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cies- and trait-level biodiversity in ecosystem services models; 4) expand the coverage of
the multiple dimensions of biodiversity and ecosystem services; and finally, 5) incorporate
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time-series or one-off historical data in the calibration and validation of biodiversity and

ecosystem services models.

Addressing these challenges would allow the development of more integrated global

projections of biodiversity and ecosystem services, thereby improving their policy rele-

vance in supporting the interlinked international conservation and sustainable develop-

ment agendas.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Scenario-based modelling of biodiversity and ecosystem services is a powerful tool to envision how nature might respond
to different pathways of future human development and policy choices (IPBES, 2016; Nicholson et al., 2019). The resulting
projections are often major components of global biodiversity assessments, such as those carried out by the Convention on
Biological Diversity (CBD) and by the Intergovernmental Platform for Biodiversity and Ecosystem Services (IPBES) (CBD, 2014,
2010; IPBES, 2018). However, their role in informing global policy is still limited (IPBES, 2016), as opposed to the picture in
climate research, where scenarios developed and assessed under the auspices of the Intergovernmental Panel on Climate
Change (IPCC) have been critical in raising awareness of climate change and associated policy choices, eventually leading to
the landmark Paris Agreement (Pachauri and Reisinger, 2007; UN, 2015). The announcement of the UN Sustainable Devel-
opment Goals (SDGs) highlighted the importance of assessing the role of natural resources in determining human well-being,
and hence also the need for integrated scenarios of biodiversity and ecosystem services that could support the interlinked
agendas of global conservation and sustainable development.

Model inter-comparison projects, in which multiple models are used to project the consequences of a common set of
scenarios, offer a widely accepted means of assessing and highlighting model uncertainties when projecting changes in a
given variable of interest (Knutti and Sedlacek, 2013). Such ensemble projections, i.e. all individual projections integrated and
analyzed together, have been applied in many fields, from environmental change modelling (Forzieri et al., 2013) to species
distribution modelling (Elith and Leathwick, 2009; Jones and Cheung, 2014) to climate impacts on forest and marine eco-
systems (Bryndum-Buchholz et al., 2019; Bugmann et al., 2019). Yet, to our knowledge, a model inter-comparison with
common input scenarios has never been used to compare model outputs from structurally different terrestrial biodiversity
and ecosystem services models at global scales.

Previous global-level scenarios for biodiversity and ecosystem services have mostly relied on a single model for biodi-
versity projections (Carpenter et al., 2005; Ten Brink et al., 2010). In the few cases where the results of multiple models have
been compared in biodiversity scenarios assessments, these comparisons have been greatly hindered by the lack of
harmonized inputs and easily comparable outputs (IPBES, 2016; Leadley, 2010; Leadley et al., 2014; Pereira et al., 2010),
making interpretation and quantification of uncertainties very challenging. In order to fill this gap, the IPBES Expert Group on
Scenarios and Models has led a biodiversity and ecosystem services scenario-based model inter-comparison (BES-SIM). In
addition to helping to understand and quantify uncertainty in the projections, BES-SIM also contributed to the IPBES Global
Assessment (IPBES, 2019) and informed discussions around the post-2020 strategic plan of the CBD.

The BES-SIM exercise (see full protocol in Kim et al., 2018) brought together several modeling teams to produce the first
global ensemble of projections up to 2050, starting from 1900, of co-occurring changes in terrestrial biodiversity and
ecosystem services using harmonized input datasets for future land-use and climate, and producing harmonized model
outputs. To strengthen ties between the biodiversity and climate research and assessment communities, BES-SIM inputs were
based on the Shared Socio-economic Pathways (SSPs) and the Representative Concentration Pathways (RCPs, Van Vuuren
et al., 2014). The SSPs are global trajectories of socio-economic development recently produced for the climate research
community (O’'Neill et al., 2014), which range from a future more oriented towards sustainability (SSP1) to a future with
strong global dependency on fossil fuels (SSP5) (Riahi et al., 2017).

The storylines of the SSPs were used by a range of integrated assessment model (IAMs) to produce spatially-explicit
trajectories of drivers of ecosystem change, such as land-use (Popp et al., 2017), which has been harmonized for consis-
tency between past and future (Hurtt et al., 201T'Hurtt et al., 2016, 2018), and matched with expected trajectories of climate
change (the RCPs, Van Vuuren et al., 2014). These represent distinct trajectories of radiative forcing (Van Vuuren et al., 2011),
which have been converted into climate (e.g. temperature and precipitation) projections. In BES-SIM, we used a combination
of three SSPs x three RCPs, to explore a range of expected future land-use change and climate change, both independently and
in combination. The models involved used the same spatially-explicit time-series of land-use and climate data (to the extent
possible, see Kim et al., 2018 for details), thus controlling for or reducing among-model discrepancies resulting from dif-
ferences in input data.

One of the key outcomes of BES-SIM is a much better understanding of the barriers to overcome, and the challenges
remaining, to produce policy-relevant global scenarios and models that can better inform the sustainable development
agenda and help raising general public awareness for how natural resources ultimately affect human well-being. The
objective of this paper is twofold: 1) to highlight the methodological challenges faced in BES-SIM and suggest potential
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solutions, based on recent developments; and to thereby 2) suggest potential ways forward for developing the next gener-
ation of scenarios that can inform not only global environmental policy (via CBD and IPBES), but also decision-making outside
the biodiversity conservation community (e.g. those concerned with human well-being). The emergence of the SDGs and
their explicit linkages between nature and human well-being demand improved scenarios that explicitly integrate these
aspects. Here, we focus our discussion on the next steps towards producing such scenarios within the biodiversity and
ecosystem services modeling communities.

1.1. Major outstanding challenges highlighted by BES-SIM

The need for global projections of biodiversity and ecosystem services using harmonized input data was confirmed as BES-
SIM results contributed directly to the IPBES Global Assessment (Chapters 2 and 4) and the Summary for Policy Makers (Diaz
etal,, 2019). Despite major advances, BES-SIM also highlighted various obstacles to further advancing this work, which can be
grouped into needs to: 1) better account for the role of nature in future human development trajectories (i.e., scenario
storylines such as the SSPs); 2) improve the representation of drivers in the scenarios by increasing the resolution (temporal,
spatial and thematic) of land-use (as key driver of biodiversity change) and including additional relevant drivers (e.g.,
hunting, pollution and invasive species); 3) integrate trait- and species-level biodiversity in ecosystem services models, in
accordance with emerging evidence of the importance of biodiversity for service provision (Cardinale et al., 2012; Isbell et al.,
2011; Tilman et al., 2014); 4) expand the coverage of the multiple dimensions of biodiversity (e.g., genetic diversity) and
ecosystem services (e.g., cultural services); and 5) incorporate time-series observations in the calibration and validation of
biodiversity and ecosystem services models.

In the remaining sections of this paper we discuss the progress made by BES-SIM in each of these categories, and pathways
for improvement in addressing each of these outstanding challenges, all summarized in Fig. 1. Whilst the first group of
challenges relates mostly to scenario storylines, the other four mainly require modeling advances that are needed to better
translate these storylines into quantifiable projections of change (IPBES, 2016). It is important to note that this is not an
exhaustive list, but rather what we regard — given the emerging scientific literature — as the next logical steps in producing
integrated scenarios and projections of biodiversity and ecosystem services. We recognize fully that other challenging aspects
also need to be addressed by the wider modeling communities (e.g. different data types, methodological approaches, in-
dicators), if we want scenarios to be used by decision-makers to inform sustainable development agendas.

1.2. Better accounting for the role of nature in future human development trajectories

The set of scenarios in BES-SIM, drawn from the SSP/RCP framework, was used to describe plausible future trajectories for
land-use and climate, as key drivers of biodiversity change (Riahi et al., 2017; Van Vuuren et al., 2014). Despite the level of
detail in the SSP storylines, the explicit consideration of nature’s role in determining socio-economic development is still
limited. For instance, the SSPs storylines used to define the inputs of IAMs were formulated with limited consideration of how
biodiversity and ecosystem services feedback to the human system (O’Neill et al., 2014). The consideration of nature in the
current global storylines is limited to the role of nature protection, particularly to protected areas.

In addition to the undeniably important role of protected areas in mitigating climate change (Dudley et al., 2010; Popp
et al., 2014; Soares-Filho et al., 2010) there are many other aspects of the human-nature interaction that should be consid-
ered, especially if we aim to use scenarios to inform decision-making. For instance, particularly under a sustainable devel-
opment agenda, there is the possibility that societies choose development pathways that are positive for both the future of
nature and the benefits that people obtain from nature. In addition, people’s different perspectives on and preferences for
nature may by themselves lead to alternative socio-economic pathways (Rosa et al., 2017). A simplified version of this
preference space recognizes three major perspectives (Schoolenberg et al., 2018): “nature for nature”, where people value
nature for itself and includes intrinsic and existence values (independent of cultural/human-centered values); “nature for
society”, where people value nature for the direct and indirect benefits it provides (human-centered perspective); and
“nature as culture”, where people and nature are connected and the sense of identity derived from cultural landscapes and
relational values dominate (still a perspective centered on humans).

Future socio-economic development pathways where one of above mentioned perspectives dominates will very likely
lead to different trajectories from the ones explored in the SSPs, with the potential to stimulate thinking towards sustainable
futures where the role of nature in driving human well-being is explicitly recognized and accounted for in the subsequent
modeling work (Fig. 1, challenge 1). IPBES has called for a new generation of multiscale scenarios that explicitly consider
trajectories of development and their dependency on nature (IPBES, 2016). Such scenario framework is being developed by
the IPBES expert group on scenarios and models and has been coined Nature Futures (Rosa et al., 2017; Schoolenberg et al.,
2018). In this framework, the role of biodiversity in underpinning global socio-economic change (Chapin et al., 2000) is seen
as being key to the development of future storylines, capitalizing on the growing knowledge of such relationships.

Empirical evidence suggests that biodiversity is critical to ensure the functioning of ecosystems (Harrison et al., 2014;
Isbell et al., 2011; Tilman et al., 2014), thereby impacting climate dynamics at multiple spatial scales, for example, via its
impact on biomass and carbon storage potential (Erwin, 2009; Gill et al., 2007; Heller and Zavaleta, 2009), and ultimately
human well-being (Haines-Young and Potschin, 2010). These socio-economic relationships with the natural world are
particularly important to consider in a connected world (Adger et al., 2009; Marques et al., 2019), where negative impacts
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Fig. 1. Workflow followed in BES-SIM, highlighting the five groups of barriers and bottlenecks (numbers in red, following the order in the text) that need to be
addressed in future exercises to improve global projections of integrated biodiversity and ecosystem services change: 1) better accounting for the role of nature in
future human development trajectories; 2) refine land-use projections and broaden the range of drivers in scenarios; 3) integrate biodiversity into ecosystem
services models; 4) expand coverage of the multiple dimensions of biodiversity and ecosystem services; 5) incorporate time-series in the calibration and
validation of biodiversity and ecosystem services models. Note: in blue are the biodiversity and ecosystem services models’ names, in black the original metrics
outputted by the models and in green the harmonized output metric, based on either Essential Biodiversity Variables (EBVs) or Nature Contributions to People
(NCPs). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

(e.g., market pressures demanding natural resources) or positive actions (e.g., setting aside land for conservation) may have
important consequences elsewhere (Ewers and Rodrigues, 2008; Meyfroidt et al., 2013; Weinzettel et al., 2013). The devel-
opment of the Nature Futures (new scenario storylines /| new set of socio-ecological pathways) has started by identifying
positive endpoints for biodiversity and ecosystem services through visioning exercises and stakeholder consultations at
global and sub-global scales (Lundquist et al., 2017), integrating the three perspectives discussed above. Ultimately, trajec-
tories for drivers and enabling policies and actions that lead to these endpoints will need to be explored via different
modelling approaches (Table 1).

1.3. Refine land-use projections and broaden the range of drivers in scenarios

There are two main issues that relate to the representation of drivers of change in the scenarios. Firstly, current land-use
projections are too coarse to capture the fine-grain heterogeneity that is characteristic of most land-use patterns (Hoskins
et al.,, 2016; Newbold et al., 2015), and use rather broad class descriptions (e.g. “forested primary land” or “rangeland”)
that could be enriched to reflect characteristics more relevant for both biodiversity and ecosystem services, such as intensity
of use and habitat structure (Fig. 1, challenge 2). For example, the most recent version of the GLOBIO model includes a land-
use allocation routine to downscale coarse-grain land-use data into higher-resolution spatial patterns (Schipper et al., 2019).
Yet the need for further refinement of the thematic resolution remains.

Secondly, data on future global environmental change are typically derived from global climate models or IAMs, which
currently mainly provide projections for two drivers of biodiversity and ecosystem services change, i.e. land-use and climate,
thus failing to represent other important drivers such as infrastructure development, pollution, invasive species and hunting
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Table 1

List of challenges in producing policy-relevant global scenarios of biodiversity and ecosystem services change addressed by BES-SIM as well as promising

avenues moving forward.

Challenge Steps taken

Looking forward

1) better accounting for the role of na- Closer collaboration between global scenarios
ture in future human development community (SSPs) and biodiversity and
trajectories ecosystem services modeling communities.

2) refine land-use projections and Improved land-use projections (better spatial
broaden the range of drivers in resolution through downscaling).
scenarios

3) integrate biodiversity into ecosystem Accounting for ecosystem-level biodiversity in
services models estimating several ecosystem services.

4) expand coverage of the multiple di- Wide range of biodiversity and ecosystem
mensions of biodiversity and services models and using EBVs and NCPs as a
ecosystem services basis for harmonization of their outputs.

5) incorporate time-series in the Started discussions within BES-SIM.
calibration and validation of
biodiversity and ecosystem services

‘Nature Futures’ as scenarios that explicitly consider the
interaction between socio-economic development and the
natural world.

Further improve thematic resolution of land-use and
structural aspects of landscapes. Account for other
anthropogenic drivers in scenario storylines and
projections.

Improved representation of the role of biological diversity
(at ecosystem-, species- and trait-level) in ecosystem
services provisioning.

Develop and integrate models covering other dimensions
of biodiversity and ecosystem services.

Improve ability to produce time series of biodiversity and
ecosystem services using multiple data sources and
integration.

models

(Benitez-Lopez et al., 2019; Cardinale et al., 2012; Diaz et al., 2006; Doherty et al., 2016; Holker et al., 2010). The wider range of
drivers and how they might vary across space and time should be accounted for in the development of the new scenarios’
storylines (e.g., Nature Futures, Schoolenberg et al., 2018). Models should then be improved or developed in order to translate
these into quantitative projections that can later be used by biodiversity and ecosystem services models.

At the moment, accurate, relevant and representative global maps of current environmental (pressure) variables can be
obtained for example by merging and harmonizing existing (sub)national datasets (Meijer et al., 2018), combining hyper-
spectral imagery with sophisticated classifications algorithms (i.e. deep learning) and solid ground-truthing data (Chen et al.,
2014; Congalton et al., 2014), or high-resolution interpolation of accurate yet scattered measurements, informed by auxiliary
data (Barbarossa et al., 2018). However, most advances have focused on land-cover rather than land-use (but see Hoskins
et al., 2016) or other drivers of change, which limits their relevance to biodiversity modelling. Improving and expanding
the mapping of historical and current drivers is useful not only as a basis to assess the current status of biodiversity (and
ecosystem services) globally, but also to inform models of future environmental change. For example, accurate data on recent
land-cover change, such as documented for 1992—2015 in ESA’s CCI land-cover product (Li et al., 2018), can be used to identify
location characteristics that underlie the conversion of natural habitat into agricultural land (a change in cover and use). This
information, in turn, can be used to obtain more accurate projections of the locations of future conversion. Similarly, adequate
data on present-day road length and transport kilometers can be used to establish prospective models on future roads (Dulac,
2013; Meijer et al., 2018).

14. Integrate species-level and trait-level biodiversity in ecosystem services models

BES-SIM provided the opportunity for the biodiversity and ecosystem services modeling communities to come together
and discuss integration. Certain ecosystem services projections (e.g., pollination, nitrogen retention and pest control) were
produced accounting for the role of biodiversity at the ecosystem-level (Kim et al., 2018). However, these projections relied on
biodiversity estimates that were made independently of the biodiversity models. For example, pollinator species richness is
included in some of the biodiversity model outputs, but did not directly drive the pollination service models, instead
landscape or ecosystem level features drives the species diversity models and the pollination models independently of each
other (Tallis and Polasky, 2011).

Likewise, soil erosion and soil protection projections are currently produced depending only on the length of the growing
season (Guerra et al., 2014), without consideration of the role of soil biodiversity or plant diversity, for example, in deter-
mining such services (Wagg et al., 2014) and the multiple drivers that can impact soil function and diversity (Rillig et al.,
2019). Using biodiversity and ecosystem services models independently from each other allowed for the analysis of spatial
relationships between biodiversity and ecosystem services to be carried out, but did not allow any direct interaction between
these two types of models — i.e. where the output from one model affects the output from the other. There is, therefore, an
incomplete representation of the contribution of biodiversity in ecosystem service provisioning (Fig. 1, challenge 3), which
could clearly be improved.

Given the growing literature linking biological diversity to ecological function (Isbell et al., 2017, 2011; Lefcheck et al.,
2015; Tilman et al., 2014), and despite controversy on the direction and magnitude of these links (Dormann et al., 2019;
Pillai and Goubhier, 2019), integrating the role of biological diversity, particularly addressing the species-level (and trait/
genetic-level) dependency in the provisioning of ecosystem services (Fry et al., 2019; Wang et al., 2018), is crucial to
develop integrated understanding of the response of biodiversity and ecosystem services to global change (Table 1). In this
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regard, there are promising attempts emerging in the literature that suggest that this integration is well underway (Isbell
et al., 2017; Mokany et al., 2016; van Bodegom et al., 2014). However, to achieve the full integration of biodiversity into
the key ecosystem services required by the global change modelling to support sustainable development agendas, we need to
improve our understanding as to how biodiversity (at ecosystem, species and trait level) regulates a wider range of services
such as water, carbon and other nutrient cycles (He et al., 2019; Reichstein et al., 2014), and cultural services.

1.5. Expand coverage of the multiple dimensions of biodiversity and ecosystem services

Biodiversity and ecosystem services are multifaceted concepts, with different dimensions responding differently to
changes in drivers; hence, a suite of complementary metrics is needed to fully represent such responses in the model pro-
jections (Santini et al., 2017, Hill et al., 2016). One of the novelties of BES-SIM is the inclusion of a suite of independently
developed, and therefore structurally distinct, biodiversity and ecosystem services models (Kim et al., 2018). The outputs from
BES-SIM models addressed very different facets of biodiversity (i.e. species ranges, local species richness, global species
extinctions, abundance-based intactness, compositional similarity, abundance of different functional groups), as well as
different facets of ecosystem services (e.g., pollination, carbon sequestration, soil erosion, wood production, nutrient export,
coastal vulnerability), often with little overlap between different models. It is no surprise that such a wide range of outputs led
to a major challenge when producing ensemble projections. To assess the uncertainty around the projected impacts (and their
magnitude), we followed a novel approach for biodiversity and ecosystem services model outputs, which we detail below.

1.5.1. Biodiversity

To ensure that we could provide a measure of uncertainty for estimates coming from different models in BES-SIM the
original outputs of the biodiversity models were harmonized by being mapped to the Essential Biodiversity Variables (EBVs)
framework (Pereira et al., 2013). This resulted in three indicators based on community composition — absolute change in
species richness, relative change in species richness, and abundance-based intactness — and one indicator based on changes
in species distributions (Fig. 1, challenge 4a). Direct comparison of the outputs of the models was challenging in many cases, as
the metrics differed in some technical details even when they represented the same aspect of biodiversity. For instance, the
GLOBIO model (Janse et al., 2015; Schipper et al., 2019) outputs a metric called “Mean Species Abundance” (MSA) that
represents “the mean abundance of original species in relation to a particular pressure as compared to the mean abundance in
an undisturbed reference situation”; likewise the PREDICTS model (Newbold et al., 2015) outputs a metric called “Biodiversity
Intactness Index (BII)” that represents “the average abundance of originally present species across a broad range of species,
relative to abundance in an undisturbed habitat”. While similar in definition, mathematically they are calculated differently
(e.g., the former is the average of abundance ratios while the latter is the ratio of the sums). Similarly, models based on the
species-area relationship (Pereira and Daily, 2006), even though they produced similar metrics (absolute and relative change
in species richness), refer to different taxa and/or temporal baselines, limiting the meaningfulness of direct comparison. To
make comparison across models meaningful, metrics were therefore converted to proportional changes relative to the
beginning time of the analysis (i.e., (Yt1-Yt0)/Vt0)-

Although BES-SIM covered a broad range of biodiversity metrics, these mainly addressed changes in species distributions
(of specific taxa) and community composition, largely leaving out other relevant EBV classes such as genetic composition,
species traits, ecosystem structure and ecosystem function. Still, perhaps the most important limitation is that each of the
indicators used is reporting a single value for biodiversity change, and the combination of the different indicators still pro-
vides a limited capture of the multidimensionality of biodiversity change. For instance, even when no net change in species
richness is observed, there may be colonizations and extinctions occurring (Dornelas et al., 2014). More comprehensive
descriptions of biodiversity change will need to separately report changes for multiple functional groups (e.g., forest versus
open land species) or report multidimensional community composition metrics (Fig. 1, challenge 4a).

1.5.2. Ecosystem services

In BES-SIM, for the first time, we included Dynamic Global Vegetation Models (DGVMs) to provide projections of
ecosystem functions alongside fundamentally different models that directly address ecosystem services (InVEST, GLOSP and
GLOBIO-ES). For certain metrics, such as carbon sequestration and biomass, the interpretation of metrics is similar, but for
other metrics, e.g., pollination, direct comparison was not feasible. For instance, while GLOBIO-ES (De Groot et al., 2010;
Schulp et al., 2012) defines pollination services as “the fraction of cropland potentially pollinated, relative to all available
cropland”, InVEST (Tallis and Polasky, 2009) defines it as “the proportion of agricultural lands whose pollination needs are
met”. Again, although similar in definition, mathematically these were calculated very differently (see Kim et al., 2018 for
more detail), making their direct comparison unfeasible. We overcame this challenge by harmonizing the metrics, i.e.
mapping them against the Nature Contributions to People (NCPs) framework (Diaz et al., 2018, Fig. 1 challenge 4b), and by
determining the proportional changes relative to the beginning time of the analysis, as done for biodiversity.

Despite the fact that models provided outputs for many ecosystem services, including a wide range of regulating and
provisioning services (Kim et al., 2018), the need to develop ensemble projections limited the number of metrics BES-SIM
could focus on. In addition, many entire classes of ecosystem services were not included in this exercise due to the
absence of global models and/or data, still only available for a limited number of services (Chaplin-Kramer et al., 2019). This is
particularly true for cultural services, where data is still lacking, and which often evade quantitative or mechanistic modeling,
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and coastal and marine ecosystem services, largely due to the lack of marine habitat and species distribution data available
historically or in response to scenarios (Fig. 1, challenge 4b).

1.6. Incorporate time-series in the calibration and validation of biodiversity and ecosystem services models

Despite the technological advancements of the last couple of decades that vastly increased our ability to collect, process
and analyse data, most biological entities are not possible to monitor using remote sensing alone (Ferrier et al., 2017), even if
we advance technical capabilities extensively. Therefore, there is a need to develop biodiversity-calibrated models integrating
several data sources (in situ observations from permanent monitoring sites, remote observations) (Dornelas et al., 2019; Isaac
et al.,, 2019).

Existing efforts have been hampered by the lack of datasets, particularly at the global scale, that incorporated repeated
measurements over time (Fig. 1, challenge 5). Up until now, biodiversity models are typically calibrated for one single time
point, using space-for-time substitution (Blois et al., 2013). That is, a relationship between a given biodiversity metric and a
selection of predictor variables, for example climate or land-use, is established across space either for a given moment in time,
or by compiling observations from different moments in time into a single snapshot of biodiversity for a given location.
Models assume that these relationships hold over time, i.e. spatial associations are used as causal predictive relationships.
However, spatial associations may be influenced by other variables (e.g., historical contingency) and their projections of how
biodiversity in a site changes over time when land-use and climate variables change in that site may not hold (De Palma et al.,
2018).

Improving the state-of-the-art in biodiversity modelling calibration and validation could be done in two ways. First,
validation of the models should use time series-data for biodiversity when it is available, as species distribution modellers
already sometimes do (Aratjo et al., 2005). This would allow explicit quantification of error and uncertainties in the pro-
jections, which are essential for decision-makers (Parker, 2013). Second, the calibration of the models could also use time-
series data (Ferrier et al., 2017) or, in the absence of detailed time series, ‘snapshots’ of a site or region’s biodiversity at
some previous point in time. This requires investing on long-term funding for permanent monitoring sites, improving data
availability and the development of biodiversity models that use time-series data (Fig. 1, challenge 5).

Recent developments in making biodiversity time-series data available at the global level open up a realm of new pos-
sibilities. This include the creation of global databases that contain community composition or species populations time-
series at multiple sites (e.g., the BIOTIME database [Dornelas et al., 2018], and the Living Planet Index [Collen et al., 2009]),
the advent of Darwin Event Core to publish structured biodiversity data to Global Biodiversity Information Facility (GBIF), and
the conceptualization of EBVs as space-time-taxa information cubes that can integrate an array of biodiversity data from point
occurrences to full community-wide census (Jetz et al., 2019).

However, incorporating time-series in the calibration of biodiversity models, such as those in BES-SIM, remains an open
challenge (Table 1). Many of the models in BES-SIM used the PREDICTS database to calculate the changes in community
composition after land-use, using a space for time substitution. With biodiversity time series data, it would be possible to not
only estimate more accurately the changes in community composition in response to land-use change (Rittenhouse and
Rissman, 2012), but also add a temporal component and look at effects such as the relaxation time to a new equilibrium
after habitat loss (De Palma et al,, 2018; Pereira and Borda-de-Agua, 2013). Moreover, models that account for land-use
impacts are calibrated with data that reflect historical observations of species distribution and diversity change when
habitat conversion (i.e. realised land-use change) takes place, whereas models that account for climate impacts are calibrated
based on expected impacts on the distributional range of the species after a shift in climate (i.e. non-realised climate change).
Combining static and dynamic variables, including climate and land-use variables, with species distribution models is an area
of research receiving increasing attention (Stanton et al., 2012; Voigt et al., 2018).

The challenges noted above for biodiversity are also directly applied to ecosystem services models. There is a substantial
body of empirical evidence showing that individual services, bundles of services and their interactions vary across both space
and time, driven by policy, biophysical, and socioeconomic characteristics (Renard et al., 2015; Rodriguez et al., 2006).
However, apart from the ecosystem services that can be estimated based on land-cover dynamics and thus derived from
remote sensing data (Brown, 2013; Naidoo et al., 2008), similar challenges are faced by ecosystem services modellers who
often have limited temporally-explicit datasets to work with, especially at the global scale (Chaplin-Kramer et al., 2019).
Arguably, this is even a bigger challenge in this community than in the biodiversity modelling community since, apart from
some provisioning and regulating ecosystem services like carbon sequestration and nitrogen regulation (Quijas et al., 2019;
Watanabe and Ortega, 2014), even single-time model output validation is often lacking (Englund et al., 2017). Including the
time dimension into the calibration and validation processes of existing ecosystem service models, although needed, is at the
moment seriously limited by the lack of available time series for many services (particularly cultural services, for which even
single time-point data is very sparse).

2. Conclusion
We have highlighted some of the major advances towards producing global scenarios of biodiversity and ecosystem

services (Table 1), based on the BES-SIM inter-model comparison project. This was a novel initiative that brought together
research communities developing global socio-economic scenarios, biodiversity impact models and ecosystem-service
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impact models to successfully contribute to the IPBES Global Assessment. By forging stronger links between these com-
munities of practice, BES-SIM has also laid the foundation for ongoing development of the modelling dimension of the new
Nature Futures scenarios, which explicitly incorporate the two-way dependencies between socio-economic dynamics and
biodiversity (Lundquist et al., 2017; Schoolenberg et al., 2018).

Our reflections mainly apply to global scenarios, biodiversity and ecosystem services modeling communities. However, in
order to achieve the ambitious and integrative modeling framework set for the Nature Futures scenarios (Rosa et al., 2017),
and to best inform international conservation policy and support the sustainable development agenda, these communities
now need to broaden their disciplinary focus. This broadening will not only improve the modelling of interactions across
biodiversity, ecosystems services, and society, but also better incorporate additional direct (e.g., invasive species, pollution)
and indirect drivers (e.g., political decisions on conservation, individual behavioral and perceptional changes) of biodiversity
change. The importance of modelling is well reflected in the work plan of the Nature Futures initiative (Schoolenberg et al.,
2018), in which scenarios are to be developed through an iterative process of stakeholder consultation, modelling and
storyline development. If well-coordinated across international initiatives, countries, scientists and other key actors, the
results of scenarios-based modelling can eventually be used to evaluate the effectiveness of policies, and provide projections
into the future for policy planning, intervention decisions and resource allocations.

Acknowledgements

IMDR, ISM, HK and HMP were supported by the German Centre for integrative Biodiversity Research (iDiv) Halle-Jena-
Leipzig, funded by the German Research Foundation (FZT 118). GH was supported by research grants from NASA and U.S.
Department of Energy.

References

Adger, W.N,, Eakin, H., Winkels, A., 2009. Nested and teleconnected vulnerabilities to environmental change. Front. Ecol. Environ. 7, 150—157.

Aradjo, M.B., Pearson, R.G., Thuiller, W., Erhard, M., 2005. Validation of species—climate impact models under climate change. Glob. Chang. Biol. 11,
1504—-1513.

Barbarossa, V., Huijbregts, M.A., Beusen, A.H., Beck, H.E., King, H., Schipper, A.M., 2018. FLO1K, global maps of mean, maximum and minimum annual
streamflow at 1 km resolution from 1960 through 2015. Sci. Data 5, 180052.

Benitez-Lopez, A., Santini, L., Schipper, A.M., Busana, M., Huijbregts, M.A ., 2019. Intact but empty forests? Patterns of hunting-induced mammal defau-
nation in the tropics. PLoS Biol. 17 https://doi.org/10.1371/journal.pbio.3000247 e3000247.

Blois, J.L., Williams, J.W., Fitzpatrick, M.C.,, Jackson, S.T., Ferrier, S., 2013. Space can substitute for time in predicting climate-change effects on biodiversity.
Proc. Natl. Acad. Sci. 110, 9374—-9379.

Brown, G., 2013. The relationship between social values for ecosystem services and global land cover: an empirical analysis. Ecosyst. Serv. 5, 58—68.

Bryndum-Buchholz, A., Tittensor, D.P,, Blanchard, J.L., Cheung, W.W.,, Coll, M., Galbraith, E.D., Jennings, S., Maury, O., Lotze, H.K., 2019. Twenty-first-century
climate change impacts on marine animal biomass and ecosystem structure across ocean basins. Glob. Chang. Biol. 25, 459—472.

Bugmann, H., Seidl, R., Hartig, F., Bohn, F,, Br\ uuna, ]., Cailleret, M., Frangois, L., Heinke, J., Henrot, A.-]., Hickler, T., 2019. Tree mortality submodels drive
simulated long-term forest dynamics: assessing 15 models from the stand to global scale. Ecosphere 10, e02616.

Cardinale, B.J., Duffy, ].E., Gonzalez, A., Hooper, D.U., Perrings, C., Venail, P., Narwani, A., Mace, G.M., Tilman, D., Wardle, D.A., 2012. Biodiversity loss and its
impact on humanity. Nature 486, 59.

Carpenter, S.R, Pingali, P.L, Bennett, E.M., Zurek, M.B., 2005. Ecosystems and Human Well-Being: Scenarios: Findings of the Scenarios Working Group.
Millennium Ecosystem Assessment.

CBD, 2014. Global Biodiversity Outlook 4. UNEP/Earthprint.

CBD, 2010. Global Biodiversity Outlook 3. UNEP/Earthprint.

Chapin lii, ES., Zavaleta, E.S., Eviner, V.T., Naylor, R.L., Vitousek, P.M., Reynolds, H.L., Hooper, D.U., Lavorel, S., Sala, O.E., Hobbie, S.E., Mack, M.C., Diaz, S., 2000.
Consequences of changing biodiversity. Nature 405, 234—242. https://doi.org/10.1038/35012241.

Chaplin-Kramer, R., Sharp, R.P,, Weil, C,, Bennett, E.M., Pascual, U., Arkema, KK., Brauman, KA., Bryant, B.P., Guerry, A.D., Haddad, N.M., 2019. Global
modeling of nature’s contributions to people. Science 366, 255—258.

Chen, Y., Lin, Z., Zhao, X., Wang, G., Gu, Y., 2014. Deep learning-based classification of hyperspectral data. IEEE ]. Sel. Top. Appl. Earth. Obs. Remote Sens. 7,
2094-2107.

Collen, B.E.N,, Loh, J., Whitmee, S., McRAE, L., Amin, R., Baillie, J.E., 2009. Monitoring change in vertebrate abundance: the living planet index. Conserv. Biol.
23, 317-327.

Congalton, R., Gu, J., Yadav, K., Thenkabail, P, Ozdogan, M., 2014. Global land cover mapping: a review and uncertainty analysis. Remote Sens. 6,
12070—-12093.

De Groot, R.S., Alkemade, R., Braat, L., Hein, L., Willemen, L., 2010. Challenges in integrating the concept of ecosystem services and values in landscape
planning, management and decision making. Ecol. Complex. 7, 260—272.

De Palma, A., Sanchez-Ortiz, K., Martin, P.A., Chadwick, A., Gilbert, G., Bates, A.E., Borger, L., Contu, S., Hill, S.L., Purvis, A., 2018. Challenges with inferring how
land-use affects terrestrial biodiversity: study design, time, space and synthesis. In: Advances in Ecological Research. Elsevier, pp. 163—199.

Diaz, S., Fargione, J., Chapin III, ES., Tilman, D., 2006. Biodiversity loss threatens human well-being. PLoS Biol. 4, e277.

Diaz, S., Pascual, U., Stenseke, M., Martin-Lépez, B., Watson, R.T., Molnadr, Z., Hill, R., Chan, K.M., Baste, L.A., Brauman, K.A., 2018. Assessing nature’s con-
tributions to people. Science 359, 270—272.

Diaz, S., Settele, J., Brondizio, E., Ngo, H., Gueze, M., Agard, J., Arneth, A., Balvanera, P.,, Brauman, K., Butchart, S., 2019. Summary for Policymakers of the
Global Assessment Report on Biodiversity and Ecosystem Services of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services.

Doherty, TS., Glen, A.S., Nimmo, D.G., Ritchie, E.G., Dickman, C.R., 2016. Invasive predators and global biodiversity loss. Proc. Natl. Acad. Sci. 113,
11261-11265.

Dormann, C.F, Schneider, H., Gorges, ]., 2019. Neither global nor consistent: a technical comment on the tree diversity-productivity analysis of Liang et al
(2016). BioRxiv 524363.

Dornelas, M., Antao, L.H., Moyes, F,, Bates, A.E., Magurran, A.E., Adam, D., Akhmetzhanova, A.A., Appeltans, W., Arcos, J.M., Arnold, H., 2018. BioTIME: a
database of biodiversity time series for the Anthropocene. Glob. Ecol. Biogeogr. 27, 760—786.

Dornelas, M., Gotelli, N.J., McGill, B., Shimadzu, H., Moyes, F, Sievers, C., Magurran, A.E., 2014. Assemblage time series reveal biodiversity change but not
systematic loss. Science 344, 296—299.


http://refhub.elsevier.com/S2351-9894(19)30618-3/sref1
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref1
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref2
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref2
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref2
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref2
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref3
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref3
https://doi.org/10.1371/journal.pbio.3000247
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref5
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref5
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref5
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref6
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref6
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref7
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref7
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref7
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref8
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref8
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref8
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref9
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref9
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref10
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref10
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref11
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref12
https://doi.org/10.1038/35012241
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref14
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref14
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref14
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref15
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref15
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref15
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref16
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref16
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref16
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref17
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref17
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref17
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref18
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref18
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref18
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref19
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref19
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref19
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref19
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref20
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref21
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref21
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref21
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref21
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref21
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref22
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref22
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref22
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref22
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref23
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref23
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref23
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref24
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref24
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref25
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref25
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref25
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref26
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref26
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref26

LM.D. Rosa et al. / Global Ecology and Conservation 22 (2020) e00886 9

Dornelas, M., Madin, E.M.P,, Bunce, M., DiBattista, ].D., Johnson, M., Madin, ].S., Magurran, A.E., McGill, BJ., Pettorelli, N., Pizarro, O., Williams, S.B., Winter, M.,
Bates, A.E., 2019. Towards a macroscope: leveraging technology to transform the breadth, scale and resolution of macroecological data. Glob. Ecol.
Biogeogr. 28, 1937—1948. https://doi.org/10.1111/geb.13025.

Dudley, N., Stolton, S., Belokurov, A., Krueger, L., Lopoukhine, N., MacKinnon, K., Sandwith, T., Sekhran, N., 2010. Natural Solutions: Protected Areas Helping
People Cope with Climate Change. Natural Solutions: Protected Areas Helping People Cope with Climate Change.

Dulac, J., 2013. Global Land Transport Infrastructure Requirements, vol.20. International Energy Agency, Paris, p. 2014.

Elith, J., Leathwick, ].R., 2009. Species distribution models: ecological explanation and prediction across space and time. Annu. Rev. Ecol. Evol. Systemat. 40,
677—697.

Englund, O., Berndes, G., Cederberg, C., 2017. How to analyse ecosystem services in landscapes—a systematic review. Ecol. Indicat. 73, 492—504. https://doi.
org/10.1016/j.ecolind.2016.10.009.

Erwin, K.L., 2009. Wetlands and global climate change: the role of wetland restoration in a changing world. Wetl. Ecol. Manag. 17, 71.

Ewers, R.M,, Rodrigues, A.S., 2008. Estimates of reserve effectiveness are confounded by leakage. Trends Ecol. Evol. 23, 113—-116.

Ferrier, S., Jetz, W., Scharlemann, J., 2017. Biodiversity modelling as part of an observation system. In: The GEO Handbook on Biodiversity Observation
Networks. Springer, Cham, pp. 239—-257.

Forzieri, G., Feyen, L., Rojas, R., Florke, M., Wimmer, F., Bianchi, A., 2013. Ensemble projections of future streamflow droughts in Europe. Hydrol. Earth Syst.
Sci. Discuss. 10, 10719—10774.

Fry, E.L., De Long, J.R., Alvarez Garrido, L., Alvarez, N., Carrillo, Y., Castaneda-Gémez, L., Chomel, M., Dondini, M., Drake, ].E., Hasegawa, S., 2019. Using plant,
microbe, and soil fauna traits to improve the predictive power of biogeochemical models. Methods. Ecol. Evol. 10, 146—157.

Gill, S.E., Handley, J.E,, Ennos, A.R., Pauleit, S., 2007. Adapting cities for climate change: the role of the green infrastructure. Built. Environ. 33, 115—133.

Guerra, C.A., Pinto-Correia, T., Metzger, M.]., 2014. Mapping soil erosion prevention using an ecosystem service modeling framework for integrated land
management and policy. Ecosystems 17, 878—889.

Haines-Young, R., Potschin, M., 2010. The links between biodiversity, ecosystem services and human well-being. Ecosyst. Ecol.: New. Synth. 1, 110—139.

Harrison, P.A., Berry, P.M., Simpson, G., Haslett, J.R., Blicharska, M., Bucur, M., Dunford, R., Egoh, B., Garcia-Llorente, M., Geamana, N., 2014. Linkages between
biodiversity attributes and ecosystem services: a systematic review. Ecosyst. Serv. 9, 191—203.

He, N,, Liu, C,, Piao, S., Sack, L., Xu, L., Luo, Y., He, J., Han, X., Zhou, G., Zhou, X., 2019. Ecosystem traits linking functional traits to macroecology. Trends Ecol.
Evol. 34, 200—-210.

Heller, N.E., Zavaleta, E.S., 2009. Biodiversity management in the face of climate change: a review of 22 years of recommendations. Biol. Conserv. 142, 14—32.

Hill, S.L., Harfoot, M., Purvis, A., Purves, D.W., Collen, B., Newbold, T., Burgess, N.D., Mace, G.M., et al., 2016. Reconciling biodiversity indicators to guide
understanding and action. Conservation Letters 9 (6), 405—412.

Holker, E., Wolter, C., Perkin, E.K., Tockner, K., 2010. Light pollution as a biodiversity threat. Trends Ecol. Evol. 25, 681—682.

Hoskins, AJ., Bush, A., Gilmore, J., Harwood, T., Hudson, L.N., Ware, C., Williams, K., Ferrier, S., 2016. Downscaling land-use data to provide global 30
"estimates of five land-use classes. Ecol. Evol. 6, 3040—3055.

Hurtt, G., Chini, L., Sahajpal, R,, Frolking, S., Calvin, K., Fujimori, S., Klein Goldewijk, K., Hasegawa, T., Havlik, P., Heinemann, A., 2016. Harmonization of Global
Land-Use Change and Management for the Period. Geoscientific Model Development, 850—2100.

Hurtt, G., Chini, L., Frolking, S., Betts, R., Feddema, ]., Fischer, G., Fisk, ]., Hibbard, K., et al., 2011. Harmonization of land-use scenarios for the period
1500—2100: 600 years of global gridded annual land-use transitions, wood harvest, and resulting secondary lands. Climate Change 109, 117. https://doi.
0rg/10.1007/s10584-011-0153-2.

Hurtt, G.C., Chini, L.P, Sahajpal, R., Frolking, S.E., Bodirsky, B., Calvin, K.V., Doelman, J.C,, Fisk, J., Fujimori, S., Goldewijk, K., 2018. LUH2: harmonization of
global land-use scenarios for the period. In: AGU Fall Meeting Abstracts, 850-2100.

IPBES, 2019. The IPBES Global Assessment Report on Biodiversity and Ecosystem Services. Secretariat of the Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services, Bonn, Germany.

IPBES, 2018. The IPBES Regional Assessment Reports on Biodiversity and Ecosystem Services for Africa, Europe and Central Asia, Asia and the Pacific and the
Americas. Secretariat of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, Bonn, Germany.

IPBES, 2016. The Methodological Assessment Report on Scenarios and Models of Biodiversity and Ecosystem Services. Secretariat of the Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services, Bonn, Germany.

Isaac, N.J.,, Jarzyna, M.A,, Keil, P, Dambly, LI, Boersch-Supan, P.H., Browning, E., Freeman, S.N., Golding, N., Guillera-Arroita, G., Henrys, P.A., 2019. Data
integration for large-scale models of species distributions. Trends Ecol. Evol. In press.

Isbell, E, Adler, P.R., Eisenhauer, N., Fornara, D., Kimmel, K., Kremen, C., Letourneau, D.K., Liebman, M., Polley, H.W., Quijas, S., 2017. Benefits of increasing
plant diversity in sustainable agroecosystems. J. Ecol. 105, 871—-879.

Isbell, F,, Calcagno, V., Hector, A., Connolly, J., Harpole, W.S., Reich, P.B., Scherer-Lorenzen, M., Schmid, B., Tilman, D., Van Ruijven, J., 2011. High plant diversity
is needed to maintain ecosystem services. Nature 477, 199.

Janse, J.H., Kuiper, ].J., Weijters, M.J., Westerbeek, E.P., Jeuken, M., Bakkenes, M., Alkemade, R., Mooij, W.M., Verhoeven, ]J.T.A., 2015. GLOBIO-Aquatic, a global
model of human impact on the biodiversity of inland aquatic ecosystems. Environ. Sci. Policy 48, 99—114.

Jetz, W., McGeoch, M.A., Guralnick, R., Ferrier, S., Beck, J., Costello, M.]., Fernandez, M., Geller, G.N., Keil, P., Merow, C., Meyer, C., Muller-Karger, FE., Pereira, H.
M., Regan, E.C., Schmeller, D.S., Turak, E., 2019. Essential biodiversity variables for mapping and monitoring species populations. Nat. Evol. Ecol. 3,
539-551. https://doi.org/10.1038/s41559-019-0826-1.

Jones, M.C,, Cheung, W.W., 2014. Multi-model ensemble projections of climate change effects on global marine biodiversity. ICES (Int. Counc. Explor. Sea) J.
Mar. Sci. 72, 741-752.

Kim, H., Rosa, .LM.D., Alkemade, R., Leadley, P., Hurtt, G., Popp, A., Vuuren, D.P. van, Anthoni, P, Arneth, A., Baisero, D., Caton, E., Chaplin-Kramer, R., Chini, L.,
Palma, A.D., Fulvio, ED., Marco, M.D., Espinoza, F, Ferrier, S., Fujimori, S., Gonzalez, R.E., Gueguen, M., Guerra, C., Harfoot, M., Harwood, T.D., Hasegawa, T.
, Haverd, V., Havlik, P,, Hellweg, S., Hill, S.L.L., Hirata, A., Hoskins, AJ., Janse, ].H., Jetz, W., Johnson, J.A., Krause, A., Leclere, D., Martins, LS., Matsui, T.,
Merow, C., Obersteiner, M., Ohashi, H., Poulter, B., Purvis, A., Quesada, B., Rondinini, C., Schipper, A.M., Sharp, R., Takahashi, K., Thuiller, W., Titeux, N.,
Visconti, P.,, Ware, C., Wolf, F.,, Pereira, H.M., 2018. A protocol for an intercomparison of biodiversity and ecosystem services models using harmonized
land-use and climate scenarios. Geosci. Model Dev. (GMD) 11, 4537—4562. https://doi.org/10.5194/gmd-11-4537-2018.

Knutti, R., Sedlacek, J., 2013. Robustness and uncertainties in the new CMIP5 climate model projections. Nat. Clim. Chang. 3, 369.

Leadley, P., 2010. Biodiversity Scenarios: Projections of 21st Century Change in Biodiversity, and Associated Ecosystem Services: a Technical Report for the
Global Biodiversity Outlook 3. UNEP/Earthprint.

Leadley, P., Proenga, V., Fernandez-Manjarrés, J., Pereira, H.M., Alkemade, R., Biggs, R., Bruley, E., Cheung, W., Cooper, D., Figueiredo, J., 2014. Interacting
regional-scale regime shifts for biodiversity and ecosystem services. Bioscience 64, 665—679.

Lefcheck, J.S., Byrnes, J.E., Isbell, F, Gamfeldt, L., Griffin, ].N., Eisenhauer, N., Hensel, M.J., Hector, A., Cardinale, B.J., Duffy, J.E., 2015. Biodiversity enhances
ecosystem multifunctionality across trophic levels and habitats. Nat. Commun. 6, 6936.

Li, W., MacBean, N., Ciais, P,, Defourny, P., Lamarche, C., Bontemps, S., Houghton, R.A., Peng, S., 2018. Gross and net land cover changes based on plant
functional types derived from the annual ESA CCI land cover maps. Earth Syst. Sci. Data 10, 219—234.

Lundquist, CJ., Pereira, H.M., Alkemade, R., den Belder, E., Carvalho Ribeiro, S., Davies, K., Greenaway, A., Hauck, ]., Karlsson-Vinkhuyzen, S., Kim, H., King, N.,
Lazarova, T., Pereira, L., Peterson, G., Ravera, F,, van den Brink, T., Argumedo, A., Armenteras, D., Ausseil, A.G., Baptiste, B., Belanger, ]., Bingham, K.,
Bowden-Kerby, A., Cao, M., Carino, J., van Damme, P.A., Devivo, R., Dickson, F., Dushimumuremyi, J.P., Ferrier, S., et al., 2017. Visions for Nature and
Nature’s Contributions to People for the 21st Century: Report from an IPBES Visioning Workshop Held on 4-8 September 2017 in Auckland. NIWA
Technical Series Report, Auckland (New Zealand).


https://doi.org/10.1111/geb.13025
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref28
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref28
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref29
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref30
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref30
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref30
https://doi.org/10.1016/j.ecolind.2016.10.009
https://doi.org/10.1016/j.ecolind.2016.10.009
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref32
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref33
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref33
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref34
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref34
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref34
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref35
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref35
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref35
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref35
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref36
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref36
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref36
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref36
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref36
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref36
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref37
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref37
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref38
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref38
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref38
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref39
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref39
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref40
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref40
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref40
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref40
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref40
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref41
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref41
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref41
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref42
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref42
http://refhub.elsevier.com/S2351-9894(19)30618-3/optUf36NY7E7g
http://refhub.elsevier.com/S2351-9894(19)30618-3/optUf36NY7E7g
http://refhub.elsevier.com/S2351-9894(19)30618-3/optUf36NY7E7g
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref43
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref43
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref43
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref44
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref44
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref44
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref45
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref45
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref45
https://doi.org/10.1007/s10584-011-0153-2
https://doi.org/10.1007/s10584-011-0153-2
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref46
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref46
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref47
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref47
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref48
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref48
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref49
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref49
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref50
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref50
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref51
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref51
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref51
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref52
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref52
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref53
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref53
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref53
https://doi.org/10.1038/s41559-019-0826-1
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref55
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref55
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref55
https://doi.org/10.5194/gmd-11-4537-2018
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref57
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref57
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref58
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref58
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref59
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref59
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref59
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref59
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref59
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref60
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref60
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref61
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref61
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref61
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref62
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref62
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref62
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref62
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref62

10 LM.D. Rosa et al. / Global Ecology and Conservation 22 (2020) e00886

Marques, A., Martins, .S, Kastner, T., Plutzar, C., Theurl, M.C., Eisenmenger, N., Huijbregts, M.A., Wood, R., Stadler, K., Bruckner, M., 2019. Increasing impacts
of land use on biodiversity and carbon sequestration driven by population and economic growth. Nat. Evol. Ecol. 1.

Meijer, J., Huijbregts, M.A., Schotten, K., Schipper, A., 2018. Global patterns of current and future road infrastructure. Environ. Res. Lett. 13, e064006.

Meyfroidt, P., Lambin, E.F,, Erb, K.-H., Hertel, T.W., 2013. Globalization of land use: distant drivers of land change and geographic displacement of land use.
Curr. Opin. Environ. Sustain. 5, 438—444.

Mokany, K., Ferrier, S., Connolly, S.R., Dunstan, PK., Fulton, E.A., Harfoot, M.B., Harwood, T.D., Richardson, AJ., Roxburgh, S.H., Scharlemann, J.P.,, 2016.
Integrating modelling of biodiversity composition and ecosystem function. Oikos 125, 10—19.

Naidoo, R., Balmford, A., Costanza, R., Fisher, B., Green, R.E., Lehner, B., Malcolm, T.R., Ricketts, T.H., 2008. Global mapping of ecosystem services and
conservation priorities. Proc. Natl. Acad. Sci. 105, 9495—9500.

Newbold, T., Hudson, L.N., Hill, S.L., Contu, S., Lysenko, 1., Senior, R.A., Borger, L., Bennett, D.J., Choimes, A., Collen, B., 2015. Global effects of land use on local
terrestrial biodiversity. Nature 520, 45.

Nicholson, E., Fulton, E.A., Brooks, T.M., Blanchard, R., Leadley, P., Metzger, J.P., Mokany, K., Stevenson, S., Wintle, B.A., Woolley, S.N., 2019. Scenarios and
models to support global conservation targets. Trends Ecol. Evol. 34, 57—68.

O'Neill, B.C., Kriegler, E., Riahi, K., Ebi, K.L., Hallegatte, S., Carter, T.R., Mathur, R., van Vuuren, D.P,, 2014. A new scenario framework for climate change
research: the concept of shared socioeconomic pathways. Clim. Change 122, 387—400.

Synthesis report Pachauri, R.K., Reisinger, A., 2007. Fourth Assessment Report of the Intergovernmental Panel on Climate Change, pp. 151—165.

Parker, W.S., 2013. Ensemble modeling, uncertainty and robust predictions. Wiley. Interdiscip. Rev. Clim. Chang.Clim. Change 4, 213—223.

Pereira, H.M., Borda-de-Agua, L., 2013. Modeling Biodiversity Dynamics in Countryside and Native Habitats.

Pereira, H.M., Daily, G.C., 2006. Modeling biodiversity dynamics in countryside landscapes. Ecology 87, 1877—1885.

Pereira, H.M.,, Ferrier, S., Walters, M., Geller, G.N., Jongman, R.H.G., Scholes, RJ., Bruford, M.W., Brummitt, N., Butchart, S.H.M., Cardoso, A.C., 2013. Essential
biodiversity variables. Science 339, 277—278.

Pereira, H.M., Leadley, P.W., Proenca, V., Alkemade, R., Scharlemann, ].P.,, Fernandez-Manjarrés, J.F., Aradjo, M.B., Balvanera, P., Biggs, R., Cheung, W.W., 2010.
Scenarios for global biodiversity in the 21st century. Science 330, 1496—1501.

Pillai, P., Gouhier, T.C., 2019. Not even wrong: the spurious measurement of biodiversity’s effects on ecosystem functioning. Ecology 100, e02645 e02645.

Popp, A., Calvin, K., Fujimori, S., Havlik, P, Humpenadder, F, Stehfest, E., Bodirsky, B.L., Dietrich, J.P., Doelmann, ].C., Gusti, M., 2017. Land-use futures in the
shared socio-economic pathways. Glob. Environ. Chang. 42, 331—-345.

Popp, A., Humpendder, F., Weind], 1., Bodirsky, B.L., Bonsch, M., Lotze-Campen, H., Miiller, C., Biewald, A., Rolinski, S., Stevanovic, M., 2014. Land-use pro-
tection for climate change mitigation. Nat. Clim. Chang. 4, 1095.

Quijas, S., Boit, A., Thonicke, K., Murray-Tortarolo, G.,, Mwampamba, T., Skutsch, M., Simoes, M., Ascarrunz, N., Pena-Claros, M., Jones, L., Arets, E., Jaramillo, V.
J., Lazos, E., Toledo, M., Martorano, L.G., Ferraz, R., Balvanera, P., 2019. Modelling carbon stock and carbon sequestration ecosystem services for policy
design: a comprehensive approach using a dynamic vegetation model. Ecosyst. People 15, 42—60.

Reichstein, M., Bahn, M., Mahecha, M.D., Kattge, ]., Baldocchi, D.D., 2014. Linking plant and ecosystem functional biogeography. Proc. Natl. Acad. Sci. 111,
13697—-13702.

Renard, D., Rhemtulla, .M., Bennett, E.M., 2015. Historical dynamics in ecosystem service bundles. Proc. Natl. Acad. Sci. 112, 13411-13416.

Riahi, K., Van Vuuren, D.P,, Kriegler, E., Edmonds, ]., O'neill, B.C., Fujimori, S., Bauer, N., Calvin, K., Dellink, R., Fricko, O., 2017. The shared socioeconomic
pathways and their energy, land use, and greenhouse gas emissions implications: an overview. Glob. Environ. Chang. 42, 153—168.

Rillig, M.C,, Ryo, M., Lehmann, A., Aguilar-Trigueros, C.A., Buchert, S., Wulf, A., Iwasaki, A., Roy, J., Yang, G., 2019. The role of multiple global change factors in
driving soil functions and microbial biodiversity. Science 366, 886—890. https://doi.org/10.1126/science.aay2832.

Rittenhouse, C.D., Rissman, A.R., 2012. Forest cover, carbon sequestration, and wildlife habitat: policy review and modeling of tradeoffs among land-use
change scenarios. Environ. Sci. Policy 21, 94—105.

Rodriguez, J., Beard Jr., T.D., Bennett, E., Cumming, G., Cork, S., Agard, ]., Dobson, A., Peterson, G., 2006. Trade-offs across space, time, and ecosystem services.
Ecol. Soc. 11.

Rosa, .M., Pereira, H.M,, Ferrier, S., Alkemade, R., Acosta, L.A.,, Akcakaya, H.R., Den Belder, E., Fazel, A.M., Fujimori, S., Harfoot, M,, et al., 2017. Multiscale
scenarios for nature futures. Nat. Evol. Ecol. 1, 1416.

Santini, L., Belmaker, J., Costello, M.J., Pereira, H.M., Rossberg, A.G., Schipper, A.M., Ceausu, S., Dornelas, M., Hilbers, ]J.P., Hortal, J., Huijbregts, M.AJ.,
Navarro, L.M., Schiffers, K.H., Visconti, P., Rondinini, C., 2017. Assessing the suitability of diversity metrics to detect biodiversity change. Biol. Conserv.
213, 341-350.

Schipper, A.M., Hilbers, ].P., Meijer, ].R., Antao, L.H., Benitez-Lopez, A., de Jonge, M.M., Leemans, L.H., Scheper, E., Alkemade, R., Doelman, J.C., Mylius, S.,
Stehfest, E., Van Vuuren, D.P,, Van Zeist, W.J., Huijbregts, M.AJ., 2019. Projecting terrestrial biodiversity intactness with GLOBIO 4. Glob. Chang. Biol. In
press.

Schoolenberg, M., den Belder, E., Okayasu, S., Alkemade, J.R.M., Lundquist, CJ., Pereira, H.M., Chettri, N., Cheung, W., Ferrier, S., Hauck, J., 2018. Report on the
Workshop ‘Next Steps in Developing Nature Futures’: Meeting of the Expert Group on Scenarios and Models of the Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services. PBL Planbureau voor de Leefomgeving, the Hague, the Netherlands. June 2018.

Schulp, CJ., Alkemade, R., Klein Goldewijk, K., Petz, K., 2012. Mapping ecosystem functions and services in Eastern Europe using global-scale data sets. Int. J.
Biodivers. Sci. Ecosyst. Serv. Manag. 8, 156—168.

Soares-Filho, B., Moutinho, P., Nepstad, D., Anderson, A., Rodrigues, H., Garcia, R., Dietzsch, L., Merry, F., Bowman, M., Hissa, L., 2010. Role of Brazilian
Amazon protected areas in climate change mitigation. Proc. Natl. Acad. Sci. 107, 10821—10826.

Stanton, J.C., Pearson, R.G., Horning, N., Ersts, P., Resit Akc¢akaya, H., 2012. Combining static and dynamic variables in species distribution models under
climate change. Methods. Ecol. Evol. 3, 349—357.

Tallis, H., Polasky, S., 2011. Assessing multiple ecosystem services: an integrated tool for the real world. Nat. Capital: Theory Pract. Mapp. Ecosyst. Serv.
34-50.

Tallis, H., Polasky, S., 2009. Mapping and valuing ecosystem services as an approach for conservation and natural-resource management. Ann. N. Y. Acad. Sci.
1162, 265—283.

Ten Brink, B., van der Esch, S., Kram, T., Van Oorschot, M., van Meijl, ].C.M., Tabeau, A.A., Arets, E., 2010. Rethinking Global Biodiversity Strategies: Exploring
Structural Changes in Production and Consumption to Reduce Biodiversity Loss. Netherlands Environmental Assessment Agency.

Tilman, D., Isbell, F.,, Cowles, ].M., 2014. Biodiversity and ecosystem functioning. Annu. Rev. Ecol. Evol. Systemat. 45, 471—493.

UN, 2015. Paris Agreement. United Nations, Paris.

van Bodegom, P.M., Douma, J.C., Verheijen, L.M., 2014. A fully traits-based approach to modeling global vegetation distribution. Proc. Natl. Acad. Sci. 111,
13733-13738.

Van Vuuren, D.P., Edmonds, J., Kainuma, M., Riahi, K., Thomson, A., Hibbard, K., Hurtt, G.C., Kram, T., Krey, V., Lamarque, J.-F,, 2011. The representative
concentration pathways: an overview. Clim. Change 109, 5.

Van Vuuren, D.P, Kriegler, E., O’'Neill, B.C,, Ebi, K.L., Riahi, K., Carter, T.R., Edmonds, ]., Hallegatte, S., Kram, T., Mathur, R., 2014. A new scenario framework for
climate change research: scenario matrix architecture. Clim. Change 122, 373—386.

Voigt, M., Wich, S.A., Ancrenaz, M., Meijaard, E., Abram, N., Banes, G.L., Campbell-Smith, G., d’Arcy, L]., Delgado, R.A., Erman, A., 2018. Global demand for
natural resources eliminated more than 100,000 Bornean orangutans. Curr. Biol. 28, 761-769.

Wagg, C., Bender, S.F,, Widmer, F,, van der Heijden, M.G.A., 2014. Soil biodiversity and soil community composition determine ecosystem multifunctionality.
Proc. Natl. Acad. Sci. 111, 5266—5270.


http://refhub.elsevier.com/S2351-9894(19)30618-3/sref63
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref63
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref64
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref65
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref65
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref65
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref66
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref66
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref66
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref67
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref67
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref67
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref68
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref68
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref68
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref69
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref69
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref69
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref70
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref70
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref70
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref71
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref71
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref72
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref72
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref73
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref73
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref74
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref74
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref75
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref75
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref75
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref76
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref76
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref76
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref76
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref77
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref78
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref78
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref78
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref78
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref79
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref79
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref79
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref80
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref80
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref80
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref80
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref80
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref81
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref81
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref81
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref82
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref82
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref83
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref83
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref83
https://doi.org/10.1126/science.aay2832
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref85
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref85
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref85
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref86
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref86
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref87
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref87
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref88
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref88
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref88
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref88
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref89
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref89
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref89
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref89
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref89
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref90
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref90
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref90
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref91
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref91
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref91
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref92
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref92
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref92
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref93
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref93
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref93
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref93
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref94
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref94
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref94
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref95
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref95
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref95
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref96
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref96
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref97
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref97
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref98
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref99
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref99
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref99
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref100
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref100
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref101
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref101
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref101
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref102
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref102
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref102
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref103
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref103
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref103

LM.D. Rosa et al. / Global Ecology and Conservation 22 (2020) e00886 1

Wang, B., Shuman, J., Shugart, H.H., Lerdau, M.T., 2018. Biodiversity matters in feedbacks between climate change and air quality: a study using an
individual-based model. Ecol. Appl. 28, 1223—1231.

Watanabe, M.D.B., Ortega, E., 2014. Dynamic emergy accounting of water and carbon ecosystem services: a model to simulate the impacts of land-use
change. Ecol. Model. Environ. Account. Energy Syst. Ecol. Ecol. Model. 271, 113—131.

Weinzettel, J., Hertwich, E.G., Peters, G.P., Steen-Olsen, K., Galli, A., 2013. Affluence drives the global displacement of land use. Glob. Environ. Chang. 23,
433—438.


http://refhub.elsevier.com/S2351-9894(19)30618-3/sref104
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref104
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref104
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref105
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref105
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref105
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref106
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref106
http://refhub.elsevier.com/S2351-9894(19)30618-3/sref106

	Challenges in producing policy-relevant global scenarios of biodiversity and ecosystem services
	1. Introduction
	1.1. Major outstanding challenges highlighted by BES-SIM
	1.2. Better accounting for the role of nature in future human development trajectories
	1.3. Refine land-use projections and broaden the range of drivers in scenarios
	1.4. Integrate species-level and trait-level biodiversity in ecosystem services models
	1.5. Expand coverage of the multiple dimensions of biodiversity and ecosystem services
	1.5.1. Biodiversity
	1.5.2. Ecosystem services

	1.6. Incorporate time-series in the calibration and validation of biodiversity and ecosystem services models

	2. Conclusion
	Acknowledgements
	References


