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ABSTRACT

We provide the first global environmental assessment of livestock production that includes both greenhouse gas (GHG) emissions and
biodiversity criteria. We compared performances on these two environmental criteria across scales, commodities (dairy and beef cattle)
and production systems (grassland and mixed). To do this, we combined a global model computing the greenhouse gas emissions of live-
stock with the Mean Species Abundance biodiversity indicator to quantify the biodiversity impact of livestock through land use. Results
showed weaker synergies and more trade-offs between environmental criteria in grassland than in mixed production systems. Efficiency
in the utilization of feed and their associated land use is likely to drive the synergies in mixed production systems. Grassland systems
based on extensive feed land use with high biodiversity values may have contrasted GHG emissions performances. Our global mapping of
the relationships between environmental criteria could be used for spatially targeting decisions and actions.
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1. Introduction

Livestock production faces a challenge in satisfying an increasing food demand while improving its environ-
mental sustainability. In the next decades, global population growth, urbanization and higher incomes will lead
to a 70% growth in the demand for animal products (FAO 2011). On a global scale, livestock are major contribu-
tors to food security but also to environmental impacts such as greenhouse gas (GHG) emissions (Gerber et al.
2013), water pollution (Carpenter et al. 1998) or biodiversity loss (Steinfeld et al. 2006). Large scale assessments
of the environmental impacts of livestock reveal both hotspots of impact and sustainable systems; they are thus
key to effective action and improvement.

Most of the recent global assessments of the livestock environmental performances focused on GHG emis-
sions. They provided consistent results for the emission associated with different types of livestock products and
for the hotspots along the supply chain (e.g., review in De Vries and De Boer 2010). Relying on these assess-
ments, technical (Smith et al. 2008; Garnett 2009) and policy (Gerber et al. 2010; Steinfeld and Gerber 2010) op-
tions have been proposed to mitigate the contribution of livestock to climate change. Yet, environmental impacts
of livestock production are not restricted to GHG emissions and carbon footprint cannot be used as an indicator
of the overall environmental impact (e.g., for meat production, R606s et al. 2013).

In particular, livestock have a very strong impact on biodiversity. The main global driver of biodiversity loss
is habitat change (MEA 2005; Foley et al. 2005). As major users of land resources, livestock have a strong con-
tribution to this driver. About 30% of the global area is currently dedicated to livestock production through pas-
tures and feed crops (Ramankutty et al. 2008). The Amazonian forest may host up to a quarter of the world’s ter-
restrial species (Dirzo and Raven 2003). Its conversion to pastures (representing 85% of the new agricultural
lands, Steinfeld et al. 2006) and soybean crops is an important threat to biodiversity. In Europe, grassland inten-
sification and conversion to cropland have caused an important decline of farmland species (Vickery et al. 2001;
Firbank et al. 2008). Overgrazing is an important factor causing habitat degradation through desertification and
woody encroachment in arid rangeland system, which leads to decrease in the species richness of plant commu-
nities (Milton and Dean 1995; Asner et al. 2004).

Although there is large evidence of the global impact of livestock on biodiversity, very few quantifications
exist and including biodiversity impacts in LCAs is still an emerging area of work. A framework (Mila i Canals
et al. 2007; Koellner et al. 2013) and several characterization factors (review in Curran et al. 2011) have been
proposed to compute biodiversity impacts through land use in LCAs. Most of the characterization factors are
available at country to region scale (Koellner and Scholz 2008; Schmidt 2008; Goedkoop et al. 2012). At global
scale, Koellner et al. (2013) proposed a standardized land use classification for computing biodiversity character-
ization factors (as part of the UNEP-SETAC Life Cycle Initiative). De Baan et al. (2013) relied on this classifi-
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cation to quantify the land use impact on biodiversity with a Biodiversity Damage Potential characterization fac-
tor. This study did not describe several levels of intensity within the pasture/meadow and annual crop land use
classes, which is a limitation for quantifying the impact of livestock production with precision. Alkemade et al.
(2009) developed a Mean Species Abundance (MSA) indicator and computed its value at global scale for various
land use and intensity classes. Authors did not used the MSA within an LCA perspective but to predict the effect
of global socio-economic scenarios on biodiversity, certain scenarios specifically addressing livestock produc-
tion (Westhoek et al. 2011; Alkemade et al. 2012).

Most large scale environmental assessments have focused on one environmental criteria, and chiefly on GHG
emissions. Both synergies and trade-offs are however likely to exist between the performances on GHG emis-
sions and on other environmental impact categories, such as biodiversity. For instance, grassland systems often
involve lower feed digestibility and thus higher enteric CH4 emissions (Eckard et al. 2010). However, in some
regions grassland systems are crucial for maintaining rich biodiversity habitats, and both intensification and
abandonment lead to the loss of a unique pool of species (Bignal and McCracken 2000). Quantifying both GHG
emissions and biodiversity impacts is important to reveal how policy options targeting one criteria will involve
benefits or conflicts with the other criteria.

The objective of this paper was to compare the GHG emissions and biodiversity impact of livestock produc-
tion on a global scale. We combined the GLEAM model (Global Livestock Environmental Assessment Model,
Gerber et al. 2013; Opio et al. 2013) which computes the global GHG emissions of livestock, with the MSA
methodology in order to quantify the global biodiversity impact of livestock through land use. We investigated
the relationship between performances on these two environmental criteria among commaodities, production sys-
tems, and across scales.

2. Methods
2.1. Overview

The methodology was based on GLEAM which models global livestock supply chains in details and com-
putes the GHG emission (Gerber et al. 2013, Section 2.2.). Computing the land use for feed is an intermediary
output of the model (Figure 1). We used this intermediary output to develop a new component of GLEAM,
which estimated the impact of livestock on biodiversity through land use. For this biodiversity component, we
relied on the MSA methodology which provides a biodiversity value (expressed as Mean Species Abundance)
for several classes of land use and intensity (Alkemade et al. 2009; 2012, Section 2.3.).

All computations addressed the global scale and were based on GIS raster layers with a resolution of 3 arc
minutes (5*5km at the equator). The year of reference was 2005. We focused on a single species (cattle) but we
described two commodities (milk and meat) and two production systems (grassland and mixed). For the dairy
herd producing meat as a co product, no allocation was performed; environmental impacts (GHG emissions and
MSA impact) were expressed by kg of proteins, summing proteins from milk and from meat.

GLEAM model MSA methodology
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Figure 1. Overview of the modeling procedure used to compute GHG emissions, through the Global Livestock
Environmental Assessment Model (GLEAM, Gerber et al. 2013) and the biodiversity impact, through the Mean
Species Abundance methodology (MSA, Alkemade et al. 2009; 2012). Prod. = production. Adapted from Gerber
etal. 2013.
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2.2. GHG emissions: the GLEAM model

GLEAM is a novel modeling framework that enables a comprehensive analysis of the emissions of global
livestock production (Gerber et al. 2013). It provides disaggregated estimates of the GHG emissions for the main
commodities, production systems and world regions. The main GHGs in the agriculture context — CHa, N,O and
CO; — are accounted for. GLEAM is built on modules reproducing the main elements of livestock supply chain:
the herd module, the manure module, the feed module and the system module (Figure 1).

The GHG emissions results included emissions from feed production (main sources of emissions: N2O from
fertilization; CO,, N.O and CH. from energy use, fertilizer manufacture and land use change related to soybean
cultivation) and livestock production (main sources of emissions: CH4 from enteric fermentation and manure
management; N>O from manure management; CO- from on-farm energy use for livestock). For comparison with
biodiversity impact through land use, we excluded emissions from manufacture of on-farm building and equip-
ment, and post farmgate emissions. For a detailed description of the GLEAM model, refer to Gerber et al. (2013)
and Opio et al. (2013).

2.3. Biodiversity impact: the MSA methodology

In order to compute the MSA values of different land use and intensity classes, Alkemade et al. (2009; 2012)
conducted a meta-analysis and selected articles that presented data on species composition in disturbed (occu-
pied) vs undisturbed (reference) land uses. No selection of specific species groups was performed; studies in-
cluded in the meta-analysis addressed both plants and animals (mainly birds, mammals and insects). For each
species k within each occupied land use i, the ration R; , was calculated as:

nik H
_J— fn,<n. Eqg. 1
Ri,k_ nref,k . e

1, otherwise

where n; |, is the abundance of the species k in an occupied land use i and n  its abundance in the reference
land use. The MSA of any occupied land use MSA,; is then calculated by summing and weighting the ratios R;
of each species:

YR N Eq. 2
MSA_ ij/vi,k !

where V; | is the variance of the ratios of species abundances for each study and copes for differences between

studies. MSA values vary between 0 and 1. MSA =1 in undisturbed ecosystems where 100% of the original spe-
cies abundances remains, conversely, MSA = 0 in a destroyed ecosystem with no original species left.

Table 1. Mean Species Abundance (MSA) value of the different land use and intensity classes of range-
lands/grasslands, and croplands (Alkemade et al. 2009; 2012).
Land use and intensity classes MSA value
Rangelands/grasslands
Natural rangelands 1
Moderately used rangelands 0.6
Intensively used rangelands 0.5

Man-made grasslands 0.3
Croplands

Low input agriculture 0.3

Intensive agriculture 0.1
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Table 1 shows the MSA values of the different land use and intensity classes. Feed land uses as computed by
the GLEAM model were translated into MSA land use classes (Figure 1). For each grid cell, we allocated a
rangeland/grassland class (Figure 2a), and a cropland class (Figure 2b), corresponding to MSA values. For dis-
tinguishing between the different rangeland/grassland classes, we used information from three different layers
mapping potential vegetation (ecoregions, Olson et al. 2001); global land cover (GLC 2000) and the distribution
of grassland vs. mixed production systems (Gerber et al. 2013). We used the following hierarchic rules. The
man-made grasslands class (MSA = 0.3) was allocated to grid cells with forest as potential vegetation, except for
Europe where although forest is the potential vegetation, grasslands are sufficiently old to host specifically
adapted species and very high biodiversity levels (Bignal and McCracken 1996; Benton et al. 2002). The natural
rangelands class (MSA = 1) was allocated to grid cells with herbaceous land cover and grassland production sys-
tems. For grid cells with non herbaceous land cover (e.g., crops, crops/grass mosaic), the moderately used range-
lands class (MSA = 0.6) was allocated to grassland production systems while the intensively used rangelands
class (MSA = 0.5) was allocated to mixed production systems.
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(a) (b)
Figure 1. Mean Species Abundance (MSA) value attributed to (a) the grasslands and (b) the croplands of each
grid cell.

We further computed a characterization factor illustrating the impact of livestock production on MSA in each
grid cell of the global raster:

MSA impact =3, - MSA)~ Area, Eq. 3

where (1-MSA) stands for the loss of MSA in land use i compared to the reference land use. For instance, an
MSA value of 0.6 in extensive grasslands means that the MSA loss (1-MSA)) is 0.4, i.e. that 40% of the mean
species abundance is lost compared to the reference land use. Area; is the area of land use class i necessary to
produce the feed consumed by cattle in the grid cell. Therefore, the MSA impact of land use for feed is not allo-
cated where feed is produced but where it is consumed. For instance, the MSA impact of soybean cultivated in
brazil and consumed by cattle in a given European grid cell will be allocated in this European grid cell. As a
consequence, livestock production in a given grid cell could have a land use impact on a larger area than the grid
cell area. The MSA impact is expressed as an MSA loss * km? and then divided by the kg of protein produced.

2.4. Spatial analyses

We computed average GHG emissions and MSA impacts across grid cells, at the level of agro-ecological
zones (intersection of climate zones and global regions, Fischer2008) and climate zones (arid, humid, temper-
ate).

We investigated the relationship between GHG emissions and MSA impact environmental criteria at local
(grid cell) scale. For the two environmental criteria, the environmental impact of a grid cell was compared with
the average impact at sub-regional level (moving window average). If the impact on the two environmental crite-
ria were both lower or both higher than the sub-regional average, we considered that there was a synergy be-
tween criteria for the grid cell. Conversely, if the impact was higher than the regional average for one environ-
mental criteria and lower for the other, we considered that there was a trade-off between environmental criteria
for the grid cell.
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All analyses were performed using the R software, version 3.0.3 (R Core Team 2014). We used the raster
package (Hijmans 2014) to perform GIS analyses.

3. Results
3.1. Relationship between environmental criteria across agro-ecological zones

As a general trend across agro-ecological zones, there was a synergy between the climate change and biodi-
versity performances: agro-ecological zones with lower GHG emissions also tended to have lower MSA impacts
(Figure 3). This general trend was observed similarly for dairy (Figure 3a) and beef (Figure 3b) cattle, and for
grassland and mixed production systems. For both commaodities, the correlation between GHG emissions and
MSA impact was much lower in grassland production systems (R? = 0.2936 and 0.2295 for dairy and beef cattle,
respectively) than in mixed production systems (R? = 0.8577 and 0.7658 for dairy and beef cattle, respectively).

Figure 3 also shows that environmental impact on the two criteria was higher for beef cattle than for dairy
cattle. For the two commodities, grassland production systems had a slightly higher MSA impact than mixed
production system. In terms of GHG emissions, the difference between production systems was very small.

Environmental impacts on the two criteria across climate zones were similar for the two commaodities (results
not show). Environmental impacts were the highest in arid regions and the lowest in temperate regions. Humid
regions had GHG emissions levels close to those of arid regions while they had an MSA impact intermediate be-
tween those of arid and temperate regions.
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Figure 3. Relationship between GHG emissions and MSA impact per unit of production across agro-ecological zones. (a)
Dairy cattle; (b) Beef cattle. Each point stands for the mean GHG emissions and MSA impact of one production system (see
legend), within one agro-ecological zone. Regression lines are plotted. Prot. = protein.

3.2. Relationship between environmental criteria at local scale

Figure 4 shows the global distribution of synergies and trade-offs between GHG emissions and MSA impact.
For both commodities, regions with a higher concentration of trade-offs included brazil and the western part of
North America, as well as India for dairy production and western Europe for beef production. The rest of Europe
Asia, and Africa showed more uniform proportions between synergies and trade-offs. Trade-offs tended to be
more frequent in arid climate, grassland production systems and areas with high MSA values while synergies
tended to be more frequent in temperate systems and area with higher yields.
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Figure 4. Relationship between GHG emissions and MSA impact per unit of production at local (grid cell) scale.
(a) Dairy cattle; (b) Beef cattle. White = impact on the two environmental criteria are both lower or both higher
than the sub-regional average (synergy). Black = impact is higher than the regional average for one environmen-
tal criteria and lower for the other (trade-off). Grey = no production. Black square = size of the moving window
for the sub-regional averages.

4. Discussion
4.1. The MSA indicator

The MSA indicator is one of the very few biodiversity characterization factors for land use available at global
scale. One limitation of the MSA indicator is that it does not make it possible to account for potential differences
in conservation value, at the species and at the ecosystem levels. At the species levels, all species groups were
included in the MSA. The MSA indicator is thus expected to be a good proxy for the overall biodiversity, alt-
hough it is based on published literature where certain taxa are underrepresented (e.g., arthropods). However,
common species and patrimonial or red listed species have the same contribution to the MSA. The IUCN red list
is a widely recognized system for classifying species according to their risk of extinction and biodiversity indica-
tors based on the red list are a useful tool for targeting conservation actions (Butchart et al. 2004). Characteriza-
tion factors can be computed separately for common and red-listed species (e.g., in Koellner and Scholz 2008 for
central Europe) but this distinction is not made in the MSA. Besides, while most biodiversity characterization
factors are based on species richness (e.g., Koellner and Scholz 2008; Michelsen 2008; Schmidt 2008; Goedkoop
et al. 2012), the MSA is based on species abundance which does not capture information about species extinc-
tion.

At the ecosystem level, the MSA value of each land use and intensity class is global and does not account for
regional differences. It means that the biodiversity value of undisturbed forest — or the biodiversity loss follow-
ing its conversion to pasture — is the same in Siberia and Amazonia for example. Yet, it is recognized that forests
in certain specific areas are biodiversity hotspots (e.g., Amazonia, Dirzo and Raven 2003). The framework de-
veloped by the UNEP-SETAC Life Cycle Initiative (Koellner et al. 2013) includes a structure for including such
regional differences, i.e. for the regionalization of land use elementary flows. Characterization factors computed
by De Baan et al. (2013) follow this regionalization structure. The MSA indicator includes more precise land use
and intensity classes, specifically adapted to livestock production. However, the absence of regionalization is a
limitation. In the context of livestock production, the biodiversity value of grazing lands of varying intensity is
very likely to differ between global regions. We accounted for one of these difference by making the assumption
of extra MSA value to European grassland (compared to Alkemade et al. 2009; 2012) because they are very old
ecosystems, although located in a forest ecoregion. Other differences were not considered; for instance, the man-
agement intensity threshold leading to rangeland degradation is lower in humid and arid regions than in temper-
ate regions (Asner et al. 2004). Using information on rangeland productivity and livestock density would be an
interesting development to regionalize the MSA values of grasslands and rangelands.

The UNEP-SETAC Life Cycle initiative recognizes that the effects of land use on biodiversity can be divided
in three main stages that occur successively over time: land transformation, land occupation and land restoration
(Lindeijer 2000; Mila i Canals et al. 2007). In this study, we only focused on occupation impacts. Calculating
transformation impacts (e.g., impacts from land use change) and permanent impacts (i.e. impacts that cannot be
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recovered even after restoration) requires region and ecosystem specific data on the time and success of restora-
tion (De Baan et al. 2013). Such data was not available; moreover the GLEAM model that we used to compute
land occupation is a static model and its input datasets are not available as time series.

4.2. Impact categories coverage

The MEA (2005) recognizes five main driver of biodiversity loss at global scale: habitat change, climate
change, pollution, invasive species and overexploitation. On a global scale, livestock production contributes di-
rectly or indirectly to each of these five drivers (Steinfeld et al. 2006). We focused on the habitat change driver
and described it through land use only, which does not cover other of its components such as spatial heterogenei-
ty and habitat fragmentation. This focus on land use leads our results to underestimate the overall biodiversity
impacts. It also overemphasizes the role of productivity: productivity gains at feed production and animal level
both strongly drive the calculated MSA impact. This results in a bias in favor of high productivity systems.
Land use is expected to be the main driver of impact on biodiversity for extensive grassland systems which use
large area to generate one unit of product because the conversion of grass to animal protein is rather inefficient
(Wirsenius et al. 2011). Mixed systems and intensive grassland systems show higher yields, they need less area
which limits their impact on biodiversity through land use, despite lower MSA values. However, they often in-
volve important pollution that causes significant biodiversity impacts which are not captured in our results. This
pollution includes two main categories. The first one is nutrient pollution which is associated with animal con-
centration (Peyraud et al. 2012) and can lead to biodiversity loss through acidification and eutrophication in soils
and water (Carpenter et al. 1998). The second one is associated with higher input intensity; it is the release of
ecotoxic components in the environment, mainly pesticides (at the feed production stage) and veterinary prod-
ucts (including hormones, at the animal husbandry stage). Hormonally active pesticides cause adverse effects on
a wide range of organisms (Colborn et al., 1993) and have recently been pointed as one of the responsible of bee
population decline (vanEngelsdorp and Meixner 2010). Several veterinary products used on livestock have also
been shown to impact biodiversity, such as anti-inflammatory drugs (Baillie 2004), hormones (Soto et al. 2004)
or anthelmintics (Lumaret and Errouissi 2002).

Our results did not show significant differences in GHG emissions between grassland and mixed production
systems. Adding the impact of climate change on biodiversity should not lead to important changes in the rela-
tive impact of grassland vs. mixed production systems on biodiversity. However, it could reveal new synergies
between the two environmental criteria.

Many LCA studies on livestock focused on climate change as a single environmental criteria (see review in
De Vries and De Boer 1JM 2010). Adding land use impacts on biodiversity to the climate change impact is still
far from a complete coverage of all the categories relevant to the environmental performance of livestock pro-
duction at global scale. Interestingly, most of these additional categories are midpoint impacts which also have
an effect on biodiversity. Including their assessment and their effect on biodiversity would be an important fur-
ther development of our approach. Characterization factors to model their effect on biodiversity in LCA at global
scale are still rare. In the MSA methodology, biodiversity characterization factors are also available for the im-
pact of fragmentation and climate change (Alkemade et al. 2009). Other global characterization factors exist for
climate change (Schryver et al. 2009), water use (Pfister et al. 2009) and ecotoxicity (Rosenbaum et al. 2008)
while country to region characterization factors exist for eutrophication and acidification (Van Zelm et al. 2007,
Struijs et al. 2011).

4.3. Implications

Across agro-ecological zones and at local scale, there was a weaker correlation and more trade-offs between
GHG emissions and MSA impact in grassland production systems than in mixed production systems. In mixed
production systems, feed mainly come from intensive land uses with low MSA values. Efficiency in the utiliza-
tion of feed is a way to improve both environmental criteria. It makes it possible to use less area of intensive feed
land uses with low MSA values, which also decreases GHG emissions associated with feed cultivation. At the
same time, production is increased which leads to lower environmental impact per unit of product. In grassland
production systems however, another option than efficiency to mitigate biodiversity impacts is to use more ex-
tensive feed land uses with high MSA values. This option can have contrasted effects on GHG emissions per-
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formances because more extensive systems have lower production levels and can be associated with higher
emissions from manure deposition and enteric fermentation (Gerber et al. 2011).

By mapping synergies and trade-off between two environmental criteria on a global scale and at fine resolu-
tion, our method could provide a useful tool for spatially targeting interventions, or further investigations of the
farming system properties. We reveal different relationships between the GHG emissions and biodiversity per-
formances. The systems where performances on both criteria are higher in the surrounding region could be stud-
ied in order to apply beneficial management options to other systems, e.g., to those were performances on both
criteria are lower than those of the neighboring systems. Systems were only one environmental criteria performs
better than the surrounding region could reveal trade-offs between criteria that needs to be considered when de-
signing interventions. Limitations of the implications of our results at the grid cell level include that certain pa-
rameters of the model only have a country resolution (e.g., animal’s ration in OECD countries), and that man-
agement decisions could have different constraints across grid cells, even within a sub-region.

5. Conclusion

This study provides a tentative global quantitative assessment of the environmental performances of livestock
production on two criteria: GHG emissions and biodiversity. It is a first attempt to develop multi-criteria assess-
ments over such large scale, which are key to inform decision and action towards improving the overall sustain-
ability of the livestock sector. Our preliminary results show that both synergies and trade-offs exist between the
performances on the GHG emissions and biodiversity criteria. With our approach, more frequent and stronger
synergies were found in mixed production systems where efficiency (i.e. decreasing the feed land use area while
increasing production) could be a way to improve performances on both GHG emissions and biodiversity crite-
ria. Weaker synergies and more trade offs were found in grassland production systems. Further developments,
and testing of our approach are however required before results can be used for decision making. Improvements
would include the inclusion of additional and regionalized biodiversity impacts.
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