected areas to zero. This gives layer 3.  

• Sum the three layers and normalize again such that each cell gets a value between 0 and 1. This gives a layer where suitability within 
cropland is always higher than beyond cropland, with homogeneous cropland being more suitable than mosaic cropland, and with 
suitability decreasing away from existing cropland. 

Pasture and rangeland 
For pasture and rangeland, we assume that suitability can be inferred from the density of grazing livestock species, which we retrieve from 
FAO’s gridded livestock of the world (30 arc-seconds). We establish the suitability layer as follows: 
• Retrieve the densities (head per km2) of each of three ruminant livestock species (cattle, goat, sheep) from the FAO’s gridded livestock 

of the world, resolution 30 arc-seconds (https://livestock.geo-wiki.org/download/).  
• To correct for differences in body mass among livestock species, convert heads to so-called tropical livestock units (TLU) by assuming 

that goat/sheep = 0.1 TLU and cattle = 0.6 TLU per individual (Petz et al., 2014).  
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• Sum the TLUs per grid and normalize the resulting values to achieve suitabilities ranging from 0 to 1. 
 
Forestry 
In a recent review it was found that six factors were consistently associated with higher deforestation (roads, urban areas, population, soil 
suitability, agricultural activity, and proximity to agriculture) (Busch and Ferretti-Gallon, 2017). We assume here that the last five factors 
primarily reflect deforestation for urban and agricultural development, which is covered in the allocation of urban and cropland, and that 
forestry/wood harvest is primarily determined by elevation and the proximity to infrastructure needed to transport wood (FAO, 2000). The 
review further found that protected areas consistently result in lower deforestation. Suitability for forestry (within forest) is therefore 
calculated as follows: 
• Calculate the Euclidian distance to roads from PBL’s GRIP database (Meijer et al., accepted) or, in South-America, the distance to 

either roads or rivers (FAO, 2000), using the Digital Chart of the World (DCW) combined with the Global Lake and Wetland Database 
(GLWD) to delinate the rivers. Invert and normalize the distances to arrive at suitability values between 0 and 1. This gives layer 1. 

• Invert and normalize elevation to arrive at suitability values between 0 and 1. This gives layer 2. 
• Multiply the layers and normalize again to arrive at an overall suitability between 0 and 1.  

Perform the following post-processing steps: 
• Set suitability values within protected areas to zero. 
• Clip the global suitability layer to land cover with trees from the ESA CCI-LC map for 2005 (classes 50-110; see Table A2). This 

contains both closed and open forest, in order to accommodate wood harvest from areas with different tree densities (forested and non-
forested in LUH2). 

 
Post-processing LUH2 data with the GLOBIO 4 land allocation routine  

Step 1 | Discrete allocation of urban, cropland, pasture and forestry 
We use the GLOBIO routine to post-process (downscale) the LUH2 data (http://luh.umd.edu/data.shtml) and refine for cropland, as follows: 

1) We aggregated the areas of urban, cropland, pasture, rangeland and forestry across the LUH2 cells to IMAGE region level to obtain 
the claims. The cropland claim consists of the sum of the five cropland types (c3ann + c3per + c4ann + c4per + c3nfx). The forestry 
claim is the sum of the wood harvest from forested cells and non-forested cells with primary vegetation (primf_harv + primn_harv), 
as this is most important for the biodiversity impact. We compiled five sets of claims: three scenarios SSP1-2050, SSP3-2050 and 
SSP5-2050), the base year (2015), and a starting year (2005) to calculate the initial map.  

2) We create an initial land use map by allocating urban, cropland, pasture, rangeland and forestry with GLOBIO 4 land allocation routine, 
using the claims for 2005 and, for the primary vegetation, the ESA CCI-LC map for the same year. For pasture and rangeland, we use 
the same suitability layer. By allocating pasture first and rangeland thereafter, the pasture (more intense use) will be allocated to the 
most suitable areas. Post-process the initial map to remove any remaining urban (class 190) or cropland (classes 10-40) from the ESA 
CCI-LC map by reclassifying into secondary vegetation. 

3) We then allocated the LUH2 ‘claims’ for the years 2015 and 2050 with the GLOBIO 4 allocation routine, using the map from step 2 
as initial land use map.  

 
Step 2 | Differentiate cropland 
After allocation, we differentiate cropland intensities based on the amount of fertilizer: 

1)  We created a total fertilizer map layer (0.25 degree resolution; kg N per ha) as weighted average over the crop types: (fertl_c3ann * 
c3ann + fertl_c4ann * c4ann + fertl_c3per * c3per + fertl_c4per * c4per + fertl_c3nfx * c3nfx)/(c3ann + c4ann + c3per + c4per + 
c3nfx) 

2)  We classified intensity per cell: low intensity = 0–100 kg N-input/ha, medium intensity = 100–250 kg N-input/ha and high intensity = 
>250 kg N-input/ha (Temme and Verburg, 2011). 

3)  We combined the intensity layer with the map resulting from the discrete allocation to classify cropland based on intensity (post-
processing step).  
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Table S1: Sources and characterization of input data in BES-SIM. 
 

BES-SIM 
model 

Land-use data - re-categorization of LUH2 
land-use classes in the model 

Climate data - data sources with 
variables used in the model 

Other data   

Species-based models of biodiversity 
AIM-
biodiversity 

Cropland (c3ann, c4ann, c3per, c4per, c3nfx) 
Pasture (pastr) 
Built-up area (urban) 
Forest (primf, secdf) 
Other natural land (primn, secdn, range) 

ISIMIP2a (IPSL-CM5a-LR)  
- monthly mean maximum 
temperature, monthly mean 
minimum temperature,  
monthly precipitation   

Species occurrence records 
(GBIF) 

InSiGHTS Cropland (c3ann, c3per, c3nfx, c4ann, c4per) 
Forest (primf, secdf) 
Non-forest (primn, secdn, range) 
Pasture (pastr)  
Urban (urban) 

WorldClim v1  
- annual mean temperature, 
diurnal range (mean of monthly), 
isothermality, temperature 
seasonality, max temperature of 
warmest month, minimum 
temperature of coldest month, 
temperature annual range, mean 
temperature of wettest, driest, 
warmest quarter, and coldest 
quarters, annual precipitation, 
precipitation of wettest and driest 
months, seasonality, wettest, 
driest, warmest, and coldest 
quarters  

Global mammal habitat suitability 
models (Rondinini et al., 2011) 
Mammal range maps (IUCN) 

MOL Forest (primf, secdf)  
Grassland/shrubland/wetland (secdf, secdn) 
Rangeland (pastr, range) 
Urban (urban) 
Crops (c3ann, c3per, c3nfx, c4ann, c4per) 

WorldClim v2 (present), v1.4 
(future)  
- annual mean temperature, 
temperature seasonality, annual 
precipitation, precipitation 
seasonality, precipitation of driest 
quarter 

Expert maps (IUCN) 
Species land cover preferences 
drawn from the literature  

BIOMOD2  CHELSA (1979-2013 for present, 
and 2041-2060, 2061-2080 for 
future)  
- annual mean temperature, 
annual temperature range, annual 
sum of precipitation and 
precipitation seasonality 
(coefficient of variation in 
monthly sum of precipitations) 
 

Expert maps for mammals and 
amphibians (IUCN) 
Bird data (Birdlife International)  

Community-based models of biodiversity 
cSAR-iDiv Primary vegetation (primf, primn   

Secondary vegetation (secdf, secdn)   
Pasture (pastr, range) 
Urban (urban)  
Cropland (c3ann, c4ann, c3nfx)  
Permanent (c3per, c4per) 

  Bird species occurrence data 
(Birdlife International) 
Coefficients for affinities 
(PREDICTS) 
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BES-SIM 
model 

Land-use data - re-categorization of LUH2 
land-use classes in the model 

Climate data - data sources with 
variables used in the model 

Other data   

cSAR-
IIASA-ETH  

Urban (urban) 
Annual cropland (c3ann, c3nfx, c4ann) 
Perennial cropland (c3per, c4per) 
Pasture (pastr) 
Extensive forest (range, secdf, secdn) 
Pristine (primf, primn) 

  
 

cSAR model parameters 
(Chaudhary et al. 2015; 
Frischknecht and Jolliet 2016) 

BILBI Primary vegetation (primf, primn) 
Mature secondary vegetation (secdf, secdn)  
if older than 50yrs 
Intermediate secondary vegetation (secdf, 
secdn) if 10-50 years old 
Young secondary vegetation (secdf, secdn)  
if younger than 10yrs 
Rangelands (range) 
Managed pasture (pastr)  
Urban (urban) 
Perennial croplands (c3per, c4per) 
Nitrogen-fixing croplands (c3nfx) 
Annual croplands (c3ann, c4ann) 

WorldClim v1.4 – BIO6 and 
BIO12 
Climate variables derived by 
integrating Worldclim monthly 
temperature and precipitation 
estimates with radiative 
adjustment for terrain, and with 
soil water-holding capacity 
(Ferrier et al., 2013): max 
temperature of warmest month, 
max diurnal temperature range, 
actual evaporation, potential 
evaporation, min monthly water 
deficit, max monthly water deficit  

Plant species occurrence records 
(GBIF) 
Soil attributes: pH, Clay %, 
Silt %, Bulk Density, Depth 
(Hengl et al., 2014) 
Terrain attributes: Ruggedness 
Index (G. Arnatulli, Yale 
University), Topographic 
Wetness Index (WorldGrids) 
MODIS Vegetation Continuous 
Fields (NASA) 
Global Human Settlement 
Population Grid 
Coefficients: impact of land use 
on local native-species richness 
(PREDICTS) 

PREDICTS Primary vegetation (primf, primn) 
Secondary vegetation (secdf, secdn - split into 
three age bands: Mature, Intermediate and 
Young) 
Managed pasture (pastr) 
Rangeland (range)  
Urban (urban)  
Annual (c3ann, c4ann) 
Nitrogen-fixing (c3nfx)  
Perennial (c3per, c4per)  

  PREDICTS database (Hudson et 
al., 2014) 
Human population density 
(GRUMP v1., HYDE (historical) 
and the corresponding SSPs as 
developed by Jones and O’Neill 
2016 (future projection)).  
Agricultural suitability (Zabel et 
al., 2014) 
 

GLOBIO - 
Aquatic 

Primary forest (primf)  
Primary other vegetation (primn)  
Secondary forest (secdf) 
Pastures (pastr)  
Rangelands (range)  
Cropland (c3ann, c4ann, c3nfx)   
Perennials (c3per, c4per)  
secdn   
urban   

IMAGE model (MAGICC 6.0)  
- daily precipitation and 
evaporation, monthly 
precipitation and evaporation. 
 
ISIMIP2a (IPSL-CM5a-LR) 
- water temperature  

River flow compared to natural 
river flow (global hydrological 
model: PCR-GLOBWB or LPJ) 
Water temperature (PCR-
GLOBWB model) 
Nutrient loads to aquatic systems 
(Global Nutrient Model) 
Drain direction network (Döll and 
Lehner, 2002) 
Global map of rivers, lakes and 
wetlands ((Lehner and Döll, 
2004) 
Lake depths (Kourzeneva, 2010) 
River dam database (Fekete et al., 
2010; Lehner et al., 2011) 

GLOBIO - 
Terrestrial 

GLOBIO downscaled LUH2 data  
(see Annex 1 in Supplementary Materials) 

IMAGE model (MAGICC 6.0)  
- global mean temperature 
increase (oC) 

Nitrogen deposition (IMAGE 
model)  
Roads (GRIP dataset, Meijer et 
al., accepted2018) 
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BES-SIM 
model 

Land-use data - re-categorization of LUH2 
land-use classes in the model 

Climate data - data sources with 
variables used in the model 

Other data   

Settlements in tropical regions 
(Humanitarian Data Exchange, 
Open Street Map) 

Ecosystems-based model of biodiversity 
Madingley States 

Primary (primf, primn) 
Secondary (secdf, secdn) 
Grazing (pastr, range) 
Cropland (c3ann, c4ann, c3per, c4per, c3nfx) 
Urban (urban) 
  
Transitions 
Primary losses (all transitions beginning with 
primf or primn) 
Secondary losses (all transitions beginning 
with secdf or secdn) 
Secondary gains (all transitions ending with 
secdf or secdn) 

ISIMIP2a (IPSL-CM5a-LR) 
- temperature, precipitation 

Soil characteristics (Smith et al., 
2013) 
Modis Net Primary Productivity 
(NASA, 2012) 
Human Appropriation of Net 
Primary Productivity (Haberl et 
al., 2007) 
Human population densities 
(Jones and O’Neill, 2016; Klein 
Goldewijk et al., 2016)3 

Models of ecosystem functions and services  
LPJ-GUESS Primary natural vegetation (primf, primn)  

Secondary natural vegetation (secdf, secdn)  
Pasture (pastr, range) 
C3 crops (c3ann, c3per, c3nfx) 
C4 crops (c4ann, c4per) 
Urban (modelled as natural vegetation) 

ISIMIP2a (IPSL-CM5a-LR) 
- monthly min/max T, 
precipitation, shortwave radiation; 
atmospheric CO2, N-input, 
fractional land cover (crop 
irrigated yes/no, pasture, managed 
forest, natural) 

Crop irrigated and biofuel 
fraction (LUH2 dataset) 
Wood harvest estimate (LUH2 
dataset) 
Nitrogen deposition (Lamarque et 
al., 2011) 

LPJ Primary natural vegetation (primf, primn) 
Secondary natural vegetation (secdf, secdn)  
Pasture (pastr, range, c3ann, c3per, c3nfx, 
c4ann, c4per) 
urban (modelled as natural vegetation) 

ISIMIP2a (IPSL-CM5a-LR) 
- monthly T, precipitation, 
shortwave radiation or cloudiness; 
atmospheric CO2, fractional land 
cover (pasture, managed forest, 
natural) 

 

CABLE Primary natural vegetation (primf, primn) 
Secondary natural vegetation (secdf, secdn) 
Grass (pastr, range) 
Crops (c3ann, c3per, c3nfx, c4ann, c4per, 
c4nfx) 

ISIMIP2a (IPSL-CM5a-LR) 
- daily min/max T, precipitation, 
shortwave radiation, longwave 
radiation, humidity, windspeed, 
atmospheric CO2, N-deposition, 
land-use transitions (crop, 
pasture, secondary forest, natural) 

Wood harvest estimate (LUH2 
dataset)  
Nitrogen deposition (Lamarque et 
al., 2011) 

GLOBIO-
ES  

Primary forest (primf)  
Primary other vegetation (primn)  
Secondary forest (secdf) 
Pastures (pastr)  
Rangelands (range)  
Cropland (c3ann, c4ann, c3nfx)   
Perennials (c3per, c4per)  
secdn   
urban   

IMAGE model (MAGICC 6.0)  
- aggregated monthly 
precipitation, monthly wet day 
frequency 

Population size, GDP per capita, 
soil data, altitude range, slope 
(IMAGE model) 
Population density in river 
floodplains 
Water demand for electricity, 
industry and households (Bijl et 
al., 2016) 
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BES-SIM 
model 

Land-use data - re-categorization of LUH2 
land-use classes in the model 

Climate data - data sources with 
variables used in the model 

Other data   

InVEST GLOBIO downscaled LUH2 data  
(see Annex 1 in Supplementary Materials) 

Nutrient delivery 
WorldClim v1.4  
- precipitation 
 
 
 
 
 
Coastal Vulnerability 
CMIP5 AOGCMs  
- sea level rise  
 

Nutrient delivery 
Digital elevation model (ASTER) 
Biophysical table (InVEST 
database) 
Rural population scenarios (Jones 
and O’Neill, 2016) 
Population raster (GPWv4, 2018) 
 
Coastal Vulnerability 
Natural Habitat polygons for 
mangrove, corals, and eel grass 
(WCMC) 
Continental Shelf polygon 
(COMARGE, Census of Marine 
Life) 
Digital elevation model (ASTER) 
Wind and wave exposure 
(WAVEWATCH III) 
Population raster (GPWv4 - 
2018) 
 
Pollination 
Yield raster for 115 crops 
(Monfreda et al., 2008) 
Nutrient content of 115 crops 
(table; USDA 2011) 
Pollination dependence of 115 
crops (Klein et al., 2007) 
Dietary requirements (Allen et al., 
2006; BNF, 2016) 
Demographic population data 
(GPWv4 Age Dataset – 2018) 
 
Crop production 
-Yield raster for 115 crops 
(Monfreda et al., 2008) 
 

GLOSP 12 original land states in LUH2 ISIMIP2a (IPSL-CM5a-LR) 
- precipitation  

Fractional vegetation cover 
(Filiponi et al., accepted) 
Topography (GMTED2010) 
Soil type and physical properties 
(Hengl et al., 2014) 
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Table S2: Model description, modifications and assumptions made to published models in BES-SIM. 
 

BES-SIM model Description  

Species-based models of biodiversity 
AIM-biodiversity The AIM-biodiversity model (Ohashi et al., in prepsubmitted.) predicts potential shifts of suitable habitat of 

multiple species caused by the projected climate and land-use change, using the ISI-MIP climate and LUH2 land-
use data. The model incorporates distribution of 9,025 species with ≥ 30 refined occurrence data in their native 
region, which has been assessed by the IUCN Red List. This includes species of the least concern in five major 
taxonomic groups: vascular plants, amphibians, reptiles, birds, and mammals. Native region of each species was 
specified by database of the IUCN Red List. The distribution of suitable habitat (land) is estimated from climate 
and land-use data at 0.5 arc degrees spatial resolution using a statistical model on the relationship between species 
occurrence and climate and land-use classes. This statistical model is calibrated by Maxent (Phillips et al., 2006) 
using the occurrence data from the Global Biodiversity Information Facility (GBIF), historical climate 
(WorldClim database) and land use (Hasegawa et al., 2017) data for 2005. The bias of occurrence data is corrected 
using bias files for generating a set of background data for a target group of species (Phillips et al., 2009). The 
shifts in species suitable habitat in 2050 are projected under two common assumptions of dispersal: ’no’ (zero) and 
‘full’ (unlimited and instantaneous) migration (Bateman et al., 2013; Midgley et al., 2006). For the past 
projections, it is assumed that in year 1900 species can distribute in all suitable habitats without any dispersal 
limitations.   

InSiGHTS The InSiGHTS model (Rondinini et al., 2011; Visconti et al., 2016) forecasts the Extent of Suitable Habitat (ESH) 
for vertebrates accounting for land and climate suitability, using global mammal habitat suitability models, IUCN 
range maps, Worldclim climate and LUH land-use data. Bioclimatic envelope models are fitted based on 
ecologically current reference bioclimatic variables (Visconti et al., 2016). Species’ presence records are obtained 
by regularly sampling within species’ ranges, excluding areas outside of known altitudinal limits. Species’ pseudo-
absence records are obtained by randomly sampling outside of species’ ranges, but within the biogeographic 
realms intersected by the species’ range. Presence and pseudo-absence sampling grids match in resolution. 
Forecasted layers of land use/land cover are reclassified according to expert-based species-specific suitability 
indexes, which identifies land-wise suitable cells or proportions thereof. The product of the two layers is 
multiplied by a layer of cell area (e.g., km²) to estimate species-specific cell-wise ESH. InSiGHTS index, which 
describes the proportional positive and negative contribution of the region (cell to global) to the species’ change in 
ESH compared to a reference year, is calculated. The improvements made to the model since last published 
methodology (Visconti et al., 2016) include increased number of modelled species and new scenarios used for 
climate and land use. For both future and past forecasts, the model limits calculations within the current (2011) 
species range due to the sparsity of historical data – an assumption that the species' ranges remain constant. 

InSiGHTS index (ii): 
 

 
 
E = ESH 
s = species 
r = observed region (from cells to global) 
R = set of all regions 
t = reference time (present) 
t’ = observed time (future or past) 
 

MOL The MOL model (Jetz et al., 2007; Merow et al., 2013) projected potential losses in species occurrences and 
geographic range sizes given changes in suitable conditions (climate only, land-cover only and climate and land-
cover), using Worldclim climate data IUCN expert maps, and species land cover preferences. Climatic niches were 
estimated using penalized Poisson point process models (similar to Maxent) by extracting presence from the 
expert maps on a quarter degree grid. Niche were projected under future scenarios and binary maps of predicted 
presence/absence were obtained. These binary values were then rescaled by the proportion of each cell consisting 
of habitat where the species in known to occur, leading to maps of the proportion of each cell that is suitable 
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BES-SIM model Description  
habitat. Species-level losses were aggregated to inform regional trends. For all three projection types – climate 
only, land-cover only and climate and land-cover – changes in individual species range size and range location 
were assessed and summarized for different taxonomic and geographic groupings. Species Habitat Index and Red 
List Index may be projected with modelled results. All modelling was performed as part of a multispecies 
workflow that automates production and quality control for range models.  

BIOMOD2 The BIOMOD2 model (Thuiller, 2004; Thuiller et al., 2009, 2011) is an R-package that allows running up to nine 
different algorithms of species distribution models using the same data and the same framework. An ensemble is 
produced to allow for a full treatment of uncertainties given data, algorithms, climate models and climate 
scenarios. Based on the species distribution models that link observed or known presence-absence data to 
environmental variables (e.g. climate), each model is cross-validated several times (a random subset of 70% of 
data is used for model calibration while 30% is held out for model evaluation). Models are evaluated using various 
metrics, and produce indicators including change in species range, species loss and gain per pixel, species 
turnover, functional and phylogenetic diversity.    

Community-based models of biodiversity 
cSAR-iDiv The cSAR-iDiv (Martins and Pereira, 2017; Pereira and Daily, 2006) model assesses the response of biodiversity 

to land-use change, using LUH2 land use, Birdlife species occurrence and PREDICTS affinities data. It accounts 
for the persistence of species in human-modified habitats and for the differential use of habitats by species. The 
model allows to assess the impact of changes in species richness across scenarios of land use in the countryside 
SAR, the richness of each functional species group i, Si, is given by a function of the area of each habitat j, Aj , in 
the landscape,      

!" = 	 %" ℎ�'('
)

'*+

,

 

 

where n is the number of modified habitats types, hij is the affinity of species group i to habitat j and Aj is the area 
cover by habitat j. The parameters c and z are constants that depend on the taxonomic group and sampling scheme 
respectively, and will be species group dependent. Species are classified in functional species groups sharing 
similar habitat preferences using the Birdlife dataset. The hij, reflecting the relative affinity of a functional species 
group i to a modified habitat type j compared to its natural habitat are derived from the PREDICTS dataset. The 
model calculates the proportion of species of each functional group between two time periods, then multiplies the 
trend by the actual number of species of the functional group (i.e. as reported by Birdlife) in each sampling unit. 
Using this approach, the model estimates the trends of local (i.e., grid cells), regional and global species richness 
of the two functional groups of bird species - forest and non-forest. The improvements made since last published 
methodology include the use of high-resolution land-use dataset and affinities calculated from the PREDICTS 
dataset, and application of two functional groups across scales based on habitat types (land classification). For the 
past projections, the model is applied starting from 1900 with an assumption that the number of species currently 
present in different areas/sampling units (IUCN/Birdlife data) corresponds to the number of species at the starting 
point.  

cSAR-IIASA-
ETH 

The IIASA-ETH cSAR model is based on a countryside Species Area Relationship (cSAR) type of model and 
estimates the impact of time series of spatially explicit land-use and land-cover transitions on community-level 
measures of terrestrial biodiversity on five taxa (amphibians, birds, mammals, reptiles and plants). It uses LUH2 
data and the initial species richness and cSAR model parameters from Chaudhary et al. (2015) and Frischknecht 
and Jolliet (2016). Regional species loss is weighted by the fraction of range area of all species in every ecoregion 
and IUCN threat level, to derive an estimate of global extinctions. 

The original approach of Chaudhary et al. (2015) is not tailored for estimating long-term and large land-use 
changes because i) it is a linear approximation (contingent to the current land-use patterns) of a non-linear 
relationship, and ii) although it incorporates a measure of the length of recovery, the approach is not designed to 
look at the dynamics of LULCC towards a more biodiversity-friendly state. Instead, in the IIASA-ETH-cSAR 
model the biodiversity impacts of land-use change is estimated directly from the cSAR formula (cSAR 
relationship and parameters for the model) and applied to the land-use shares for the various LULC classes 
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BES-SIM model Description  
considered (their affinity values are derived directly for the local characterization factor database based on field 
records). The link between LULCC and habitat is more detailed by taking the gross transitions directly as input 
between LULC classes (instead of net state changes, which ignores the land-use history). The model also accounts 
for the time dynamics with which a transition generates biodiversity outcomes where the affinity of species for a 
converted LULC class forgets its origin that is specific to each pair of LULC class. It is typically quick (i.e., lower 
than one time step) for biodiversity-unfavourable LULC transitions, and long (typically several decades) for 
biodiversity-favourable LULC transitions. The model is run from 1500 onwards – from the past to into the future – 
with initial land-use states in year from LUH2 dataset and cumulated transitions from one time step to another.  

BILBI This modelling framework (Hoskins et al., in prep.) couples application of the species-area relationship (SAR) 
with correlative statistical modelling of continuous patterns of turnover in the species composition of communities 
as a function of environmental variation (Ferrier et al., 2004, 2007). 

Generalised dissimilarity modelling (Ferrier et al., 2007) is used to fit models of spatial turnover in vascular-plant 
composition, based on 52,489,096 occurrence records for 254,145 plant species, extracted from GBIF, and 
environmental layers covering the entire land surface of the planet at 30-second (~1km) grid-resolution (including 
climate layers derived from WorldClim; see Table S1). A separate GDM is fitted for each of 61 bio-realms from 
WWF’s ecoregionalisation. In a few cases, data from neighbouring or ecologically-related bio-realms are used to 
supplement the dataset employed in fitting GDMs for more poorly sampled bio-realms. To accommodate the 
‘presence-only’ nature of much of the biological data assembled from GBIF, GDMs are fitted to observed matches 
and mismatches in species identity between pairs of individual occurrence records. The modelled probability of a 
mismatch in species identity is then transformed into the expected compositional similarity between any two cells. 

Using the approach employed by Blois et al., (2013), Ferrier et al. (2012), Fitzpatrick et al. (2011), Mokany et al. 
(2012), Prober et al. (2012) and William et al. (2015), space-for-time substitution is applied to the fitted GDMs to 
project temporal turnover in species composition expected as a result of any given climate scenario based on 
temperature and precipitation projections for 2050, downscaled by WorldClim. Given that the ‘current climate’ 
surfaces from WorldClim, used to fit the GDMs, are averaged over the period 1960-1990, the analysis is 
effectively projecting the temporal turnover in species composition expected between 1975 (midway between 
1960 and 1990) and 2050. This approach allows estimation of temporal turnover for a single location or of spatial-
temporal turnover between two different locations. 

Estimates of the proportional coverage in 2015 of 12 land-use classes within each terrestrial 0.25 degree grid-cell 
on the planet, from the LUH2, are statistically downscaled to 30-second grid resolution using the approach 
described by Hoskins et al. (2016) incorporating MODIS Vegetation Continuous Fields, and the Global Human 
Settlement Population Grid, as additional covariates. Downscaled land use in 2015 is then translated into ‘habitat 
condition’ for biodiversity using coefficients fitted in hierarchical mixed-effect modelling undertaken by the 
PREDICTS project. These coefficients estimate the proportion of local native species richness expected for 
different land-use classes. This modelling employed the approach described by Newbold et al. (2016b)  but with 
models refitted using the 12 LUH2 land-use classes. Change in habitat condition at 30-second grid resolution is 
projected for any given LUH2 land-use scenario using a simple delta-downscaling approach of applying the 
proportional change in habitat condition between 2015 and 2050 to the downscaled 2015 condition values for all 
30-second cells within each 0.25 degree cell.    

The GDM-based modelling of temporal turnover in species composition for the climate scenario of interest, and 
downscaled habitat condition for the land-use scenario of interest, are used in combination to estimate the 
proportion of plant species expected to persist over the longer term (i.e. the complement of the proportion of 
species committed to extinction) employing the SAR. This particular SAR-based approach, as applied recently in 
two major projects within Australia – the Australian National Outlook (Bryan et al., 2014; Hatfield-Dodds et al., 
2015; Brinsmead et al., 2017) and AdaptNRM (Prober et al., 2015) – is an extension of that described originally 
by Allnutt et al. (2008) and Ferrier et al. (2004). In contrast to more traditional applications of the SAR to 
estimating levels of species persistence, which work with discrete environmental classes or ecosystem types, this 
approach views grid-cells as sitting within a continuum of spatial and temporal turnover in biodiversity 
composition (Allnutt et al., 2008; Ferrier et al., 2004). 
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The proportion of plant species originally associated with cell i which are expected to persist over the longer term, 
anywhere in their range, as a consequence of a given combination of climate and land-use scenarios is calculated 
as:    

-" =
."/012134'564601%'564601)

'*+
."/012134'/012134)

'*+

,
 

where: 
n = total number of cells on the planet 
."/012134'/012134  = similarity between cells i and j in the present 
."/012134'564601  = similarity between cell i in the present and cell j in the future   
%'564601= condition of habitat in cell j in the future 

z = SAR exponent (set to 0.25 for the current study)  
 
The proportion of species originally associated with any specified region (reporting unit) expected to persist can 
then be calculated as a weighted geometric mean of the values for all individual cells in that region: 

-789":) =
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where: 
m = total number of cells in the region (reporting unit) of interest 
 

The weights employed are: 

;" =
1

."/012134'/012134)
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where: 
n = total number of cells on the planet 

 
PREDICTS The PREDICTS model (Newbold et al., 2015, 2016b) estimates how four measures of site-level terrestrial 

biodiversity – overall abundance, within-sample species richness, abundance-based compositional similarity and 
richness-based compositional similarity – respond to land-use and related pressures. These models are combined 
with global data on past, present or future states of the pressures used in modelling, to make global projections of 
each variable for each desired time point. The modelling uses data from 767 studies, each of which surveyed 
multiple sites that faced differing land-use and related pressures, for which version 1 has been published (Hudson 
et al., 2017), with now more data available from over 32,000 sites and over 51,000 species, which is reasonably 
representative across different biomes and major animal, plant and fungal taxa. Models also use human population 
density (HYDE, GRUMP v1, Jones and O’Neill, 2016) and LUH2 land-use data. In addition to the LUH2 land-use 
data, the PREDICTS model uses secondary vegetation age and use intensity classes. Fractional distribution of 
secondary vegetation age was compiled for each grid cell by tracking conversions using LUH2 transitions data. 
Secondary vegetation was classified into young, intermediate and mature using the following thresholds:  <30y = 
young, 30y>50y=intermediate, >50y= mature.  Use intensity was classified as Minimal, Light or Intense using 
Global Land Systems data as in Newbold et al. (2015). 

Linear mixed-effects models (with study- and block-level random effects to accommodate the heterogeneity in the 
data, and site-level random effects to account for over-dispersion in species richness models) are used to estimate 
how local (alpha) diversity is affected by land use, land-use intensity and human population density. Model 
coefficients are combined with maps of the pressure data to make global projections of the estimated values of the 
response variables. These projections are then combined to yield the variants of the Biodiversity Intactness Index 
(BII) shown in Newbold et al. (2016; see Scholes and Biggs, 2005 for the original development of BII).  

Since last published model, sites in the PREDICTS database were re-curated to incorporate the land-use classes 
present in LUH2 but not used by Hurtt et al. (2011 Climatic Change), i.e., the refinement of agricultural classes. 
When modelling abundance, the abundance data were rescaled within each study such that the maximum 
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abundance was the same within each study; this assists with model convergence. The compositional similarity 
models use the data more fully than previously: whereas previously independent pairwise comparisons were made 
between sites, the models here are based on the full matrix of pairwise comparisons between sites. This full-matrix 
approach allows incorporation of human population density in addition to land use (the only pressure variable 
previously analysed in our models of compositional similarity: (Newbold et al., 2016b, 2016a). Whereas our 
previous models of compositional similarity used all primary vegetation sites as the baseline condition, expansion 
of the database has allowed us to restrict the baseline to minimally-used primary vegetation. Previously, human 
population density (ln(x+1)-transformed) was fitted as a quadratic term in models of abundance and richness but 
omitted from models of compositional similarity; here we have treated it as a linear term in all models to improve 
consistency. The study-level mean of ln(human population density + 1) was also added as a control variable into 
the models of abundance and species-richness, to avoid possible artefacts that could otherwise arise if studies in 
more densely-populated areas sample more intensively. Agricultural suitability (Zabel et al., 2014) was also used 
as a control variable (Gray et al., 2016). These control variables are used as additive terms in modelling but not 
projections. Our previous models of abundance and richness considered proximity to roads as a pressure, but we 
have omitted roads from these models because of the lack of future and historical estimates; land use, land-use 
intensity and human population density – all somewhat correlated with proximity to roads – have the potential to 
explain some of the variance previously explained by roads.  

PREDICTS also modelled species richness as a function of land use, in order to provide habitat coefficient 
estimates to other models in BES-SIM. Separate models were run for areas that would naturally be forested and 
non-forested (data subset using LUH2/fstnf). Human population density was omitted from the model; otherwise, 
model structure matched that outlined above. 

GLOBIO-Aquatic The GLOBIO-Aquatic model (Janse et al., 2015) quantifies the impacts of multiple anthropogenic pressures in the 
past, present and future on freshwater biodiversity and its ecosystem services, using climate (IMAGE model), land 
use (GLOBIO model), river flow (PCR-GLOBWB or LPJ model), water template (PCR-GLOBWB model), 
nutrient loads to aquatic systems (Global Nutrient Model), global map of rivers, lakes and wetlands (GLWD), and 
river dam database. The drivers included are land use, eutrophication, climate change and hydrological 
disturbance. The model comprises a set of mostly correlative relationships between anthropogenic drivers and 
biodiversity and ecosystem services of rivers, lakes and wetlands. The model produces biodiversity intactness 
indicator – Mean Species Abundance (MSA) – of lakes, rivers and wetlands as well as the probability of harmful 
algal blooms as an indicator for freshwater provisioning services.  

GLOBIO-
Terrestrial 

The GLOBIO model for terrestrial biodiversity (Alkemade et al., 2009) quantifies the impacts of multiple 
anthropogenic pressures on local biodiversity based on the mean species abundance (MSA) metric. MSA 
represents the mean abundance of original species in relation to a particular pressure as compared to the mean 
abundance in an undisturbed reference situation. MSA’s responses to a particular pressure are quantified based on 
a meta-analysis of biodiversity monitoring data reported in the literature, whereby abundance ratios of individual 
species are calculated as Aimpacted/Areference for Aimpacted < Areference and Aimpacted/Areference = 1 for Aimpacted > Areference. 
Changes in biodiversity are quantified by combining georeferenced layers of the pressure variables with the MSA 
response relationships.  Next, the maps with the MSA values per pressure are combined to arrive at an overall 
MSA. If a particular pressure is assumed to be dominant, the combined impact (MSA) is assumed equal to the 
impact (MSA) of this dominant pressure. If pressures act independently, the overall MSA value is calculated by 
multiplying the MSA values corresponding with the individual pressures.  

Five pressures are currently included (climate change, land use, roads, atmospheric nitrogen deposition and 
encroachment/hunting). Climate change, nitrogen deposition, and land-use data are derived from the IMAGE 
model (Stehfest et al., 2014). Land-use data from IMAGE are downscaled to a higher spatial resolution with the 
GLOBIO land allocation routine. Roads data are taken from the global road inventory project (GRIP) database 
(Meijer et al., submitted). Settlement data (required to calculate hunting impacts) are retrieved from multiple open-
source datasets, including Open Street Map and Humanitarian Data Exchange. 

Improvements made to the model since the last published methodology include a new high-resolution, discrete 
land-use allocation routine and improved response relationships for encroachment/hunting (Benítez-López et al., 
2017). 
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Ecosystems-based model of biodiversity 

Madingley The Madingley Model (Harfoot et al., 2014) is a mechanistic, or process-based, model of whole ecosystems 
developed to synthesize and advance our understanding of ecology, and to enable mechanistic prediction of the 
structure and function of whole ecosystems at various levels of organisation, whether on land or in water. Using 
data from ISI-MIP, soil characteristics (Smith et al., 2013), Modis Net Primary Productivity (NASA, 2012), 
Human Appropriation of Net Primary Productivity (Haberl et al., 2007), and LUH2 (land use), Madingley 
simulates the dynamics of autotrophs, and all heterotrophs with body masses above 10 µg that feed on living 
organisms. In the model, organisms are not characterised by species identity but grouped according to a set of 
categorical functional traits, which determine the types of ecological interactions that modelled organisms are 
involved in whilst a set of continuous traits determine the rates of each process. Plants are represented by stocks, 
or pools, of biomass modelled using a terrestrial carbon model. Biomass is added to the stocks though the process 
of primary production, the seasonality of which is calculated using remotely sensed Net Primary Productivity 
(Harfoot et al., 2014). This production is allocated to above-ground/below-ground, structural/non-structural, 
evergreen/deciduous components and Madingley assumes that above-ground, non-structural matter is available for 
heterotrophic organisms to consume. Biomass is lost from plant stocks through mortality from fire and senescence, 
as well as through herbivory. Production, allocation and mortality in the plant model are all determined by 
environmental conditions (temperature, number of frost days, precipitation and the available water capacity of 
soils).  

Heterotrophic animals are represented as agents, termed cohorts, which are collections of individual organisms 
occurring in the same modelled grid cell with identical categorical and continuous functional traits. This approach 
enables the model to predict emergent ecosystem properties at organisational scales from individuals to the whole 
ecosystem. Heterotroph dynamics result from five ecological processes: metabolism, eating, reproduction, 
mortality and dispersal. Predator-prey interactions (including herbivory) are based on a Holling’s Type III 
functional response (Denno et al., 2012), and for predation on a size-based model of predator-prey feeding 
preferences (Williams et al., 2010). Metabolism is based on empirical relationships between energy consumption 
and ambient temperature taking into account the body mass of the organism (Brown et al., 2004). Endotherms are 
assumed in the model to thermoregulate perfectly, and thus are active for 100% of each time step. Ectotherms in 
the model do not thermoregulate, and thus are only active for the proportion of each time step during which 
ambient temperature was within their upper and lower activity temperature limits, estimated following (Deutsch et 
al., 2008). Reproduction can occur once a cohort has achieved its adult body mass and results from the allocation 
of surplus mass to reproductive potential followed by reproductive events once a threshold ratio of reproductive 
potential to adult body mass is reached (Harfoot et al., 2014). Mortality (in addition to predation mortality) arises 
from three causes: a constant background rate, starvation if insufficient food is obtained, and senescence, which 
increases exponentially after maturity with a functional form similar to the Gompertz model (Pletcher, 1999). 
Dispersal in the terrestrial realm is either random diffusive dispersal of juvenile organisms or directed dispersal of 
organisms in response to starvation or low densities of individuals (Harfoot et al., 2014). 

The model produces total biomass and abundance of above ground heterotrophs, total biomass of autotrophs, total 
biomass and abundance of functional groups (trophic levels, metabolic pathways, reproductive strategies), trophic 
and food web structure, biomass structure, age structure, functional diversity (richness, evenness, divergence), 
functional dissimilarity, net secondary productivity, biomass turnover rates, herbivory, predation, mortality and 
reproduction rates. The improvements made to the model since last published methodology include incorporation 
of temporally changing climate as well as natural and human impacted plant stocks to better represent the LUH2 
land-use projections and calculation of functional diversity and functional dissimilarity to represent community 
changes. 

To make historical reconstructions back to 1900 we first run an ensemble of six simulations from pseudo-random 
initial conditions for 100 years until it reaches quasi steady state for the year 1901. This spin up used land use and 
HANPP for 1901, and 100 years of climate randomly recycled from the years 1951 to 1960 of the ISI-MIP IPSL 
climate reconstruction. The quasi-steady state conditions from these simulations were then ran forward to 2005 
using the time series of land use change, climate change (where the period 1901 – 1950 was constructed using 
randomly recycled years from 1950 – 1961) and HANPP. 
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Models of ecosystem functions and services  
LPJ-GUESS The LPJ-GUESS model (Lindeskog et al., 2013; Olin et al., 2015; Smith et al., 2014) is a “demography enabled” 

dynamic global vegetation model using historical and future climate, CO2, nitrogen deposition and fertilizer, land 
cover change, irrigated fraction, and wood harvest estimate data. The model computes vegetation and soil state 
and function, and distribution of vegetation units dynamically in space and time in response to climate change, 
land-use change, atmospheric CO2, and N-input. It combines an individual- and patch-based representation of 
vegetation dynamics with ecosystem biogeochemical cycling from regional to global scales. In LPJ-GUESS, the 
dynamics of vegetation result from growth and competition for space, light, and soil resources from herbaceous 
understorey and woody plant individuals in each patch replicated for each simulated grid cell. The suite of 
simulated patches represents the distribution within a landscape representative of the grid cell as a whole of 
vegetation stands with different histories of disturbance and stand development (succession). Individuals for 
woody plant functional types (PFTs; trees and shrubs) are identical within a cohort (age/size class) and patch. 
Photosynthesis, respiration, stomatal conductance and phenology (leaves and fine roots turnover) are simulated on 
a daily time step. The net primary production (NPP) accrued at the end of each simulation year is allocated to 
leaves, fine roots and, for woody PFTs, sapwood, following a set of prescribed allometric relationships for each 
PFT, resulting in diameter, height, and biomass growth. Population dynamics (establishment and mortality) are 
represented as stochastic processes, influenced by current resource status, demography and the life-history 
characteristics of each PFT (text from Smith et al., 2014). The modelled outputs include carbon pools in 
vegetation, soil, gross primary productivity, heterotrophic respiration, net primary productivity, runoff, leaf area 
index, crop yields, area burnt, fire emissions, carbon to nitrogen ratios, and nitrogen loss. The improvements made 
since last published methodology include an upgrade in the fire model and accounting for wood harvest. To 
provide climate input before 1951 random years out of the period 1951 to 1960 are chosen to generate/recycle the 
climate data for years 1901 to 1950. 

LPJ LPJ is a big leaf model (Poulter et al., 2011) that simulates the coupled dynamics of biogeography, 
biogeochemistry and hydrology under varying climate, atmospheric CO2 concentrations, and land-use land-cover 
change practices, using historical and future climate, CO2 level, land cover change transitions, and wood harvest 
estimate data. LPJ represents demography of grasses and trees in a simplistic manner, where a ‘representative 
individual’ is used to scale from individuals to landscapes. Physiological processes are applied to the 
representative individual and integrated over the landscape, i.e., a grid cell, based on the density of individuals. 
Land cover change includes explicit representation of deforestation and reforestation, as well as harvesting of 
managed grasslands. Natural fires are included. The LPJ model has a hierarchical representation of the land 
surface where within a grid cell, tiles represent primary forest, secondary forest, and managed lands (crops or 
pasture), and within a tile are either plant functional types (PFTs) or crop functional types (CFTs). On an annual 
time step, establishment, mortality, fire, carbon allocation, and land cover change are implemented, and on a daily 
time step, photosynthesis, autotrophic respiration, and heterotrophic respiration are calculated. The carbon cycle is 
coupled to the hydrologic cycle via stomata, which must be open to assimilate atmospheric CO2 but 
simultaneously lose water. Stomatal conductance is determined as the minimum between potential 
evapotranspiration (demand) and soil plant water availability (supply). Photosynthesis and radiation follows the 
Farquhar biochemical model and distributes photosynthetic active radiation vertically through the canopy 
following Beer’s Law. The LPJ model is fully prognostic, meaning that PFT distributions, phenology, and carbon 
dynamics are simulated based on physical principles within a numerical framework. The typical variables of 
model outputs are (either per grid cell simulated, or per PFT): C pools in veg., soil, GPP, heterotrophic respiration, 
NPP, runoff, LAI, crop yields, area burnt, and fire emissions. The land cover change and land-use transitions have 
been upgraded to include the dynamics from the Land Use Harmonization product by George Hurtt and Louise 
Chini. This development means that LPJ represents the full set of states and transitions represented in LUH v2 and 
has an improved estimate of carbon fluxes from land-cover change. The model is spun up to pre-industrial 
equilibrium conditions by using an atmospheric CO2 concentration of 280 ppm and recycling the first thirty years 
of meteorological data (1901-1930) for 1000 years. 

CABLE CABLE is a “demography enabled” global terrestrial biosphere model (Haverd et al., 2017) that computes 
vegetation and soil state and function dynamically in space and time in response to climate change, land-use 
change and N-input, using historical and future daily climate data downscaled to 3-hourly, annual CO2 levels in 
the atmosphere, N-deposition, land-cover change, irrigated faction, and wood harvest area. It combines a patch-
based representation of vegetation structural dynamics with ecosystem biogeochemical cycling from regional to 
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global scales. CABLE consists of a ‘biophysical’ core, the CASA-CNP ‘biogeochemistry’ module (Wang et al., 
2010) and the POP module for woody demography and disturbance-mediated landscape heterogeneity. The 
biophysical core (sub-diurnal time-step) consists of four components: (1) the radiation module describes radiation 
transfer and absorption by sunlit and shaded leaves; (2) the canopy micrometeorology module describes the 
surface roughness length, zero-plane displacement height, and aerodynamic conductance from the reference height 
to the air within canopy or to the soil surface; (3) the canopy module includes the coupled energy balance, 
transpiration, stomatal conductance and photosynthesis and respiration of sunlit and shaded leaves; (4) the soil 
module describes heat and water fluxes within soil (6 vertical layers) and snow (up to 3 vertical layers) and at their 
respective surfaces. The CASA-CNP biogeochemistry module (daily time-step) inherits daily net photosynthesis 
from the biophysical code, calculates autotrophic respiration, allocates the resulting net primary production (NPP) 
to leaves, stems and fine roots, and transfers carbon, nitrogen and phosphorous between plant, litter and soil pools, 
accounting for losses of each to the atmosphere and by leaching. POP (annual time-step) inherits annual stem NPP 
from CASA-CNP, and simulates patch-scale woody ecosystem stand dynamics, demography and disturbance-
mediated heterogeneity, returning the emergent rate of biomass turnover to CASA-CNP. The model outputs C 
pools in veg., soil, GPP, heterotrophic respiration, NPP, runoff, LAI, combined crop and pasture yields, wood 
harvest, C:N ratios, either per grid cell simulated, or per PFT. 

The land-use and land-cover change module, driven by gross land-use transitions and wood harvest area extend 
the applicability of CABLE for regional and global carbon-climate simulations, accounting for vegetation response 
of both biophysical and anthropogenic forcing. Land-use transitions and harvest associated with secondary forest 
tiles modify the annually-resolved patch age distribution within secondary-vegetated tiles, in turn affecting 
biomass accumulation and turnover rates and hence the magnitude of the secondary forest sink.  

CABLE incorporates a novel approach to constraining modelled GPP to be consistent with the Co-ordination 
Hypothesis, predicted by evolutionary theory, which suggests that electron transport and Rubisco-limited rates 
adjust seasonally and across biomes to be co-limiting.  

GLOBIO-ES  The GLOBIO-ES model (Alkemade et al., 2014; Schulp et al., 2012) simulate the influence of various 
anthropogenic drivers on ecosystem functions and services at the global scale in past, present and future 
environments using model outcomes of the IMAGE model on food production, livestock production, carbon 
balance, land use, and climate (Stehfest et al., 2014), in combination with data on GDP per capita, protected area 
maps and infrastructure. For ecosystem services related to water, water flow regimes are derived from the PCR-
GLOBWB model, and nutrient loading is derived from the IMAGE framework model Global Nutrient Model (see 
also section on GLOBIO-Aquatic). The model transfers IMAGE model outcomes into a supply – demand concept 
of ecosystem services and uses causal relationships between environmental variables and ecosystem functions and 
services (definitions according the cascade model by Haines-Young and Potschin (2010) based on literature 
reviews). The model quantifies a range of provisioning services (e.g. crop production, grass and fodder production, 
wild food, water availability), regulating services (e.g. pest control, pollination, erosion risk reduction, carbon 
sequestration, food risk reduction, harmful algal blooms), and culture services (e.g. nature based tourism) These 
relationships describe how ecosystem services respond to changing environments. The improvements made since 
last published methodology include updated relationships between land use and the presence of pollinators and 
predators using additional peer review papers. 

InVEST Nutrient Delivery Ratio 

The InVEST nutrient delivery ratio model (Redhead et al., 2018) maps nutrient sources from watersheds and their 
transport to the stream using digital elevation model, land-use land-cover data, nutrient runoff proxy, watersheds 
layer, and biophysical table. This spatial information can be used to assess the service of nutrient retention by 
natural vegetation. The retention service is of particular interest for surface water quality issues and can be valued 
in economic or social terms (e.g. avoided treatment costs, improved water security through access to clean 
drinking water). The model uses a mass balance approach, describing the movement of mass of nutrient through 
space. Unlike more sophisticated nutrient models, the model does not represent the details of the nutrient cycle but 
rather represents the long-term, steady-state flow of nutrients through empirical relationships. Sources of nutrient 
across the landscape, also called nutrient loads, are determined based on the LULC map and associated loading 
rates. In a second step, delivery factors are computed for each pixel based on the properties of pixels belonging to 
the same flow path (in particular their slope and retention efficiency of the land use). At the 
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watershed/subwatershed outlet, the nutrient export is computed as the sum of the pixel-level contributions. The 
model outputs total nutrient loads (sources) in the watershed and total nutrient exports from the water shed at the 
pixel level. Improvements were made to the model to accept load as a raster for certain LULC classes (agriculture) 
instead of a table value. This was so we could utilize the fertilizer application rates in the management files for 
each SSP. The nitrogen retention is connected to people by multiplying the per-hectare export by the rural 
population density in the watershed as a weighting factor of the degree to which water quality impacts rural people 
(who are typically more vulnerable to declines in water quality because they have fewer or no water treatment 
options). The model generates its own watersheds (hydrologically complete watersheds that drain to the sea) and 
added a pit-filling algorithm for DEMs to allow for global routing. A function is added to allow for “continuous” 
streams, meaning a single pixel (of resolution 300 m) doesn’t have to be classified as entirely stream, but can be a 
value between 0-1, indicating the proportion of the pixel that the stream occupies. 

Costal Vulnerability 

The InVEST Coastal Vulnerability model (Arkema et al., 2013; Guannel et al., 2016) produces a qualitative index 
of coastal exposure to erosion and inundation as well as a map of the location and size of human settlements. The 
model creates the exposure index and coastal population maps using a spatial representation (raster) of population 
and spatial representations (shapefiles and rasters) of seven bio-geophysical variables (geomorphology, relief, 
natural habitats (biotic and abiotic), net sea level change, wind exposure, wave exposure, surge potential depth 
contour) and outputs point shapefile with fields representing base risk, and risk without habitat. The software 
model was refactored to optimize runtime and memory usage so it was computationally feasible to model global 
runs. 

Pollination 

The InVEST Pollination model (Chaplin-Kramer et al., 2014) maps pollination contribution to nutrition based on 
pollinator-dependent nutrient production, and the dependence of that production on natural habitat around 
farmland. This nutrition production provided by wild pollinators is then translated to potential number of people 
fed based on dietary requirements. Pollination sufficiency is based on the area of pollinator habitat around 
farmland. Agricultural pixels with >30% natural habitat in the 2 km area surrounding the farm are designated as 
receiving sufficient pollination for pollinator-dependent yields. Pollination-dependence of crops, crop yields, and 
crop micronutrient content are combined to calculate pollination-dependent nutrient production. Nutrition 
provided by wild pollinators on each pixel of agricultural land is then calculated according to pollination habitat 
sufficiency and the pollination-dependent nutrient yields. The model uses yield maps for 115 crops (raster; 
Monfreda et al., 2008), nutrient content of 115 crops (table; USDA 2011), pollination dependence of 115 crops 
(raster; Klein et al., 2007), land use (raster; GLOBIO downscaled from LUH2), dietary requirements (WHO), 
demographic data (GPW4 Age Dataset – 2018), and outputs pollination sufficiency (proportion of agricultural 
land in a grid cell receiving pollination services sufficient for attaining full pollination-dependent yields), 
pollination service - nutrient (production of macro/micronutrient per grid cell), people fed - nutrient (potential 
number of people whose annual dietary requirements are met by nutrition provided by wild pollination), self-
sufficiency – nutrient (proportion of nutrition needs of population in a grid cell met by nutrition provided wild 
pollination in that grid cell). The approach for pollination-dependent nutrient production outlined in Chaplin-
Kramer et al. (2014) was extended to include pollination habitat sufficiency.   

Crop Production 

The crop-production model is based closely on the InVEST Crop Production model (Mueller et al., 2012) with 
calculation methods for nutritional content from Johnson et al., 2014, 2016. The model was modified by 
aggregating 175 crops (raster; Monfreda et al., 2008) to the 5 crop-types in LUH2: C3 annual, C3 perennial, C4 
annual, C4 perennial and N-fixing crops. Each crop type in the LUH2 states data was resampled (bilinear) to a 5 
arc-minute grid-cell to match yield data. Caloric production per hectare on each current and future landscape for 
each crop type is calculated by aggregating yield data and multiplying it by the proportional extent of the 5 arc-
minute grid-cell in each crop-type. To identify crop-type yield for cropland expansion that occurred outside of 
existing cropland extent (and therefore did not have observed yields available), we used the yield-gap method in 
(Mueller et al., 2012) to identify the 50th-percentile yield for the grid-cell based on its climate bin (defined with 
growing-degree days and precipitation). The indicator we report does not include increases in per-area crop yield 
(e.g. from technological change) and instead isolates simply the increase in food security/food production from 
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changes in cropland extent under the different scenarios. Yield was expressed in terms of caloric content based on 
aggregated-versions of the food balance sheets of the Food and Agriculture Organization of the United Nations 
FAOSTAT database. 

GLOSP GLOSP (Guerra et al., 2016) is a 2D soil erosion model based on the Universal Soil Loss Equation, using climate, 
land use, vegetation cover, topography, and soil data to estimate global and local soil erosion and protection 
indicators. Protected soil (Ps) is defined as the amount of soil that is prevented from being eroded (water erosion) 
by the mitigating effect of available vegetation. Ps is calculated from the difference between soil erosion (Se) and 
potential soil erosion (Pse) [Ps = Pse-Se]. Pse is calculated by the integration of the joint effect of slope length, 
rainfall erosivity, and soil erodibility. Se is calculated by multiplying Pse by the fractional vegetation cover (0 ≤ 
Fcover ≤ 1). Here soil protection is given by the value of fractional vegetation cover calculated as a function of 
land use, altitude, precipitation, and soil properties. Global fractional vegetation cover is originally calculated 
based on a multiple endmembers method described in Filiponi et al. (accepted). This is then resampled to 0.25 
degree. To obtain a long temporal distribution of this variable (1900-2099), a spatial explicit polynomial 
regression function is implemented to calculate monthly Fcover values as a function of land use, altitude, 
precipitation, and soil properties. For future conditions, vegetation values are calculated based on SSP~RCP 
correspondences. An assumption is made to the historical projections that the physical processes remain the same 
through time. 
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Table S3: Definition of metrics in ecosystem functions and services models in BES-SIM. 
 

Types of 
services 

NCP Metric Models Units Definitions and formula 

Material Energy 
 

Bioenergy-crop 
Production 

LPJ-GUESS PgC/yr,kgC/m
2/yr 

First generation biofuel crop production (carbon removed 
during harvest) 

Material Food and feed Crop Yields LPJ-GUESS PgC/yr,kgC/m
2/yr 

Harvested carbon in croplands that are used for food production 
(excluding pastures) 

Material Food and feed Crop and Pasture 
Yield 

CABLE PgC/yr;kgC/m
2/yr 

Above ground carbon removed from cropland and pastures as a 
result of harvest and grazing 

Material Food and feed Crop Production 
 

GLOBIO-ES 10^9KCal The total crop production derived by applying crop 
productivity of the IMAGE model on the LUH2 crop area 
estimates, and is derived from the total human demand 
(including for livestock); production of various crop categories, 
including wheat, rice, maize, tubers, pulses etc. using estimates 
of average caloric content the production was translated into 
Kcal produced.  

Material Food and feed Grass Production GLOBIO-ES Gcal Grass and fodder production derived by applying grass 
productivity from the IMAGE model on the LUH2 grassland 
area estimates; production derived from the total demand of 
livestock production; largely from pastures and rangelands.  

Material Food and feed Production of 
C3Nfx, C3Ann, 
C3Per, C4Ann, 
C4Per 

InVEST kcal Caloric production on the current landscape for each crop type 
– crop yields based on Monfreda et al. (2008); kcals calculated 
based on FAO food-balance sheets (FAO 2017) 

Material Materials, 
companionship 
and labor 

Wood Harvest LPJ-GUESS, 
CABLE 

KgC, 
PgC/yr;kgC/m
2/yr 

Wood carbon removed from natural vegetation (driven by 
wood harvest fraction from LUH2)  

Regulating Pollination and 
dispersal of 
seeds and other 
propagules  

Pollination: fraction 
of cropland 
potentially 
pollinated, relative 
to all available 
cropland 

GLOBIO-ES Proportion Pollination by natural pollinators assumed to be more effective 
in cropland situated near natural land; pollination efficiency 
related to distance from natural elements, based on literature 
review.  
A consequence is that pollination increases with the fraction of 
nature in a cell. We use the relationship between pollination 
efficiency and the fraction of natural area within a cell 0.5 by 
0.5 degrees (Schulp et al., 2012).  
If NatPerc > 20 and NatPerc < 60, then pollination efficiency = 
0.25 * NatPerc + 85,  else pollination efficiency  = 100   
Sum: Total cropland potentially pollinated 

Regulating Pollination and 
dispersal of 
seeds and other 
propagules  

Pollination: 
proportion of 
agricultural lands 
whose pollination 
needs are met 

InVEST Proportion The model maps pollination contribution to nutrition based on 
proportion of crop production that is dependent on pollination, 
and proportion of that production whose pollination needs are 
met by natural habitat around farmland.  
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Types of 
services 

NCP Metric Models Units Definitions and formula 

Regulating Regulation of 
climate 

Total Carbon LPJ-GUESS, 
LPJ, CABLE 

PgC,kgC/m2 Sum of vegetation, litter and soil carbon stocks; total carbon 
pool in the ecosystem, including carbon in stems, branches, 
leaves, roots, soil and litter 

Regulating Regulation of 
climate 

Total Carbon GLOBIO-ES MgC Total carbon pool in the ecosystem, including carbon in stems, 
branches, leaves, roots, soil and litter, derived from the IMAGE 
model (using LPJmL) 

Regulating Regulation of 
climate 

Vegetation Carbon LPJ-GUESS, 
LPJ, CABLE 

PgC,kg/m2, 
PgC,kgC/m2 

Carbon stocks in living wood, roots and leaves 

Regulating Regulation of 
freshwater 
quantity, 
location and 
timing 

Monthly Runoff  LPJ-GUESS, 
LPJ, CABLE 

Pg/s,kg/m2s, 
Pg/month,kg/
m2 month, 
Pg/s;kg/m2/s  

Sum of drainage, surface and base waterflow 
Maximum monthly runoff - monthly combined surface and 
subsurface runoff summed 

Regulating Regulation of 
freshwater 
quantity, 
location and 
timing 

Total Runoff CABLE km3/yr;mm/yr Total surface and subsurface runoff summed over the year 

Regulating Regulation of 
freshwater 
quantity, 
location and 
timing 

Water Scarcity 
Index 

GLOBIO-ES   Ratio demand / availability of renewable water, monthly-
weighted (0-1) (Wada and Bierkens, 2014)  

Regulating Regulation of 
freshwater and 
coastal water 
quality 

Nitrogen Leaching LPJ-GUESS PgN/s,kgN/m2

s 
Nitrogen lost from the grid-cell, after subtracting an estimate 
for gaseous N losses 

Regulating Regulation of 
freshwater and 
coastal water 
quality 

Nitrogen in Water GLOBIO-ES mgN/l Total N concentration in the water, i.e. emissions divided by 
water discharge. The emissions are the sum of urban and 
diffuse sources, accumulated over the upstream catchment of a 
cell. The retention in the water network is accounted for 
Nitrogen concentration in water [mgN/l] per cell, means and 
quartiles per region. 

Regulating Regulation of 
freshwater and 
coastal water 
quality 

Phosphorous in 
Water 

GLOBIO-ES mgN/l Total P concentration in the water, i.e. emissions divided by 
water discharge. The emissions are the sum of urban and 
diffuse sources, accumulated over the upstream catchment of a 
cell. The retention in the water network is accounted for 
Phosphorus concentration in water [mgP/l] per cell, means and 
quartiles per region. 
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Types of 
services 

NCP Metric Models Units Definitions and formula 

Regulating Regulation of 
freshwater and 
coastal water 
quality 

Nitrogen Export InVEST Tons N/year The model maps nutrient sources from watersheds and their 
transport to the stream. This spatial information can be used to 
assess the service of nutrient retention by natural vegetation. 
The retention service is of particular interest for surface water 
quality issues and can be valued in economic or social terms 
(e.g. avoided treatment costs, improved water security through 
access to clean drinking water). 

Regulating Regulation of 
freshwater and 
coastal water 
quality 

Nitrogen 
Export*Capita 

InVEST Tons 
N*people 
/year 

Nitrogen export times rural population, as an indication of 
where people are most vulnerable to changes in drinking water 
quality, because rural communities typically have fewer water 
treatment options or use well-water that may show similar 
patterns of nitrate leaching. 

Regulating Formation, 
protection and 
decontamination 
of soils and 
sediments  

Erosion Protection: 
fraction with low 
risk relative to the 
area that needs 
protection 

GLOBIO-ES index (0-100) Erosion risk calculation for pasture, rangeland, cropland and 
urban from the USLE as implemented in the IMAGE model. 
Based on soil characteristics (e.g. texture, depths and slope), 
climate characteristics (e.g. precipitation) and land-use 
sensitivity.  
The risk is calculated as a relative figure between 0 and 100, 
from high to low risk.    
Sum: total area with low risk (ER > 80)  

Regulating Formation, 
protection and 
decontamination 
of soils and 
sediments  

Soil Protection GLOSP % The amount of vegetation cover (in %cover) across all pixels 
within a specific subset (e.g., global, region ‘x’).  
For each observed year, these values vary between 0 and 1 and 
for the change index negative values represent the rate of 
decrease in relation to a reference year. 

Regulating Regulation of 
hazards and 
extreme events 

Flood Risk: number 
of people exposed 
to river flood risk 

GLOBIO-ES people 
affected 

The number of people exposed to river flood risk calculated 
based on the frequency of daily river discharge exceeding the 
river’s capacity, the potentially inundated area and the 
population density in that area. ‘Normal’ predictable yearly 
flooding is left out.  
Sum = number of people affected, per region 

Regulating Regulation of 
hazards and 
extreme events 

Coastal 
Vulnerability Index 
 

InVEST unitless score 
from 1 (min) 
to 5 (max)  

Geophysical and natural habitat characteristics of coastlines are 
used to compare relative exposure to erosion and flooding in 
severe weather across space and different scenarios (Arkema et 
al., 2013). 

Regulating Regulation of 
hazards and 
extreme events 

Coastal 
Vulnerability 
*Capita 

InVEST unitless 
score*people 

Total exposure risk times population within 2km of shore.  
When overlaid with data on coastal population density, the 
model’s outputs can be used to identify where humans face 
higher risks of damage from storm waves and surge. 
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Types of 
services 

NCP Metric Models Units Definitions and formula 

Regulating Regulation of 
detrimental 
organisms and 
biological 
processes 

Pest Control: 
fraction of cropland 
potentially 
protected, relative to 
all available 
cropland 

GLOBIO-ES km2 Cropland area that is potentially covered by sufficient pest 
predators. Pest control by natural predators is assumed to be 
more effective in cropland situated near natural land. The pest 
control efficiency is related to distance from natural elements, 
relation is based on literature review.  
A consequence is that pollination increases with the fraction of 
nature in a cell. We use the relationship between pollination 
efficiency and the fraction of natural area within a cell 0.5 by 
0.5 degrees (Schulp et al., 2012). 
If NatPerc < 35, then pest control =  0.48 * NatPerc + 12,75,  
else pest control = 0.67 * NatPerc  + 7.25   
Sum: Total cropland potentially covered by natural predators 
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