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ABSTRACT

The GLOBIO3 model has been developed to assess
human-induced changes in biodiversity, in the
past, present, and future at regional and global
scales. The model is built on simple cause—effect
relationships between environmental drivers and
biodiversity impacts, based on state-of-the-art
knowledge. The mean abundance of original spe-
cies relative to their abundance in undisturbed
ecosystems (MSA) is used as the indicator for bio-
diversity. Changes in drivers are derived from the
IMAGE 2.4 model. Drivers considered are land-
cover change, land-use intensity, fragmentation,
climate change, atmospheric nitrogen deposition,
and infrastructure development. GLOBIO3 ad-
dresses (i) the impacts of environmental drivers on
MSA and their relative importance; (ii) expected
trends under various future scenarios; and (iii) the
likely effects of various policy response options.
GLOBIO3 has been used successfully in several
integrated regional and global assessments. Three

different global-scale policy options have been
evaluated on their potential to reduce MSA loss.
These options are: climate-change mitigation
through expanded use of bio-energy, an increase in
plantation forestry, and an increase in protected
areas. We conclude that MSA loss is likely to con-
tinue during the coming decades. Plantation for-
estry may help to reduce the rate of loss, whereas
climate-change mitigation through the extensive
use of bioenergy crops will, in fact, increase this
rate of loss. The protection of 20% of all large
ecosystems leads to a small reduction in the rate of
loss, provided that protection is effective and that
currently degraded protected areas are restored.

Key words: biodiversity;, MSA; policy options;
climate change; land-use change; fragmentation;
nitrogen; infrastructure; forestry; bioenergy; pro-
tected areas.

INTRODUCTION

In recent years, several studies on global biodiver-
sity loss have been carried out. These studies de-
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scribed the biodiversity situations at that time
(Hannah and others 1994; Sanderson and others
2002; Wackernagel and others 2002; McKee and
others 2003; Cardillo and others 2004; Gaston and
others 2003), or used expert opinions to estimate
potential future impacts (Sala and others 2000;
Petit and others 2001). In the Global Environment
Outlook 3 (UNEP 2002a) the consequences of four
socio- economic scenarios on biodiversity were as-
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sessed, using the approaches of both the IMAGE
Natural Capital Index (NCI) and GLOBIO2 (UNEP/
RIVM 2004). In IMAGE—NCI biodiversity loss,
defined as a deviation from the undisturbed pris-
tine situation, was related to increased energy use,
land-use change, forestry, and climate change,
whereas in GLOBIO2 (UNEP 2001) the human
influence on biodiversity was based on relation-
ships between species diversity and the distance to
roads and other infrastructure. The Millennium
Ecosystem Assessment (MA) used a combination of
IMAGE 2.2 (Alcamo and others 1998; IMAGE-
team 2001) and Species Area Relationships to
predict biodiversity loss, resulting from expected
changes in land use, climate change, and nitrogen
deposition (MA 2005).

In 2002, during the sixth meeting of the Con-
ference of the Parties to the Convention on Bio-
logical Diversity (CBD), the parties committed
themselves to achieve, by 2010, a significant
reduction in the current rate of biodiversity loss at
the global, regional, and national level; as a con-
tribution to poverty alleviation; and to the benefit
of all life on earth (UNEP 2002b). Later that year,
governments adopted a plan of implementation at
the World Summit on Sustainable Development
(WSSD) in Johannesburg that recognized the same
target and endorsed the CBD as the key instrument
for the conservation and sustainable use of bio-
logical diversity.

To meet the challenge of evaluating the targets
set by CBD and WSSD, an international consor-
tium, made up of the UNEP World Conservation
Monitoring Centre (WCMC), UNEP\GRID-Arendal
and the Netherlands Environmental Assessment
Agency (PBL) has combined the GLOBIO2 and the
IMAGE-NCI approach, together with some aspects
of the MA approach, into a new Global Biodiversity
Model (GLOBIO3).

GLOBIO3 is built on a set of equations linking
environmental drivers and biodiversity impact
(cause—effect relationships). Cause—effect relation-
ships are derived from available literature using
meta-analyses. GLOBIO3 describes biodiversity as
the remaining mean species abundance (MSA) of
original species, relative to their abundance in
pristine or primary vegetation, which are assumed
to be not disturbed by human activities for a pro-
longed period. MSA is similar to the Biodiversity
Integrity Index (Majer and Beeston 1996) and the
Biodiversity Intactness Index (Scholes and Biggs
2005) and can be considered as a proxy for the CBD
indicator on trends in species abundance (UNEP
2004). The main difference between MSA and BII
is that every hectare is given equal weight in MSA,

whereas BII gives more weight to species rich areas.
MSA is also similar to the Living Planet Index (LP]I,
Loh and others 2005), which compares changes in
populations to a 1970 baseline, rather than to pri-
mary vegetation. It should be emphasized that
MSA does not completely cover the complex bio-
diversity concept, and complementary indicators
should be included, when used in extensive bio-
diversity assessments (Faith and others 2008).
Individual species responses are not modeled in
GLOBIO3; MSA represents the average response of
the total set of species belonging to an ecosystem.
The current version of GLOBIO3 is restricted to the
terrestrial part of the globe, excluding Antarctica.
The global pictures and figures in this paper,
therefore, refer only to terrestrial ecosystems.

Global environmental drivers of biodiversity
change are input for GLOBIO3. We selected these
drivers from a list based on 10 studies (Table 1).
Only direct drivers shown in Table 1 were selected.
No cause—effect relationships are available for the
drivers ‘biotic exchange’ and ‘atmospheric CO,
concentration” so they are not included in the
current version.

The drivers land-use change and harvesting
(mainly forestry), atmospheric nitrogen deposition,
fragmentation, and climate change are sourced
from the Integrated Model to Assess the Global
Environment (IMAGE; MNP 2006). Infrastructure
development uses the module developed within
GLOBIO2 (UNEP 2001).

GLOBIO3 can be used to assess (i) the impacts of
environmental drivers on MSA and their relative
importance; (ii) expected trends under various fu-
ture scenarios; and (iii) the likely effects of various
responses or policy options. The model is designed
to quantitatively compare MSA patterns and
changes therein, at the scale of world regions. In
this paper, we describe the cause—effect relation-
ships between the environmental drivers and MSA;
the aggregation procedures to calculate overall
MSA values, and subsequently explore possible
options that may reduce MSA loss on a global scale
in light of the CBD target, assuming that MSA loss
is a good indicator for biodiversity loss.

The options we explored are: (i) a climate change
mitigation package, including energy consumption
savings and the extensive use of bio-energy (Metz
and Van Vuuren 2006); (ii) an increase in planta-
tion forestry, which aims to fully meet the wood
demand (Brown 2000); and (iii) a system of pro-
tected areas, representing all the world’s ecosys-
tems and all endangered and critically endangered
species known to be globally confined to single sites
(IUCN 2004; sCBD and MNP 2007). We compared
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Table 1. Major Driving Forces or Drivers Used in Large-Scale Studies of Multiple Human Impacts on Natural

Systems
Driver Type® Reference
Land-use change D Hannah and others (1994); Sala and others (2000);

(including forestry)

Sanderson and others (2002); Wackernagel and others (2002);

Petit and others (2001); UNEP/RIVM (2004); UNEP (2001);
MA (2005); Gaston and others (2003)

Climate change D

Sala and others (2000); Petit and others (2001);

UNEP/RIVM (2004); MA (2005)

w/

Atmospheric N deposition

Biotic exchange

Atmospheric CO, concentration
Fragmentation

Infrastructure

Harvesting (including fisheries)
Human population density
Energy use

iaEalviviiviviv)

Sala and others (2000); Petit and others (2001);
MA (2005)

Sala and others (2000)
Sala and others (2000)
Wackernagel and others
Wackernagel and others
Wackernagel and others
McKee and others (2003
UNEP/RIVM (2004)

2002); Sanderson and others (2002)

2002); Sanderson and others (2002); UNEP (2001)
2002)

; Cardillo and others (2004); UNEP/RIVM (2004)

— —~ —~ —~

“Direct (D) and indirect (I) according to the definition of the conceptual framework of the Millennium Ecosystem Assessment (MA 2003). A direct driver unequivocally
influences ecosystem processes and, therefore, its impact can be identified and measured. The main direct drivers are changes in land cover and land use, species introductions
and removals, and external inputs. An indirect driver operates more diffusely, often by altering one or more direct drivers. Major indirect drivers include demographic,
economic, socio-political and cultural ones, as well as those of science and technology (MA 2003).

the projected effects of these policy options, by
2050, with the results of a reference scenario that
assumes moderate growth of the human popula-
tion and the economy, and an increased agricul-
tural productivity (OECD 2008). The effects of the
socio-economic developments in the reference
scenario and the policy options on land-use change
and climate change were calculated with the IM-
AGE 2.4 model (MNP 2006). MSA values at a
global level and for nine world regions (Figure 1)
were calculated with GLOBIOS3.

METHODS

Meta-Analyses and Cause—Effect
Relationships

To construct cause—effect relationships for each
driver we conducted meta-analyses of peer-re-
viewed literature. Meta-analysis is the quantitative
synthesis, analysis, and summary of a collection of
studies and requires that the results be summarized
in an estimate of the ‘effect size’ (Osenberg and
others 1999). MSA is considered to be the effect
size in our analyses. Meta-analyses were performed
by first scanning the peer-reviewed literature using
a relevant search profile in tools, such as the
SCI—Web of Science. Secondly, we selected papers
that present data on species composition in dis-
turbed and undisturbed situations. Thirdly, these
data were extracted from the paper and MSA val-
ues and their variances were calculated. MSA val-

ues were calculated for each study by first dividing
the abundance of each species, recorded as density,
numbers, or relative cover, found in disturbed sit-
uations by its abundance found in undisturbed
situations, then truncate these values at 1, and fi-
nally calculate the mean over all species considered
in that study. Species not found in undisturbed
vegetations were omitted. Finally, a statistical
analysis was carried out by using S-PLUS 7.1
(Insightful Corp 2005).

To find relevant papers for land use, land-use
intensity, and harvesting (including {forestry),
SCI—Web of Science was queried in April 2008
using the key words species diversity, biodiversity,
richness, or abundance; land use, or habitat conversion;
and pristine, primary, undisturbed, or original. The
land-use types were categorized into 10 classes:
primary vegetation, lightly used forests, secondary
forests, forest plantations, livestock grazing, man-
made pastures, agroforestry, low-input agriculture,
intensive agriculture, and built-up areas (Table 2).
A linear mixed effect model was fitted to the data
(Venables and Ripley 1999).

The analysis for N deposition in excess of critical
loads (N exceedance) was based on data from
empirical N critical-load studies (Bobbink and
others 2003). Additional data were obtained from
SCI—Web of Science queries in 2007. Data were
analyzed for separate biomes using linear or log-
linear regression.

In addition to papers collected for GLOBIO2
(UNEP 2001), Scopus and Omega (Utrecht Uni-
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Figure 1. The regions
considered: Greenland
and Antarctica are
excluded from the
analysis.
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Table 2. Proportions (%) of Low-Input and Intensively Used Agricultural Land for Selected World Regions,
Based on Farming System Descriptions (Dixon and others 2001) and GLC2000

Region Intensive Low-input Total
agriculture agriculture (*1000 km?)
West Asia and North Africa 64 36 852
Sub-Saharan Africa 24 76 1632
Russia and North Asia 42 58 2738
Latin America 73 27 1576
South Asia 57 43 2141
East Asia 93 7 2356

versity Digital Publications Search Machine) were
queried using the key words: road impact, infra-
structure development, road effect, road disturbance, and
road avoidance in August 2008. For each impact
zone derived from UNEP/RIVM (2004) we esti-
mated MSA using generalized linear mixed models
(Pinheiro and Bates 2000). The impact zones in-
clude effects of disturbance on wildlife, increased
hunting activities, and small-scale land-use change
along roads.

The relationship between MSA and patch size
was built upon data on the minimum area
requirement of animal species defined as the area
needed to support at least a minimum viable pop-
ulation (Verboom and others 2007). The propor-
tion of species for which a certain area is sufficient
for their MVP is calculated and considered a proxy
for MSA. A linear mixed effect model was fitted to
the data (Venables and Ripley 1999).

The cause—effect relationships for climate
change are based on model studies. Species Dis-
tribution Models from the EUROMOVE model
(Bakkenes and others 2002) were used to estimate
species distributions for the situation in 1995 and

the forecasted situation in 2050 for three different
climate scenarios. For each grid cell the proportion
of remaining species were calculated by comparing
the species distribution maps for 1995 and for
2050 (Bakkenes and others 2006). For each
biome, a linear regression equation was estimated
between the proportion of remaining species and
the global mean temperature increase (relative to
pre-industrial) (GMTI), corresponding to the dif-
ferent climate scenarios. Additionally, the ex-
pected stable area for each biome calculated for
different GMTIs was derived from Leemans and
Eickhout (2004). They presented percentages of
stable area of biomes at 1, 2, 3, and 4°C GMTL
Linear regression analysis was used to relate the
percentages and GMTI. Stable areas for each
biome (IMAGE), or group of plant species occur-
ring within a biome (EUROMOVE) are considered
proxies for MSA.

Input Data

The data for land cover and/or land use—and
changes therein—come from the IMAGE model at
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Table 3. Proportions (%) of Forest-Use Classes Derived from FAO (2001) and GLC2000 for Different World

Regions

World region Primary Secondary Forest Total area
forest forest plantation (¥*1000 km?)

North America 55 43 2 8292

Latin America 84 15 1 9432

North Africa 31 31 38 45

Sub-Saharan Africa 94 5 1 8741

Europe 59 36 5 1824

Russia and North Asia 91 7 2 9260

West Asia 31 36 33 145

South and East Asia 67 14 19 5126

Oceania and Japan 81 11 8 1737

Total 78 17 5 42925

The proportion of lightly used forest could not be estimated and is included in the primary forest category.

a 0.5 by 0.5° resolution. To increase the spatial
detail within each IMAGE grid cell, we calculated
the proportion of each type of land cover and/or
land use from the Global Land Cover 2000
(GLC2000) map, representing the year 2000 (Bar-
tholome and others 2004). GLC2000 distinguishes
10 forest classes, 5 classes of low vegetation
(grasslands and scrublands), 3 cultivated land
classes, ice and snow, bare areas and artificial sur-
faces (Bartholome and others 2004). To translate
these classes to the land-use categories considered
here we first aggregated the GLC2000 classes into
broader land-cover classes (Table 4). Secondly we
assigned different land-use intensity classes to these
broad classes. ‘Cultivated and managed areas” was
divided into ‘intensive agriculture” and ‘low input
agriculture’” based on estimates of the distribution
of intensive and low-input agriculture in different
regions of the world, from Dixon and others
(2001). We assumed 100% intensive agriculture in
regions not covered by these estimates (Table 2).
‘Mosaic of cropland and forest,” was treated as a 50—
50% mixture of ‘low input agriculture’ and ‘lightly
used forest’.

‘Scrublands and grasslands’ were divided into
‘pristine vegetations,” ‘livestock grazing areas,” and
‘man-made pastures’. ‘Livestock grazing areas’
were estimated by IMAGE for current and future
years and distributed, proportionally, to all
GLC2000 classes containing low vegetation. ‘Man-
made pastures” were assigned to the GLC2000 class
of ‘herbaceous cover’ if found in originally forested
areas according to the potential vegetation map
generated by IMAGE (based on the BIOME model,
Prentice and others 1992). For future scenarios, the
change in agricultural land and grazing areas
calculated by IMAGE for each world region, was

added to current land use and, proportionally,
distributed over all grid cells.

Similarly, we assigned the land-use categories
‘lightly used forest,” ‘secondary forest,” and ‘forest
plantations’ to forest classes of GLC2000. We used
national data on forest use from FAO (2001) and
assigned the derived fractions for each region,
proportionally, to all grid cells that contain one or
more GLC2000 forest classes (Table 3). For future
scenarios, we used calculations of future timber
demands to obtain the areas needed to produce the
timber, and proportionally distributed the new
fraction to each grid cell.

Water bodies are excluded from the analyses and
‘artificial surfaces” are all considered to be built-up
areas. Bare areas are considered to be areas of pri-
mary vegetation if the potential vegetation is ice,
snow, tundra, or desert, according to the BIOME
model. Scrub classes are considered to be secondary
vegetation if the potential vegetation is forest, ex-
cept for boreal forests, where scrub vegetation is
assumed to be part of the natural ecosystem.

IMAGE simulates global atmospheric N deposi-
tion, based on data on agricultural and live stock
production (MNP 2006). A critical-load map for
major ecosystems was derived from the soil map of
the world and from the sensitivity of ecosystems to
N inputs (Bouwman and others 2002). The
exceedance of N deposition was defined to be the
amount of N in excess of the critical load and
obtained by subtracting the critical load from N
deposition. The N-exceedance is input for GLO-
BIO3.

A global map of linear infrastructure, containing
roads, railroads, power lines, and pipe lines, was
derived from the Digital Chart of the World (DCW)
database (DMA 1992). Buffers of different width,
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Table 4. Relation Between GLC2000 Classes and Land-Use Categories Used in GLOBIO3, Including
Corresponding MSA;y Values

Main GLC class® Sub-category Description MSA;y SE
Snow and ice (20) Primary vegetation Areas permanently covered with snow or ice 1.0 <0.01
considered as undisturbed areas
Bare areas (19) Primary vegetation Areas permanently without vegetation (for 1.0 <0.01
example, deserts, high alpine areas)
Forests (1, 2, 3,4, 5,6, Primary vegetation Minimal disturbance, where flora and fauna 1.0 <0.01
7, 8,9, 10) (forest) species abundance are near pristine
Lightly used natural Forests with extractive use and associated dis- 0.7 0.07
forest turbance like hunting and selective logging,
where timber extraction is followed by a long
period of re-growth with naturally occurring
tree species
Secondary forests Areas originally covered with forest or wood- 0.5 0.03
lands, where vegetation has been removed,
forest is re-growing or has a different cover
and is no longer in use
Forest plantation Planted forest often with exotic species 0.2 0.04
Scrublands and grass-  Primary vegetation Grassland or scrubland-dominated vegetation 1.0 <0.01
lands (11, 12, 13, (grass- or scrublands) (for example, steppe, tundra, or savannah)
14, 15) Livestock grazing Grasslands where wildlife is replaced by grazing 0.7 0.05
livestock
Man-made pastures Forests and woodlands that have been con- 0.1 0.07
verted to grasslands for livestock grazing.
Mosaic: cropland/for- Agroforestry Agricultural production intercropped with 0.5 0.06
est (17) (native) trees. Trees are kept for shade
or as wind shelter
Cultivated and man- Low-input agriculture Subsistence and traditional farming, extensive 0.3 0.12
aged areas (16, 18) farming, and low external input agriculture
Intensive agriculture High external input agriculture, conventional 0.1 0.08
agriculture, mostly with a degree of regional
specialization, irrigation-based agriculture,
drainage-based agriculture.
Artificial surfaces (21)  Built-up areas Areas more than 80% built up 0.05°

“1, Broad-leaved evergreen forest; 2, closed broad-leaved deciduous forest; 3, open broad-leaved deciduous forest; 4, evergreen needle-leafed forest; 5, deciduous needle-leaved
forest; 6, mixed forest; 7, swamp forest; 8, mangrove and other saline swamps; 9, mosaic: forest/other natural vegetation; 10, burnt forest; 11, evergreen scrubland; 12,
deciduous scrubland; 13, grassland; 14, sparse scrubland and grassland; 15, flooded grassland and scrubland; 16, cultivated and managed areas; 17, mosaic: cropland/forest;
18, mosaic: cropland/other natural vegetation; 19, bare areas; 20, snow and ice; 21, artificial surfaces.

YEstimate based on expert opinion, representing densely populated cities.
s.e. standard error.

varying between biomes, were calculated and as-
signed to impact zones according to UNEP/RIVM
(2004). The impact zones were summarized at 0.5°
grid resolution.

Patch sizes were calculated by first reclassifying
GLC2000 into two classes: man-made land
(including croplands and urban areas) and natural
land, all the rest. An overlay with the main roads
derived from the infrastructural map resulted in a
map of patches of natural areas. For future sce-
narios, the patch sizes were adapted as a result of
land-use change, by adding or subtracting
the amount of natural area assigned to each grid
cell.

Global mean temperature change was directly
derived from IMAGE.

Calculation of MSA and Relative
Contributions of Each Driver

For each driver X a MSAx map is calculated by
applying the cause-effect relationships to the
appropriate input map. Little quantitative infor-
mation exists on the interaction between drivers.
To assess possible interactions assumptions can be
made, ranging from ‘complete interaction” (only
the worst impact is allocated to each grid cell) to ‘no
interaction’ (the impacts of each driver are cumu-
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lative). In the no-interaction case, for each IMAGE
grid cell, GLOBIO3 calculates the overall MSA;
value by multiplying the individual MSAjx maps
derived from the relationships for each driver:

MSA; = MSA[y, * MSAy, * MSA| * MSAF, * MSAcc,
1)

where i is a grid cell, MSA; is the overall value for
grid cell i, MSAy; is the relative mean species
abundance corresponding to the drivers LU (land
cover/land use), N (atmospheric N deposition), I
(infrastructural development), F (fragmentation),
and CC (climate change).

As the area of land within each IMAGE grid cell is
not equal, the MSA, of a region is the area weighted
mean of MSA,; values of all relevant grid cells.

MSA, =Y MSA; x4/ > 4 (2)
i i

where A; is the land area of grid cell i.

The relative contribution of each driver to a loss
in MSA may be calculated from formulas 1 and 2.

We assumed that N deposition does not affect
MSA in croplands, because the addition of N in
agricultural systems was expected to be much higher
than the atmospheric N deposition, and should have
already been accounted for in the estimation of
agricultural impacts. Furthermore, climate change
and infrastructure were assumed to affect only
natural and semi-natural areas, and effects of
infrastructure were reduced in protected areas.

Scenario and Policy Options
Reference Scenario

A moderate socio-economic reference scenario has
been used as a reference to evaluate the effects of
the options (OECD 2008). The key indirect drivers,
such as global population and economic activity,
increase under this scenario. Between 2000 and
2050, the global population is projected to grow by
50% and the global economy to quadruple. This
reference scenario is comparable with the B2 sce-
nario in the Special Report on Emissions Scenarios
(SRES) (Nakicenovic and others 2000) and the
‘Adaptive Mosaic’ scenario of the Millennium
Ecosystem Assessment (MA 2005).

Option: Climate Change Mitigation Through Energy
Policy

The implementation of an ambitious and bioener-
gy-intensive climate change mitigation policy op-
tion would require substantial changes in the world
energy system (Metz and Van Vuuren 2006). The

mitigation option studied here involves stabilizing
CO,-equivalent concentrations at a level of
450 ppmyv, which is in line with keeping the global
temperature increase below 2°C. One of the more
promising possibilities for reducing emissions (in
particular, from transport and electric power gen-
eration) is the use of bioenergy. A scenario has
been explored in which bioenergy plays an
important role in reducing emissions. In this sce-
nario, major energy-consumption savings are
achieved, and 23% of the remaining global energy
supply, in 2050, will be produced from bioenergy.

Option: Plantation Forests

The demand for wood is expected to increase by
30%, by 2050, leading to an increased use of (semi-)
natural forests under the reference scenario. The
option comprises a gradual shift of wood production
toward sustainable managed plantations, aiming for
a complete supply by plantations by 2050.

Option: Protected Areas

Protecting 10% of all biomes, a target of the CBD
Programme of Work on Protected Areas, has nearly
been achieved in the baseline scenario. Therefore,
we analyzed the implementation of effectively con-
serving 20% of all biomes and all known single-site
endemics. Conceptual maps of an extended pro-
tected-areas network were developed by using the
October 2005 version of the World Database of
Protected Areas (UNEP/WCMC 2005), the WWEF
terrestrial biome map (14 categories; Olson and
others 2001), and a set of existing prioritization
schemes (WWF global 200 terrestrial and freshwater
priority ecoregions, Olson and Dinerstein 1998;
amphibian diversity areas, Duellman 1999; endemic
bird areas, Stattersfield and others 1998; and con-
servation international hotspots, Myers and others
2000). All sites of alliance for zero extinction (single-
site endemics, Ricketts and others 2005) were se-
lected for addition to the network. To achieve the
20% target for each biome, based on a consensual
view on biodiversity value, potential new, protected
cells were ranked for inclusion, based on the number
of prioritization schemes that included that cell, with
random selection in the case of a tie.

REsuLTS
Cause—Effect Relationships
Land Use, Harvesting, and Land-Use Intensity

We identified 89 published data sets, comparing
species’ abundance between at least one land-use
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Figure 2. Box and whisker plot of MSA values for each
land-use category.

type and primary vegetation. Many studies describe
plant or animal species in the tropical forest biome.
However, available studies from other biomes
confirm the general picture. The estimated MSA
values for each land-use category, presented in
Table 4 and Figure 2, are significantly different
from primary vegetation, but some categories show
a high variability, especially secondary forests. For
urban areas no proper data were found and the
value 0.05 was assigned by expert opinion, repre-
senting the densely populated areas of city centers.
The analysis will be published in more detail in a
paper in preparation.

Atmospheric Nitrogen Deposition

We found 22 papers on the experimental addition
of nitrogen (N) to natural systems and its effects on
species richness and species diversity. Cause—effect
relationships were established between the yearly
amount of added N which exceeds the empirical
critical-load level and the relative local species
richness (considered as a proxy for MSA). We as-
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Figure 3. MSA values and regression lines for nitrogen
exceedance. Each dot represents a data point from a
single study for grasslands (A), forests (0), and Arctic
(@).

sumed that the experimental addition of N has ef-
fects that are similar to atmospheric deposition.
Table 5 and Figure 3 present the regression equa-
tions for the biomes included (more details will be
published in a paper in preparation).

Infrastructure

We used about 74 studies on the impacts of infra-
structure on abundances of species. Species groups
include birds, mammals, insects, and plants. Some
authors studied direct effects of roads and road
construction by measuring the abundance of spe-
cies near roads and on larger distances from roads.
Other authors studied indirect effects like the in-
crease of hunting and tourism occurring after
road construction. Impacts of infrastructure differ
among ecosystems. We derived the impact zones
along roads from the UNEP (2001), shown in Fig-
ure 4. Table 6 and Figure 5 show the average MSA
values for different impact zones using both indi-
rect and direct effects. Indirect effects especially are
still noticeable at distances of more than a few
kilometers, dependent on biome. We are preparing
a paper describing direct and indirect effects,
separately, and in more detail.

Table 5. Regression Equations for the Relation Between N Exceedance (NE in g m™?) and MSAy for Three

Ecosystems

Ecosystem Equation R? P n  Applied to GLC2000
classes (see Table 4)

Arctic alpine ecosystem MSAxy=1-0.15In (NE+ 1) 0.81 <0.01 9 Snow and Ice (20)

Boreal and temperate forests MSAy

NE is calculated as the amount of N added in excess to critical N-load.

1 —0.221In (NE + 1)
Grasslands MSAx =1 —0.19 In (NE + 1)

0.96 <0.01 12 Forests (1, 2,3,4,5,6,7, 8, 9,10)
0.85 <0.01 21 Grassland and scrubland
(11, 12, 13, 14, 15)
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Figure 4. High, medium, and low impact buffer zones (in km) along roads derived from UNEP/RIVM (2004).
Table 7. The Relationship Between Area and

Corresponding Fraction of Species Assumed to
Meet Their Minimal Area Requirement

Table 6. Impact Buffer Zones (in km) Along
Roads Derived from UNEP/RIVM (2004) and Cor-
responding (MSA;) Values

Impact zone MSA, Standard error Area (km?) MSAE SE
High impact 0.4 0.22 <1 0.3 0.15
Medium impact 0.8 0.13 <10 0.6 0.19
Low impact 0.9 0.06 <100 0.7 0.19
No impact 1.0 0.02 <1,000 0.9 0.20
<10,000 0.95 0.20
>10,000 1.0 0.20
109 ‘ T 1 ° . This value is interpreted as the MSAy value.
*
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Figure 5. Box and whisker plot of the MSA values for 0.0 *
the impact zones along roads.
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Fragmentation Patch size (km?)

Six datasets on a large sample of species were used to
derive the relationship between MSA and patch size,

Figure 6. Box and whisker plot of MSA values for dif-
ferent patch size categories.
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using the proportion of species that have a viable
population as a proxy (Allen and others 2001; Bou-
wma and others 2002; Woodroffe and Ginsberg
1998). Table 7 and Figure 6 show MSA values for
different patch-size intervals. Data show that pat-
ches of over 10,000 km? of suitable habitat provide
sufficient space for viable populations of any species.

Climate Change

Table 8 shows the regression coefficients for each
biome, using either species shifts derived from
EUROMOVE or biome shifts from IMAGE. Stan-
dard errors of the coefficients shown, only describe
the uncertainty of the regression model and not of
the underlying data and models. In GLOBIO3, we
selected the regression-equation lines that predict
the smallest effects, yielding conservative esti-
mates. Figure 7 shows some results of the EURO-
MOVE analysis.

Application: Exploring Options
to Reduce Biodiversity Loss

Reference Scenario

Globally, the need for food, fodder, energy, wood,
and infrastructure will unavoidably lead to a de-
crease in undisturbed areas within all ecosystems.
The impacts of climate change, nitrogen deposi-
tion, fragmentation, and infrastructure on biodi-
versity will further expand. As a result, global
MSA is projected to decrease from about 0.70 in
2000, to about 0.63 by 2050. To put these figures

2 06 T T
£ R
> i
& 04
=

021

0 : : : : . :
0 05 1 15 2 25 3 35
GMTI°C

Figure 7. Some results of regression lines relating esti-
mated MSA values with global mean temperature in-
crease (°C) for tundra (m), temperate mixed forests (OJ),
and grasslands (@). The error bars reflect only the stan-
dard error derived from the regression analysis.

in context, 0.01 of global MSA is equivalent to the
conversion of 1.3 million km? (an area the size of
Peru or Chad) of intact primary ecosystems to
completely transformed areas with no original
species remaining.

Figure 8A and B shows the global MSA map for
2000 and for the baseline scenario in 2050, respec-
tively. Land-use effects are dominant in these maps.
Dryland ecosystems—grasslands and savanna—will
be particularly vulnerable to conversion, over the
next 50 years. Increasing effects of infrastructure are
visible in northern Asia and Africa. Much of the
world’s remaining natural areas will consist of
mountainous, boreal, tundra, ice, and arid to semi-

Table 8. Slopes b in the Regression Equations MSAcc = 1 — b* GMTI Between MSA and Global Mean
Temperature Increase, Calculated with IMAGE and EUROMOVE

BIOME IMAGE EUROMOVE
b SE P b SE P

Ice 0.02* 0.024 n.s. 0.07 0.011 <0.01
Tundra 0.17 0.028 <0.01 0.05* 0.019 <0.05
Wooded tundra 0.24 0.030 <0.01 0.07* 0.018 <0.01
Boreal forest 0.04* 0.074 n.s. 0.07 0.018 <0.01
Cool conifer forest 0.17 0.029 <0.01 0.08* 0.016 <0.01
Temp. mixed forest 0.04* 0.037 n.s. 0.12 0.016 <0.01
Temp. deciduous forest 0.09* 0.032 <0.05 0.14 0.015 <0.01
Warm mixed forest 0.05* 0.065 n.s. 0.17 0.015 <0.01
Grassland and steppe 0.09* 0.037 0.07 0.17 0.015 <0.01
Hot dessert 0.04* 0.040 n.s -

Scrubland 0.12* 0.030 <0.01 0.17 0.014 <0.01
Savanna 0.09* 0.049 n.s. -

Tropical woodland 0.03* 0.057 n.s. -

Tropical forest 0.03* 0.031 n.s. -

Slopes marked with ***'" are used in the GLOBIO3.
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Figure 8. Combined
relative mean species
abundance of original
species (MSA), using all
pressure factors. (A) year
2000, and (B) reference
scenario for 2050.
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Table 9. Overview of MSA, Values for Each Region and Global Averages for 2000 and 2050 According to

the Reference Scenario

Region 2000 Reference Climate Plantation Protected
2050 change forestry areas
North America 0.75 0.65 —-0.015 —0.003 +0.01
Latin America 0.66 0.59 —0.016 0 +0.005
North Africa 0.87 0.84 0.006 0 +0.002
Sub-Saharan Africa 0.73 0.61 —0.017 0.004 +0.008
Europe 0.45 0.33 —0.002 —0.006 +0.011
Russia and North Asia 0.76 0.71 —0.02 —0.004 +0.012
West Asia 0.76 0.72 0.002 0 +0.016
South and East Asia 0.55 0.46 0.004 +0.008 +0.013
Oceania and Japan 0.78 0.74 —0.006 0 +0.029
World 0.70 0.63 —0.01 +0.001 +0.011

For each option additional (—) or avoided (+) loss in 2050, relative to the reference scenario.

arid ecosystems, all of which are generally consid-
ered less suitable for human settlement.

Regional and global averages of MSA and the
relative contributions of the different drivers to
MSA loss in 2000 are shown in Table 9 and Fig-
ure 9. Here, land uses, including agriculture and

forestry, are the most important factors of reducing
MSA. Infrastructure and fragmentation are smaller
factors, but still important, whereas climate change
and N deposition are shown to be minor factors in
2000. Over time, the relative importance of the
drivers will change; the effect of climate change is
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loss in 2000 (left) and
relative contribution of
drivers to that loss. On the
right: predicted extra
MSA loss and relative
contribution of drivers in
2050 for reference
scenario (RE), and the
options climate mitigation
(CM), plantation forestry
(PF), and protected areas
(PA).
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expected to increase, significantly, in the baseline
scenario, whereas the impact of agriculture is ex-
pected to increase only slightly (Figure 9). Regions
containing large areas of low-productive natural
ecosystems, such as desert and tundra, show higher
MSA values than regions already extensively used,
for instance Europe and South-east Asia.

The effects of the different policy options are
shown in Table 9 and Figure 9.

Option: Climate Mitigation

By 2050, the MSA gain (+0.01) due to avoided
climate change and reduced nitrogen deposition,
does not compensate for the MSA loss (—0.02)
resulting from additional land use for bioenergy
production, representing about 10% of the global
agricultural area. The net MSA loss ranges from
between —0.02 and +0.006. Net losses are expected
in regions where bioenergy crops are expected to
be produced (North and South America, Russia,
and North Asia); net MSA gain is expected in re-
gions where reduced climate impacts are expected
to occur (for example, North Africa). Bioenergy is
assumed to be obtained from products mostly
grown on abandoned agricultural land and con-
verted natural grasslands.

Option: Plantation Forestry

Implementing the option in which the area for
plantation forestry is increased, so that all wood
produced in 2050 comes from sustainably managed
plantations, leads initially to additional MSA loss
due to increased land use for plantation establish-
ment. When plantations gradually take over global
production, the previously exploited (semi-)natural
forests are left to recover. By 2050, the total
worldwide MSA loss in the plantation-forestry op-
tion is slightly less (0.001) than the loss resulting
from ongoing exploitation of mostly (semi-)natural
forests in the baseline scenario, ranging from a de-
creased MSA in Europe (—0.006) to an increase of
0.008 in South and East Asia. As the (semi-)natural
forests recover further, after 2050, the option will
show better performance, in the longer term.

Option: Protected Areas

Effective conservation of 20% of each biome, for
each major global region, will reduce global MSA
loss by about 0.01, ranging from 0.002 and 0.005 in
North Africa and South America, respectively,
where a large area is already formally protected, to
0.029 in Oceania and Japan. Effective conservation
reduces land conversion, as well as hunting and
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small-scale human settlement, in areas that are still
intact, and also enables restoration of partly de-
graded protected areas. Impacts of drivers, such as
nitrogen deposition, fragmentation, and climate
change, will, however, continue to affect protected
areas.

MSA gains from effective conservation and res-
toration are partly compensated, following the shift
of agricultural activities to adjacent areas, to fulfill
human needs.

DiscussioN AND CONCLUSIONS

The GLOBIO3 framework, linked to the integrated
model IMAGE 2.4, allows the analysis of the bio-
diversity impacts in terms of MSA, of scenarios and
policy options, at a global and regional level. The
GLOBIO3 model framework is static rather than
dynamic, and deterministic rather than stochastic.
It is an operational tool to assess the combined ef-
fects of the most important drivers of biodiversity
change.

Our conclusions confirm earlier studies and re-
cent global assessment, such as the Millennium
Ecosystem Assessment and the second Global Bio-
diversity Outlook (MA 2005; sCBD 2006). How-
ever, we need to consider a series of uncertainties
inherent to GLOBIO3. Uncertainties relate to the
cause—effect relationships, the drivers considered,
the models estimating the drivers, the underlying
data, and the indicators used. A formal uncertainty
analysis including variances related to the MSA
estimates and to the model outcomes of drivers is
beyond the scope of this paper, and the topic for
further study (for example, Hui and others 2008).

The cause—effect relationships are based on a
limited set of published studies, which were inter-
preted in a uniform framework. Being a compila-
tion of existing knowledge, the set of studies does
not cover all biomes or represent all important
species groups. For land use we performed an
extensive meta-analysis and showed that MSA
gradually decreases with land-use intensity in-
crease. Our estimates are close to those found by
Scholes and Biggs (2005) and Nichols and others
(2007), although they used different indicators.
Scholes and Biggs estimated the fractions of original
species populations under a range of land-use types
in southern Africa, based on expert knowledge.
Nichols and others presented a meta-analysis on
the effect of land conversion in tropical forests on
dung beetles and used the Morisita Horn index of
community similarity. Studies from currently
heavily converted regions, such as Europe and East
Asia, are underrepresented.

For infrastructure many of the studies included
in the meta-analysis were performed in tundra and
boreal forests, on either birds or mammals. Thus,
effects on, for example, plants and insects, are
underrepresented, yielding a bias to large animals.
In contrast, effects of N deposition on MSA are
mainly based on studies of plant species composi-
tion from temperate regions. Describing the effects
of fragmentation, we chose to use data on the
minimum area requirement of species. However,
direct relationships of species abundances and
patch size are also available (see Bender and others
1998). Although their conclusions are qualitatively
similar to ours, a cause—effect relationship, based
on the studies used by Bender and others may well
differ from the MAR relationship. For climate, we
here used generalizations from model studies on
plant species in Europe (Bakkenes and others
2002) and biomes (Leemans and Eickhout 2004).
The forecasted shifts of biomes are also used in the
Millennium Ecosystem Assessment to mimic the
effect of climate change on species (MA 2005).
Currently, more studies are available on shifts of
species using climate envelopes and forecasted cli-
mate change (for example, Peterson and others
2002; Thuiller and others 2006; Aratdjo and others
2006). Using these results the cause—effect rela-
tionship for climate may be improved, significantly.
The possibilities of the use of paleo-ecological
records to derive cause—effect relationships for
climate change would be worth exploring.

Extensive meta-analyses, as used in GLOBIO3,
depend on research papers that not only summa-
rize field data, but also provide raw data on species
occurrences. An alternative method for modeling
impacts on biodiversity is to work with species
distribution and abundance data. Long-term time
series of species occurrences and abundances may
help to validate the GLOBIO3 results (de Heer and
others 2005). Models for species distribution can be
developed by using different statistical techniques,
combining the drivers behind species distributions,
as suggested by Guisan and Zimmermann (2000)
and further explored by Aradjo and New (2006).

Some factors of possible major impact on biodi-
versity have not yet been included in the model.
Sala and others (2000) considered the impact of
biotic exchange and the direct impact of increased
CO, concentration in the atmosphere to be major
factors, but, for these factors, cause—effect rela-
tionships have not yet been established in GLO-
BIO3, due to a lack of data. Other factors, such as
fire incidence, extreme events, pollution (except
atmospheric N deposition) have not been addressed,
either.
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In addition to the cause—effect relationships, the
GLOBIO3 model results depend largely on the
quality of the data input. The area and spatial dis-
tribution of the different land-use classes is of
particular importance. Different methods are used
to estimate the areas of cropland, grazed land,
forests, and other natural areas. Statistics available
from the FAO (FAO 2006) and different satellite
imagery sources (Bartholome and others 2004;
Fritz and See 2008) indicate that uncertainty
remains about the total area of agricultural land.

Similar uncertainties exist for the other drivers.
Uncertainties in measurements and model forecasts
for climate and N deposition are extensively doc-
umented in IPCC reports (IPCC 2007). The DCW
infrastructure map is far from complete and differs,
in detail, between regions. This incompleteness of
the map makes it difficult to adequately distinguish
between important roads and small roads. In
addition forestry tracks, which have large impacts
on biodiversity, are only sparsely represented in the
DCW map. However, the DCW map is the only
global map on infrastructure available and several
other studies used the map to assess effects on
biodiversity (Sanderson and others 2002; Wacker-
nagel and others 2002).

The use of other indicators, as proposed in the
core set by the Convention of Biological Diversity,
may emphasize other aspects of biodiversity loss
(UNEP 2004). Especially in the option of increasing
protected areas, which are designed to protect
specific species or ecosystems, a Red List index or
indicator that is sensitive to uniqueness, will
probably show stronger positive effects. By setting
up a well-chosen network of protected areas, rela-
tively large and intact ecosystems will be con-
served, containing the majority of the species,
including large-bodied, often slow-reproducing,
and space-demanding species, such as large carni-
vores and herbivores, primates, and migratory
animals. This will obviously improve the ‘threat-
ened’ status of numerous species.

In spite of these uncertainties, our results show
that MSA loss is expected to continue in every re-
gion of the world, but most severely in Sub-Saha-
ran Africa and Europe. According to the baseline
scenario, the rate of loss will not change in the
coming 40-50 years, as a consequence of persistent
economic and demographic development trends.
These results are in line with the results from other
global studies. Patterns of human disturbance, re-
flected by population density, degrees of human
domination of ecosystems (McKee and others
2003; Cardillo and others 2004; Hannah and others
1994), patterns of the human footprint (Sanderson

and others 2002), and patterns of human appro-
priation of net primary production (Imhoff and
others 2004), all tend to match the MSA estimates
of GLOBIO3. The estimated MSA loss (0.30) com-
pared to pristine is similar to the results of Gaston
and others (2003), who reported a range between
13 and 36% in reduced bird numbers. The Mil-
lennium Ecosystem Assessment estimates a global
reduction of vascular plant biodiversity of between
13 and 19%, between 1970 and 2050, whereas we
estimated a reduction of between 7 and 9%, from
2000 to 2050. The similarity of the different anal-
yses is not surprising, because all methods are
dominated by factors related to land use and land
conversion.

The OECD baseline scenario assumes that a
considerable increase in agricultural productivity
can be attained. The required agricultural area is up
to 20% smaller than in the often used SRES sce-
narios of the Intergovernmental Panel on Climate
Change (IPCC), and up to 28% smaller than in the
Millennium Ecosystem Assessment (MA) scenarios
(MA 2005). These scenarios, therefore, project an
even greater loss of global MSA than does the
OECD baseline scenario. Hence, it is unlikely that
the CBD target of significantly reducing the rate of
biodiversity loss for 2010 will be met, at the global
level, assuming that MSA loss corresponds to
overall biodiversity loss. Increasing agricultural
productivity determines the differences between
these scenarios and can, therefore, be a key factor
in reducing the rate of MSA loss in the future. In
addition we showed that some policy options may
reduce the rate of loss, significantly. Production of
wood in plantation forestry systems—where, in the
long term, wood is produced on well managed
plantations—has small but significant effects. An
increase in protected areas in a well-chosen and
effective network may also reduce MSA loss sig-
nificantly, despite the trade-off with areas outside
protected areas that will be converted, instead. As
protected areas generally are focused on species
rich areas a weighted version of MSA, using species
numbers, may have given a more pronounced
effect.

Climate change mitigation, including the large-
scale production of bio-energy crops, may have
negative effects on MSA, with the positive effects of
reducing climate change overruled by the negative
effects of increased agriculture, even in a scenario
that limits the scope to which natural ecosystems
may be converted. Other climate change mitigation
options, such as a successful agreement on reduc-
ing emissions from deforestation and forest degra-
dation, may reduce future MSA loss, significantly.
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A concerted effort is essential, if the rate of loss is
to be reduced in the coming 40-50 years. Optimal
results can be obtained through a combination of
options, including: maximum enhancement of
agricultural productivity, reducing climate mitiga-
tion with little or very careful implementation of
bio-energy, establishing plantation forestry on de-
graded lands, and realizing a major increase in
effectively protected areas.

GLOBIO3 has proven to be very useful in global
and regional biodiversity assessments, especially
where scenarios or policy options were compared for
their consequences. GLOBIO3 is successfully applied
in regional and thematic assessments in the Hima-
laya and for deserts (Nellemann 2004; UNEP 2006).
In recent global assessments, GLOBIO3 was virtually
the only available tool to assess possible conse-
quences for biodiversity at that level (OECD 2008;
UNEP 2007). Although GLOBIO3 is designed for
global applications and, as such, can be considered
part of the broader IMAGE 2.4 framework (MNP
2006) it is possible to use GLOBIO3 to examine the
impact of drivers simulated by other models (for
example, Verboom and others 2007). Furthermore
the GLOBIO3 concept and cause—effect relationships
are applicable for countries and regions where
extensive data on biodiversity are absent.
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