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The livestock sector is one of the fastest growing subsectors of the agricultural economy and, while it makes a major contribution
to global food supply and economic development, it also consumes significant amounts of natural resources and alters the
environment. In order to improve our understanding of the global environmental impact of livestock supply chains, the Food and
Agriculture Organization of the United Nations has developed the Global Livestock Environmental Assessment Model (GLEAM). The
purpose of this paper is to provide a review of GLEAM. Specifically, it explains the model architecture, methods and functionality,
that is the types of analysis that the model can perform. The model focuses primarily on the quantification of greenhouse gases
emissions arising from the production of the 11 main livestock commodities. The model inputs and outputs are managed and
produced as raster data sets, with spatial resolution of 0.05 decimal degrees. The Global Livestock Environmental Assessment
Model v1.0 consists of five distinct modules: (a) the Herd Module; (b) the Manure Module; (c) the Feed Module; (d) the System
Module; (e) the Allocation Module. In terms of the modelling approach, GLEAM has several advantages. For example spatial
information on livestock distributions and crops yields enables rations to be derived that reflect the local availability of feed
resources in developing countries. The Global Livestock Environmental Assessment Model also contains a herd model that enables
livestock statistics to be disaggregated and variation in livestock performance and management to be captured. Priorities for future
development of GLEAM include: improving data quality and the methods used to perform emissions calculations; extending the
scope of the model to include selected additional environmental impacts and to enable predictive modelling; and improving the
utility of GLEAM output.
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Implications

The Global Livestock Environmental Assessment Model
(GLEAM) is intended to provide a level of analysis that
has sufficient technical rigour, but can also be translated
into practical advice to decision-makers (e.g. governments,
project planners, producers, industry and civil society
organizations). It is hoped that its features, such as the ability
to derive rations for livestock in developing countries, and to
capture variation in livestock performance and management,
will support improvement of the environmental performance
of livestock production.

Introduction

The livestock sector is one of the fastest growing subsectors
of the agricultural economy. Demand for all the main live-
stock commodities are forecast to increase significantly
between now and 2050 (see Alexandratos and Bruinsma,
2012). Although the livestock sector makes an important
contribution to global food supply and economic develop-
ment, it also uses significant amounts of natural resources
and impacts on the environment (see e.g. Steinfeld et al.,
2006; Herrero and Thornton, 2013; Leip et al., 2015). One of
the most important global impacts arises from the emission
of greenhouse gases (GHG) along livestock supply chains,
which are estimated to make a significant contribution to
overall anthropogenic GHG emissions (Gerber et al., 2013).† E-mail: michael.macleod@sruc.ac.uk
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If the GHG emissions intensities (Ei) (i.e. the kg of GHG per
kg of animal product) of livestock commodities are not
reduced, the forecast increases in production will lead to
proportionate increases in GHG emissions, compromising
efforts towards climate change mitigation. It is therefore
essential that ways are found to improve efficiency and
reduce the Ei of livestock production (while noting that
such supply-side improvements may be complemented by
measures to reduce demand, Bajželj et al., 2014; Lamb et al.,
2016). Improving our understanding of where and why
emissions arise in livestock supply chains is an important
step towards achieving this goal.
In order to improve our understanding of livestock’s

environmental impact, the Food and Agriculture Organiza-
tion of the United Nations (FAO) has developed GLEAM
(http://www.fao.org/gleam/en/). The primary motivation
behind GLEAM was the desire to have a tool that enabled
comprehensive, disaggregated and consistent analysis of the
environmental performance of global livestock production to
support the identification of improvement options. This
is important as methodological inconsistencies between
studies can make it difficult to determine whether apparent
differences in results arise from differences in actual
emissions or in methodologies, thereby complicating the
identification of mitigation options.
The global GHG emissions produced by livestock have been

quantified in the assessment reports for the United Nations
Framework Convention on Climate Change (Smith et al., 2007
and 2014). In addition, there are several databases of global
emissions, such as: US Environmental Protection Agency Glo-
bal Emissions Database (EPA, 2012); European Commission
Joint Research Centre’s Emissions Database for Global Atmo-
spheric Research (EDGAR, 2012); the World Resource Insti-
tute’s CAIT (Climate Analysis Indicators Tool) (WRI, 2013); and
the FAOSTAT online database of agricultural GHG emissions
(Tubiello et al., 2013). These analyses predominantly adopt
IPCC (2006) Tier-1-type approaches to the quantification of
livestock emissions and focus on the emissions produced in one
part of the supply chain, that is on-farm. The Global Livestock
Environmental Assessment Model seeks to complement and
add value to these analyses by using a herd model coupled
with an IPCC (2006) Tier 2 approach to computing emissions,
thereby enabling key characteristics of the livestock popula-
tions (e.g. herd structures, animal performance, rations and
manure management) to be captured in the calculations. Fur-
ther, GLEAM adopts a life-cycle approach and calculates the
emissions arising along the supply chain from cradle to retail
point. This enables the Ei of specific commodities to be calcu-
lated rather than just the total emissions from an agricultural
subsector. Finally the reliance on geographical information
systems (GIS) provides spatially explicit analysis and flexibility
in combining data sets and aggregating results.
Initial development of GLEAM has focussed on the

GHG element, as FAO is committed to supporting member
countries and stakeholders in the livestock sector to identify
low-emission development pathways for animal production.
The development of GLEAM is one part of continuing efforts

by FAO to improve assessment of the sector’s GHG
emissions. Three technical reports present the results of the
global analysis undertaken with GLEAM to date for (a) the
cattle dairy sector (Gerber et al., 2010); (b) the pig and
chicken sectors (MacLeod et al., 2013); (c) the cattle, buffalo
and small ruminant sectors (Opio et al., 2013). A fourth
report provides a synthesis of the three technical reports and
identifies options to reduce emissions (Gerber et al., 2013).
The purpose of this paper is to provide a review of

GLEAM. Specifically, it presents an overview of the model
architecture, methods and functionality. It then briefly com-
pares GLEAM results with other studies and explains how
differences can arise. In the last section, the advantages of
GLEAM are discussed, along with challenges and priorities
for development. The Global Livestock Environmental
Assessment Model is undergoing continuous development,
so any review can only provide a snapshot of the model at a
given time. This review focuses on GLEAM version 1.0 (which
was used to undertake the analysis for the reports cited in
the previous paragraph), while highlighting some revisions
introduced in version 2.0, and referring to the most up to
date model description (FAO, 2017).

Overview of the Global Livestock Environmental
Assessment Model architecture, methods and
functionality

The Global Livestock Environmental Assessment Model
includes the main livestock production activities and quan-
tifies the related GHG emissions. It includes the following
activities along the supply chain: (a) pre-farm emissions
arising from the manufacture of inputs; (b) on-farm emis-
sions during feed and animal production; and (c) post-farm
emissions arising from the processing and transportation of
products to the retail point. The GHG emissions included in
GLEAM v1.0 are summarized in Table 1. The model differ-
entiates 11 main global livestock commodities, which are:
meat and milk from cattle, sheep, goats and buffalo; meat
from pigs; and meat and eggs from chickens. It also distin-
guishes between the main production systems, for example
three distinct pig systems are defined which differ in terms of
their herd parameters, rations, excretion rates, manure
management etc. (see FAO, 2017, section 1.5 for details of
the production system classification used). It calculates the
GHG emissions and commodity production for a given sys-
tem within a grid of spatially defined cells, thereby enabling
the calculation of the Ei for any desired combinations of
commodities, farm systems and locations at different spatial
scales. An example of GLEAM output is given in Figure 1.
This flexibility of GLEAM derives from it being based in

a GIS environment consisting of: (a) input data layers;
(b) routines written in Python (http://www.python.org/) that
perform calculations; and (c) procedures for running the
model, checking calculations and extracting output. The
basic spatial unit used in the GIS is the 0.05× 0.05 degree
cell (which measure ca. 5 km by 5 km at the equator). The
emissions and production are calculated for each cell using
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input data of varying levels of spatial resolution (FAO, 2017,
section 1.4). The data used in GLEAM can be classified into
(a) basic input data and (b) intermediate data. Basic input
data is defined as primary data such as animal numbers,
herd/flock parameters, mineral fertilizer application rates,
temperature, etc. and are data taken from sources such as
literature, databases and surveys. Intermediate data are
values generated within GLEAM then used for subsequent
calculations and include values for parameters such as herd
structures and manure application rates.

Data availability, quality and resolution vary according
to the parameter and country in question. In Organisation
for Economic Co-operation and Development (OECD)
countries there are often comprehensive national or regional
data sets, and in some cases subnational data (e.g. for
manure management in dairy in the United States).
Conversely in non-OECD countries data are often unavail-
able, necessitating the use of regional default values (e.g.
for many backyard pig and chicken physical performance
parameters).

Table 1 Sources of greenhouse gases emissions included and excluded in the Global Livestock Environmental Assessment Model v1.0

Activity Included Excluded

Feed production Direct and indirect N2O from:
Application of synthetic N
Application of manure
Direct deposition of manure by grazing animals
Crop residue management

CO2
a
– energy use in field operations

CO2
a
– energy use in feed transport and processing

CO2
a and N2O – fertilizer manufacture

CO2
a
– feed blending

CO2
a
– production of non-crop feeds (fishmeal, lime and synthetic

amino acids)
CH4 – flooded rice cultivation
CO2 – land-use change related to soybean cultivation

N2O losses related to changes in C stocks
CO2 from biomass burning
N2O from biological fixation
N2O and CO2 from non-N fertilizers and lime
CO2 from changes in (above and below ground)
carbon stocks not arising from land use change

Non-feed production CO2
a
– embedded energy related to manufacture of on-farm buildings

and equipment
CO2 from production of cleaning agents,
antibiotics and pharmaceuticals

Livestock production CH4 – enteric fermentation
CH4 and N2O – manure deposition and storage
CO2

a
– direct on-farm energy use for livestock, for example, cooling,

ventilation and heating
Post-farm gate CO2

a
– transport of live animals and products to slaughter and

processing plants
CO2

a
– transport of processed products to retail point

CO2
a and HFC’s – refrigeration during transport and processing

CO2
a
– primary processing of meat (into carcasses or meat cuts),

milk and eggs
CO2

a
– manufacture of packaging

CO2 and CH4 from on-site waste water treatment
CO2 and CH4 emissions from animal waste or
avoided emissions from on-site energy
generation from waste

CO2 from retail and post-retail energy use
CO2 CH4 N2O from waste disposal at retail and
post-retail stages

HFC = hydrofluorocarbons.
aThe emissions factor also includes a small amount of CH4 emissions arising during fuel extraction and processing.
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Figure 1 Regional average emission intensity of pig meat production from all three systems (regions with <1% of total production are omitted).
LAC = Latin America and Caribbean; SSA = Sub-Saharan Africa; Manure MMS = emissions arising from manure management and storage; LUC = land-
use change. Source: MacLeod et al. (2013, p. 25).
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Livestock population sizes are based on FAOSTAT data and
their geographic distribution is based on the Gridded Live-
stock of the World (GLW) model. Density maps from GLW are
based on observed densities and explanatory variables such
as climatic data, land cover and demographic parameters
(Robinson et al., 2014). Data on fresh matter yields per
hectare of main crops and their respective land area were
taken from a modified version of Global Agro-Ecological
Zones (3.0) and Haberl et al. (2007) to estimate the above-
ground net primary productivity for pasture. Further detail on
the derivation of input values is provided in Opio et al.
(2013), MacLeod et al. (2013); and FAO (2017).
The overall structure of GLEAM v1.0 is shown in Figure 2,

and the purpose of each module is outlined below.

Herd module
The functions of the Herd module are as follows:

1. calculation of the herd structure, that is the proportion of
animals in each cohort, and the rate at which animals
move between cohorts;

2. calculation of the characteristics of the animals in each
cohort, that is the average weights and growth rates.

Emissions from livestock vary depending on animal type,
weight, phase of production (e.g. whether lactating or
pregnant) and feeding situation. Accounting for these
variations in a population is important if emissions are to be
accurately characterized. The use of the IPCC (2006) Tier 2
methodology requires the livestock population to be cate-
gorized into distinct cohorts. However, information on herd
structure is generally not available from census data or from
derived GIS maps. Consequently, a specific Herd module was
developed to characterize the livestock population by cohort,
defining the herd structure, dynamics and production.
The Herd module is based on GIS maps that define the

total number of animals in each cell, by species and system
(e.g. the number of backyard pigs). The total number of
animals in a cell is disaggregated into distinct cohorts. For
example, Figure 3 shows a cattle herd in which there are
four cohorts of animals kept for breeding and production

Figure 2 Schematic representation of the Global Livestock Environmental Assessment Model (GLEAM) v1.0.
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(in the box) plus animals that are ‘surplus’ to breeding
requirements and kept for production only. The number of
animals in each cohort, and the number entering (e.g. AFin),
dying (e.g. AFx) and culled or sold (e.g. AFexit) are calculated
using data on rate parameters such as mortality, fertility,
growth and replacement rates. The Herd module also calcu-
lates growth rates and average weights for each cohort. The
parameters and formulae used in the Herd module are given
in FAO (2017) (large ruminants section 2.1, small ruminants
2.2, pigs 2.3 and chickens 2.4).

Manure module
The Manure module calculates the rates at which excreted N
is applied to grass and cropland by: (a) multiplying the
number of each animal type (dairy cattle, beef cattle, sheep,
goats, pigs and poultry) in the cell by the N excretion rates
(based on Tier 1 values from IPCC (2006)), to calculate the
amount of N excreted in each cell (N deposited directly on
pasture by grazing animals is not included in this total,
instead the N2O emissions arising from this are calculated
separately in the Feed module); (b) calculating the proportion
of the excreted N that is lost during manure management
and subtracting it from the total N, to arrive at the net N
available for application to land; (c) dividing the net N by the
area of (arable and grass) land in the cell to determine the
average rate of N application per hectare. Note that this
approach is different to the System module, in which detailed
calculations of Nx are performed for each animal type using
an IPCC (2006) Tier 2 approach (i.e. by calculating each
animal’s N intake, retention and excretion), which is then
used to calculate the N2O emissions arising from subsequent
manure management. The Tier 1 N excretion rates were used
in the Manure module in order to simplify the modelling
procedure (using the Tier 2 approach requires the model to
be run for all the species simultaneously). In GLEAM v2.0 the

Manure module uses Tier 2 N excretion rates. Soil N2O
emissions from the deposition of organic N (via excretion and
manure application) and synthetic N to grass and crops are
calculated in the Feed module. N2O (and CH4) arising during
manure management are calculated in the System module,
using a Tier 2 approach (FAO 2017, section 4.4).

Feed module
The functions of the Feed module are as follows:

1. calculation of the composition of the ration for each
species, cohort and system;

2. calculation of the nutritional values of the ration per kg
of feed;

3. calculation of the GHG emissions and land use per kg
of feed.

The Feed module determines the ration of the animal (i.e.
the percentage of each feed material in the ration) and cal-
culates the (N2O, CO2 and CH4) emissions arising from the
production and processing of the feed. It allocates the
emissions to crop co-products (such as crop residues or oil
seed meals) and calculates the Ei per kg of feed (on a dry
matter (DM) basis). It also calculates the nutritional value of
the ration, in terms of its energy and N content.

Determination of the ration. Animal rations are generally a
combination of different feed materials. In GLEAM, the
rations are comprised of 30 to 40 feed materials (depending
on the species and system), which fall into the following
categories: fresh grasses or grass-legume mixtures (grazed or
cut and carry), conserved grasses or grass-legume mixtures,
crop residues (straws and stovers), other roughages (such as
banana stems, sugar cane tops and leaves), grains, grain by-
products (meals, brans, brewers grains and molasses), oils,
compound feed, non-crop feed materials (fishmeal, lime and

Figure 3 Schematic representation of the Herd module. This example shows a cattle herd with four cohorts kept for breeding and production (in the box,
i.e. adult females, replacement females, adult males, replacement males) and two kept for production only (MF and MM). AFin is the number of animals
entering the cohort each year. AFexit is the number exiting via sale or voluntary culling whereas AFx is the number exiting via mortality or involuntary
culling. CFin and CMin are the number of female and male calves available for replacement or meat production after neonatal mortality.
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synthetic amino acids) and swill (this refers to household
food waste, rather than food industry wastes) – see FAO
(2017, sections 3.2 and 3.3). The composition of the feed
ration depends on the animals’ nutritional requirements, the
availability and the price of feed materials. In some systems,
such as broilers, layers and industrial pigs, the ration is
comprised primarily of compound feed. In these systems the
materials are sourced from various locations and traded
internationally, and there is little link between where the
feed material is produced and where it is utilized by the
animal. For these animals the ration compositions are based
on country national inventory reports, and the literature.
Gaps in the literature were filled through discussions with
experts and through primary data gathering (questionnaire
surveys were undertaken to augment the data on chicken
and dairy cattle rations).
In contrast, the bulk of the ration of ruminants and

backyard pigs and chickens is comprised of feed materials
sourced locally. Where data is lacking, the proportions

of these local feed materials are calculated based on
what is available where the animals are located. Figure 4
provides an explanation of how the rations are derived for
ruminants; in developing countries the quality of roughage
is adjusted depending on the balance of feed supply
and demand within a cell, and the types of roughage is
defined based on what is grown locally. This approach to
estimating the local feeds in the ration results in distinct
geographical differences in rations composition and nutri-
tional value.
Once the composition of the ration has been determined,

the nutritional values of each feed material are multiplied
by the percentage of each feed material in the ration, to
arrive at the average digestible energy and N content per kg
of DM for the ration as a whole (FAO, 2017, section 3.4).
A single set of nutritional values is used for swill, although it
is recognized that, in practice, the nutritional value of swill
could vary considerably, depending on factors such as the
human food diet from which the swill is derived.

Figure 4 Schematic representation of the way in which ruminant rations are determined in the Feed module.
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Determination of the emissions per kg of feed. The methods
used to quantify the emissions for each individual feed
material are summarized in Table 2. The Global Livestock
Environmental Assessment Model v1.0 quantifies the emis-
sions arising from land-use change (LUC)-induced changes in
three carbon pools: (a) biomass (above and below ground),
(b) dead organic matter and (c) soil organic carbon. It focuses
on the expansion of the areas of land used for soybean
cultivation and for grazing cattle in Latin America, which
have been two of the most import LUC processes since 1990.
The Global Livestock Environmental Assessment Model v2.0
extends the scope to include the expansion of palm oil
plantations in Southeast Asia. Emissions are generally
quantified according to IPCC Tier 1 guidelines (IPCC, 2006)
and PAS2050 tool (British Standards Institution, 2008),
combined with land use and trade data from FAOSTAT.
Details of the approach used are provided in FAO (2017,
sections 6.1.5 and 6.1.6).
In order to calculate the Ei of the feed materials, the

emissions need to be allocated between the grain and its

co-products, that is the crop residue or by-products of crop
processing. For example, once the total emissions arising
from the growing of 1 ha of wheat have been calculated, the
emissions have to be divided between the wheat grain and
straw, in order to calculate the emission per kg of grain and
of straw. An economic allocation approach is used, that is
one based on the financial value of the co-products (FAO,
2017, section 6.5).

System module
The Systems module was renamed the ‘Animal emissions
module’ in v2.0, in order to better reflect its functions, which
are:

1. calculation of the average energy requirement (MJ) and
feed intake (kg DM) of each animal cohort;

2. calculation of the total emissions and land use arising
from the production, processing and transport of the feed;

3. calculation of the CH4 and N2O emissions arising during
the management of manure;

4. calculation of enteric CH4 emissions.

Table 2 Summary of the methods used to quantify feed emissions

Source of emissions Approach to quantifying

Direct and indirect N2O from crop cultivation Synthetic N application rates were defined for each crop at a national level, based on
existing data sets (primarily FAO’s fertilizer use statistics) and adjusted down where
yields were below certain thresholds.

Manure N application rates were calculated in the Manure module (FAO, 2017, section 5).
Crop residue N was calculated using the crop yields and the IPCC (2006, p. 11.17) crop
residue formulae.

N2O emissions calculated using IPCC (2006) Tier 1 methodology
CH4 arising from rice cultivation The average CH4 flux per hectare of rice was calculated for each country using the IPCC

Tier 1 methodology (IPCC, 2006, ch 5.5)
CO2 arising from land use change (LUC) for pasture and
soybean expansion

Rates of LUC are based on FAOSTAT average LUC rates 1990 to 2006.
Emissions arising from LUC calculated using IPCC (2006) Tier 1 (FAO, 2017, section 6.1.5)

CO2 from the on-farm energy use associated with field
operations and on-farm crop processing

The type and amount of energy required per hectare, or kg of each feed material parent
crop was based on values in the literature, then multiplied by the emissions factor for
that energy source. The energy consumption rates were adjusted to consider the
proportion of the field operations undertaken using non-mechanized power sources
(FAO, 2017, section 6.1.2)

CO2 arising from the manufacture of fertilizer The average European fertilizer EF of 6.8 kg CO2-eq per kg of ammonium nitrate N was
used (based on Jenssen & Kongshaug, 2003). In GLEAM v2.0 the scope is expanded to
include emissions from the manufacture of a range of synthetic N, P and K fertilizers,
and pesticides (FAO, 2017, 6.1.1)

CO2 arising from crop transport and processing Swill and local feeds, by definition, are transported minimal distances and are allocated
zero emissions for transport. Non-local feeds are assumed to be transported between
100 and 700 km by road. In countries where more of the feed is consumed than is
produced (i.e. net importers), feeds that are known to be transported globally
(e.g. soymeal) also receive emissions that reflect typical sea transport distances.

Emissions from processing (e.g. milling, crushing and heating) were calculated for by-
product feeds based on default rates of energy consumption (FAO, 2017, section 6.1.3).

The energy used in feed mills for blending non-local feed materials to produce compound
feed and to transport it to its point of sale, were calculated based on the assumptions
that 186MJ of electricity and 188MJ of gas were required to blend 1000 kg of DM, and
that the average transport distance was 200 km (FAO, 2017, section 6.1.4).

Production of non-crop feed materials Default values were used for fishmeal and synthetic amino acids (from Berglund et al.,
2009) and for lime (from Kool et al., 2012)

EF = emission factors; GLEAM = Global Livestock Environmental Assessment Model; LUC = land-use change.
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Calculation of animal energy requirement. The System module
calculates the energy requirement of each animal cohort, which
is then used to determine the feed intake (kg of DM). The energy
requirement and feed intake are calculated using an IPCC (2006)
Tier-2-type approach, that is the energy required for each of the
relevant metabolic functions is calculated separately then sum-
med. The System module includes equations for the following
metabolic functions: maintenance, growth, lactation, egg pro-
duction, pregnancy, work and fibre production.
As the IPCC (2006) does not include equations for calculating

the energy requirement of pigs or poultry, equations were
derived from NRC (1998) for pigs and Sakomura (2004) for
chickens (the formulae used to calculate energy requirements
are given in FAO (2017, section 3.5)). Energy requirement is
adjusted to reflect the animals’ level of activity, that is it is
increased in situations where it is likely to be significantly higher,
such as where ruminants are ranging rather than grazing, or for
backyard pigs and poultry, which expend energy scavenging for
food. The energy requirement of cattle and buffalo is also
adjusted to reflect the amount of energy expended in field
operations by animals that are used for draft.

Calculating feed intake, total feed emissions and land
use. The feed intake of each animal cohort (kg DM/day) is
calculated by dividing the animal’s energy requirement
(MJ) by the ration energy density (i.e. MJ/kg DM). The feed
intake per animal in each cohort is multiplied by the number
of animals in each cohort to get the total daily feed intake
for the flock/herd. The feed emissions and land use asso-
ciated with the feed production are then calculated by
multiplying the total feed intake for the flock/herd by the
emissions or land use per kg of DM taken from the Feed
module. Feed wastage (via spillage, losses in storage etc.) is
not calculated, due to the lack of any comprehensive data set
on this.

Calculation of CH4 emissions arising from enteric fermenta-
tion. The enteric emissions are calculated using the IPCC
(2006) Tier 2 approach. To better reflect the wide-ranging
diet quality and feeding characteristics globally, GLEAM
calculates specific values of Ym (the per cent of gross energy
intake converted to methane) for ruminants based on the
following formulae:

Ym Cattle = 9:75�0:05 � DE
Ymmature sheep = 9:75�0:05 � DE
Ym lamb< 1 year = 7:75�0:05 � DE

Where DE is the average digestibility of feed, calculated in
the Feed module. These formulae are based on the
assumption that Ym varies linearly with DE within the ranges
defined in IPCC (2006, Table 10.12).
Two values of Ym were used for pigs: 1% for adult pigs and

0.39% for growing pigs, based on Jørgensen et al. (2011, p. 617).

Calculation of CH4 emissions arising during manure
management. The CH4 per head from manure is calculated

using an IPCC (2006) Tier 2 approach, which entails
(a) estimation of the volatile solids (VS) excretion rate per
animal and (b) estimation of the proportion of the VS that are
converted to CH4 (FAO, 2017, section 4.3). Once the VS
excretion rate is known, the proportion of the VS converted
to CH4 during manure management per animal per year can
be calculated using equation 10.23 from IPCC (2006).
The CH4 conversion factor (MCF) depends on how the man-
ure is managed. The manure management categories and
emission factors (EFs) in IPCC (2006, Table A7), see FAO
(2017, section 4.1), are used in GLEAM. The proportion of
manure in each animal waste management system is based
on official statistics (such as the Annex 1 countries’ National
Inventory Reports to the UNFCCC), other literature sources
and expert judgement.

Calculation of N2O emissions arising during manure man-
agement. The N2O per head from manure is calculated using
an IPCC (2006) Tier 2 approach, which requires (a) estima-
tion of the rate of N excretion per animal and (b) estimation of
the proportion of the excreted N that is converted to N2O. The
N excretion rates are calculated using the formulae set out in
FAO (2017, section 4.4). Nitrogen intake depends on the feed
DM intake and the feed N content, which are calculated in the
System module and Feed module, respectively. Nitrogen
retention is the amount of N retained in tissue (either as
growth, pregnancy live weight gain), milk or eggs. The rate of
conversion of excreted N to N2O depends on the extent to
which the conditions required for nitrification, denitrification,
leaching and volatilization are present during manure man-
agement. The IPCC (2006) default EFs for direct N2O (IPCC,
2006, Table 10.21) and indirect N2O via NH3/NOx volatilization
(IPCC, 2006, Table 10.22) are used in this study, along with
variable N leaching rates. The N leaching rates were based on
Velthof et al. (2009), adjusted for agro-ecological zone (lower
leaching rates were assumed in arid areas) and regional trends
in manure management (regional variation in the presence of
floors and roofs were defined based on expert opinion). The
resulting regional average leaching rates are given in FAO
(2017, section 4.4.4).

Computation of other emissions along the supply chain

Emissions from direct (i.e. on-farm) energy use and indirect
(embedded) energy. Indirect emissions arise in the extraction
and processing of the materials (such as steel, concrete or
wood) used to manufacture capital goods. The Global Live-
stock Environmental Assessment Model includes the emis-
sions embedded in farm buildings, specifically animal
housing and feed and manure storage facilities (FAO, 2017,
section 7.1). Direct on-farm energy includes the emissions
arising from energy use on-farm in livestock production, such
as ventilation, lighting and heating. Emissions from the
energy used in feed production and transport are already
included in the feed CO2 category. The average rates of
consumption of different energy sources per kg of commodity
were estimated based on a review of published values.
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The average electricity consumption was then multiplied by
the EF for electricity in each country, to calculate that coun-
ty’s emissions (FAO, 2017, section 7.2).

Calculation of post-farm emissions. Emissions accounted for
in the post-farm part of the supply chain include those arising
from: (a) the transport and distribution of live animals and
commodities (domestic and international), (b) processing
and refrigeration, and (c) the production of packaging
material. Excluded from the analysis were estimates of GHG
emissions from on-site waste water treatment facilities,
emissions from animal waste at the slaughter site and the
consumption part of the food chain (household transport and
preparation) and disposal of packaging and waste. Further
details of the method used to quantify post-farm emissions
are given in FAO (2017, section 8).

Allocation module
The functions of the Allocation module are (1) summation of
the total emissions for each animal cohort; (2) calculation of
the amount of each commodity (meat, milk, eggs and fibre)
produced; (3) allocation of the emissions to each edible
output (meat, milk, eggs), non-edible output (fibre and
manure) and services (draft power); and (4) calculation of the
total emissions and Ei of each commodity. Emissions are
allocated based on the methods outlined in Table 3. Live
weight is converted to carcass weight and to bone-free meat
by multiplying by species and system-specific (and in
some cases, country specific) conversion factors (FAO, 2017,
section 9.1).

Allocation to co-products and calculation of emissions
intensities. Within a herd or flock, some animals only pro-
duce meat, while others such as dairy cows or laying hens
produce more than one edible output. The emissions are
allocated to these edible co-products on a protein basis,
which is illustrated in Table 4. Emissions related to non-
edible outputs (e.g. fibre, manure used for fuel, draft power)
are first calculated separately then deducted from the overall
system emissions, before emissions are attributed to the
edible outputs. The emissions are allocated to non-edible

products on the basis of their economic value or, in the case
of draft power, on the basis of the extra energy and feed
intake required for working animals. Economic and physical
approaches to allocation have different strengths and
weaknesses, depending on the specific situation, see Ardente
and Cellura (2012) for a review.
Emissions are allocated to the main commodities

produced, that is meat, milk, eggs and fibre. In reality, there
are usually significant amounts of other materials produced
during processing, such as feathers and offal. However, the
values of these can vary markedly between countries, and, in
the absence of global data sets on the value of slaughter
by-products, it was decided to allocate all the emissions to
the main commodities. It is recognized that allocating no
emissions to these can lead to an over allocation to the main
commodities, and that the results should be interpreted
accordingly.

Comparison with other studies

The Ei of livestock commodities can vary a great deal
depending on the commodity in question and how it is pro-
duced (see Table 5). The factors driving variation in Ei are
explored in detail in MacLeod et al. (2013) (pigs and chick-
ens) and Opio et al. (2013) (cattle, buffalo, sheep and goats).
The total emissions arising from livestock production, and
potential ways of reducing them, are summarized in Gerber
et al. (2013). Note that the emissions in Table 5 sum to 0.6 Gt
less than the 7.1 Gt reported in Gerber et al. (2013, p. 15),
the difference being that Table 5 does not include emissions
allocated to non-food goods and services, such as draught
power performed by oxen.
Validation of GLEAM results is complicated by the absence

of similar global livestock LCA studies with which to
compare it. However, numerous national and regional level
LCA studies exist, and the GLEAM results are compared with
these in MacLeod et al. (2013) and Opio et al. (2013). In
order to summarize these comparisons, the results for
GLEAM were matched with other studies of the same loca-
tion and system. The GLEAM results were adjusted (as far as
possible) to have the same scope (i.e. the same system
boundary and emissions categories) as the comparator study,

Table 3 Summary of the approaches used to allocate emissions to livestock outputs

Output Method of allocation

Meat Allocated between edible co-products on the basis of their protein content (FAO, 2017, section 9)
Milk As for meat
Eggs As for meat
Manure Emissions related to manure storage were fully allocated to the livestock system.

Emissions from manure applied to crops were allocated to livestock in situations where the crop was used for feed.
Emissions from manure discharged into the environment were solely attributed to the livestock system

Fibre Emissions allocated based on the economic value of all system outputs – meat, milk, and fibre products
Draft power Additional emissions required for performing draft functions calculated (by subtracting the emissions of a non-draft

animal from the emissions of an equivalent draft animal) and allocated to draft power services
Slaughter by-products No emissions allocated due to the lack of reliable global data on the value of these outputs
Capital functions of livestock No emissions allocated due to the lack of reliable global data on the value of these outputs
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and then plotted on scattergrams. The results of these com-
parisons are summarized in Table 6. The comparisons indi-
cated that, while GLEAM produces quite different results
from some individual studies, its overall results are broadly
consistent with many other studies, and discrepancies can be
explained with reference to the different methodologies and
assumptions employed.
Different studies often adopt different system boundaries,

and include different emissions categories within their sys-
tem boundary. An exact match between the study scope and
GLEAM scope was not always possible, particularly where
the fully disaggregated emissions were not reported.
Differences in ration compositions (i.e. the % of each feed

material in the ration) can lead to significant differences in
the feed and (to a lesser extent) the manure emissions.
Assumptions made about some feed materials, such as soy,
are particularly important. The expansion of soy production
is argued to be one of the main drivers of LUC, and soy
associated with LUC will have a much higher Ei than soy not
associated with LUC. Therefore for livestock fed significant
amounts of soy products, the total Ei is particularly sensitive
to the assumptions made regarding: (a) the amount of soy
in the ration, (b) where it is sourced from and (c) how
the emissions per hectare of soy are determined. Feed
emissions are also sensitive to the way in which soil N2O is

calculated, as the assumptions made about nutrient appli-
cation rates, crop yields and rates of transformation of N
inputs to N2O.
Results for some species/systems can be sensitive to the

assumptions made about how the manure is managed. For
example, Figure 5 shows how the methane conversion factor
for industrial pigs in East Asia varies between cells, in
response to changing temperature, and between countries as
the assumptions made about howmanure is managed change.
Finally, the allocation required at different stages of analysis

can produce significantly divergent results. For example,

Table 4 Formulae used to allocate emissions to meat and eggs on a protein basis (e.g. calculations, see FAO (2017, section 9.3))

Part of flock producing eggs and meat (1) Part of flock producing meat only (2)

Total emissions per annum (kg CO2-eq) Total emissions produced = E1 Total emissions produced = E2
Total protein produced per annum (kg) Egg protein produced = P1e

Meat protein produced = P1m
Meat protein produced = P2m

Ei of eggs = E1/(P1e+ P1m)
Ei of meat = (E1× P1m/(P1e+ P1m)+ E2)/(P1m+ P2m)

Ei = emissions intensities.

Table 5 Total global production, emissions and emissions intensities (Ei) (from cradle to retail point)

Product
Production

(Mt)
Emissions
(Mt CO2-eq)

Ei (kg CO2-eq/kg
product) Source

Dairy cattle: milk FPCM 508.6 1419.1 2.8 Opio et al. (2013, p. 21)
Dairy cattle: meat CW 26.8 490.9 18.4 Opio et al. (2013, p. 21)
Specialized beef cattle: meat CW 34.6 2345.9 67.8 Opio et al. (2013, p. 21)
Buffalo: milk FPCM 115.2 389.9 3.4 Opio et al. (2013, p. 32)
Buffalo: meat CW 3.4 180.2 53.4 Opio et al. (2013, p. 32)
Small ruminants: milk FPCM 20.0 129.8 6.5 Opio et al. (2013, p. 37)
Small ruminants: meat CW 12.6 299.2 23.8 Opio et al. (2013, p. 37)
Backyard pigs: meat CW 22.9 127.5 5.6 MacLeod et al. (2013, p. 18)
Intermediate pigs: meat CW 20.5 133.9 6.5 MacLeod et al. (2013, p. 18)
Industrial pigs: meat CW 66.8 406.6 6.1 MacLeod et al. (2013, p. 18)
Backyard chickens: eggs EGGS 8.3 35.0 4.2 MacLeod et al. (2013, p. 46), Gerber et al. (2013, p. 38)
Backyard chickens: meat CW 2.7 17.5 6.6 MacLeod et al. (2013, p. 46), Gerber et al. (2013, p. 38)
Layers: eggs EGGS 49.7 182.1 3.7 MacLeod et al. (2013, p. 46), Gerber et al. (2013, p. 38)
Layers: meat CW 4.1 28.2 6.9 MacLeod et al. (2013, p. 46), Gerber et al. (2013, p. 38)
Broilers: meat CW 64.8 343.3 5.3 MacLeod et al. (2013, p. 46), Gerber et al. (2013, p. 38)

FPCM = fat and protein corrected milk; CW = carcass weight.

Table 6 Comparison of the Global Livestock Environmental Assess-
ment Model (GLEAM) results with other studies

GLEAM compared
to other studies

Number of studies
in comparison

Industrial pigs ~13% higher 14
Layers and broilers 20% (9%)a higher 14
Dairy cattle 30% higher 15
Beef cattle ~15% higher 6
Small ruminants ~10% lower 4
Buffalo Not known No comparable studies

a9% higher when Prudêncio da Silva et al. (2010) is omitted.
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Nielsen et al. (2011) used systems expansion to credit broilers
with avoided emissions from reduced fertilizer manufacture
(manure) and mink feed (slaughter by-products).

Discussion

Advantages and added-value of the Global Livestock
Environmental Assessment Model
The Global Livestock Environmental Assessment Model is
comprehensive in scope and uses geo-referenced informa-
tion for computation. Geography is highly important to the
assessment of agro-ecological processes, which depend on
factors such as soil quality, climate and land use that have
contrasting spatial patterns. This is an improvement on
global assessments that rely on national averages, and the

GIS platform provides flexibility in combining data sets and
aggregating results. The Global Livestock Environmental
Assessment Model can also compensate for the shortage of
global data sets on animal production and related resource
use by enabling livestock statistics to be disaggregated into
different systems and animal cohorts, and enabling the
determination of feed rations where no data sets are
available. Furthermore, GLEAM allows a wide range of
parameters to be varied, thus enabling predictive modelling
and design of mitigation interventions. Below we provide
three examples of the advantages of GLEAM.

Disaggregating livestock statistics and determining herd structures
Livestock statistics are not always sufficiently disaggregated
to perform emissions calculations. For example FAOSTAT

Figure 5 Manure methane conversion factor for industrial pigs in South Asia, East Asia and Southeast Asia. Methane conversion factor is the percentage
of Bo, the maximum methane producing capacity, that is achieved (see IPCC, 2006, p. 10.41).
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provides total numbers of cattle and total numbers of milked
cows, but not the total size of the dairy herd or beef herd, or
their age structures. The Global Livestock Environmental
Assessment Model can overcome this problem by using the
Herd module to calculate the size of the dairy herd from the
number of milked cows. This then enables the size of the beef
herd to be calculated by subtracting the dairy herd from the
total head of cattle. Furthermore, for the Tier 2 approach,
IPCC (2006, p. 10.10) recommend that it is ‘good practice to
classify livestock populations into subcategories for each
species according to age, type of production and sex’, so that
the emissions calculations take into account differences in
animal productivity and diet quality. The Global Livestock
Environmental Assessment Model addresses the lack of
data on livestock subcategory populations by using the Herd
module to determine the number of animals in each
subcategory. This allows the emissions for each subcategory
(or cohort) to be calculated separately, ensuring that breed-
ing animals (and their replacements) are included in the
calculations.

Investigating the effect of variation in key parameters
The inclusion of a wide range of parameters in the Herd
module (FAO, 2017, section 2.1 to 2.4) provides significant
scope for understanding how the physical performance
and management of livestock influence Ei. For example, it
enables us to compare the performance of two (or more)
different systems or to undertake predictive modelling, that
is, to compare the performance of a system before and after a
change.
Figure 6 illustrates how herd dynamics combine with other

factors to determine Ei for two cattle systems in East Africa.
The lines in the bottom half of each Sankey diagram
represent movements of cattle between cohorts (including
calves entering the herd). The number of cattle in each cohort
is given in brackets, and is determined by the rates at which
animals enter and exit the cohort, and their residence time in
the cohort. For example, in the mixed system there are more
cattle entering the ‘meat males’ cohort than the ‘draft males’
cohort each year, but the latter has a greater population due
to the longer residence time in this cohort.
The number of cattle in each cohort is important as each

produces protein and emissions at a different rate, depend-
ing on factors such as milk yield, growth rates and feed
digestibility. For example, adult females emit less GHG per kg
of protein produced than the draft males, and consequently
have lower Ei. The greater number of draft males in the
mixed system is one of the reasons for this system’s higher
overall Ei.
The capacity of GLEAM to capture the effects of herd

structure makes it a useful tool for evaluating mitigation
measures. These evaluations can be achieved through either
the direct inclusion of economic data and parameters in the
GLEAM framework (e.g. Mottet et al., 2016), or by coupling
GLEAMwith existing economic models (such as GTAP (Hertel
et al., 1999); CAPRI (Britz & Witzke, 2008); GLOBIOM (Havlík
et al., 2014), IMPACT (Rosegrant et al., 2008) or IMAGE

(Stehfest et al., 2014)) in a fashion similar to the way
MITERRA links CAPRI and GAINS (Lesschen et al., 2011).

Determination of local feed rations
An understanding of ration composition is essential as it
influences the emissions arising from feed production,
enteric fermentation and manure management. For some
systems, particularly in developing countries, a significant
proportion of the ration consists of locally produced feed
materials; however there is a lack of data on the composition
of these rations. The Global Livestock Environmental
Assessment Model addresses this problem by determining
the local rations based on the spatial distributions of live-
stock and crops. This approach (summarized in Figure 4)
enables rations to be derived which, at least partially, reflect
what is grown locally and the overall balance of roughage
supply and demand.

Challenges and priorities for the improvement of the Global
Livestock Environmental Assessment Model
Livestock supply chains involve numerous and inter-
dependent activities that are carried out with a variety of
technology and resource implications across the globe.
Developing GLEAM and its related database is an effort that
will require commitment over time. While the model is
operational for GHG emission and mitigation analysis, a
number of priorities for improvement have already been
identified: (a) continuously improving GHG calculations,
(b) improving the utility of GLEAM output, (c) extending the
scope to non-GHG flows and impacts and (d) improving the
capacity to undertake predictive modelling.

Continuously improving greenhouse gases calculations
Performing global analyses of livestock is a data-intensive
task, and the development of GLEAM necessitated the use of
numerous generalizations and projections. One of the prio-
rities is therefore to improve the data quality and availability
for key parameters in order to perform existing calculations
with more valid input data and enable development of cal-
culation methods. For example, priority areas include
improving information on feed ration composition (particu-
larly the amounts of feed materials associated with LUC and
the seasonality in ration composition and availability),
manure management (for key species/systems/locations such
as pigs in East Asia) and on rates of energy use in crop
production. The use of GLEAM to support country-level
assessments is an effective way to progressively improve the
model’s database.
Improving data is particularly important when GLEAM is

used to inform policy decisions in developing countries,
where data quality can be poor and agriculture central to
much of the population’s livelihoods. Various projects have
been carried out with GLEAM in developing countries, using
the same approach and formulations, but adjusting it to the
specific local requirements (see http://www.fao.org/gleam/
in-practice/en/). In each project, the input data were revised
and verified.
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Improved data could enable better determination of feed
rations and potentially the introduction of formulae that
better reflected the relationships between feed quality and
animal productivity. Given the importance of soil N2O,
improving the EFs used to calculate soil N2O emissions
should also be a priority. The use of default Tier 1 EFs
obscures actual patterns of GHG emissions and may intro-
duce bias against certain farm systems, locations etc. Recent

studies have determined Tier 2 EFs for the UK and China
based on experimentation (Bell et al., 2015) and analysis of
existing data (Shepherd et al., 2015). However lack of
empirical evidence is a problem, particularly in sub-Saharan
Africa where ‘fewer than 15 studies of nitrous oxide emis-
sions from soils have taken place’ (Rosenstock et al., 2013),
although Kim et al. (2016) have recently updated the
research on N2O in Sub-Saharan Africa.

Figure 6 The herd dynamics, protein production and greenhouse gases (GHG) emissions and emissions intensity (EI) for two East African cattle systems:
mixed (crop/livestock) and pastoral. The number of animals in each cohort is given in brackets, and the width of the arrows are proportional to the
number of animals or the mass or protein/GHG emissions.
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Improving the utility of the Global Livestock Environmental
Assessment Model output
In order to make the results more comprehensible, and of
greater utility in decision-making, methods of characterizing
and communicating the uncertainty in the results need to be
developed. The calculations in GLEAM involve hundreds of
parameters, the values of which are subject to some degree
of uncertainty and can have a significant impact on the
results. Quantifying the uncertainty for the global results
would require uncertainty ranges for many parameters, and
is beyond the scope of the model at present. Instead, partial
uncertainty analyses, for selected countries and systems,
have been undertaken to illustrate the likely uncertainty
ranges in the results and to highlight the parameters that
make the greatest contribution to uncertainty (see MacLeod
et al., 2013, p. 36, p. 60 and Opio et al., 2013, p. 74). Such
approaches will be part of the ongoing development
of GLEAM.

Extending the scope to non-greenhouse gases flows
and impacts, and improving the capacity to undertake
predictive modelling
While estimating GHG emissions from the livestock sector is
important, focusing on one dimension of environmental
performance could lead to undesired policy outcomes. In
order to avoid this, GLEAM is progressively being developed
to measure non-GHG physical flows and impacts in terms of,
for example, nutrient management, water consumption,
water quality and biodiversity. Work to develop methods
for quantifying nutrient use efficiency is underway (see
Powell et al., 2013). The Global Livestock Environmental
Assessment Model is a potentially powerful tool for pre-
dictive modelling, for example, for quantifying the impact of
GHG mitigation measures (Henderson et al., 2017), but fully
realizing this potential will require development of some of
the formulae and improved data quality.
The Global Livestock Environmental Assessment Model is

being developed at FAO, with support from partner organiza-
tions and related initiatives, such as the Livestock Environment
Assessment and Performance partnership. In order to facilitate
the development process, an interactive, user-friendly version
of the model (‘GLEAM-i’) has recently been made publically
available. GLEAM-i brings the core functionalities of GLEAM
together in a single Excel file (available at: http://www.fao.org/
gleam/resources/en/) enabling users to calculate the Ei for a
specified region (i.e. a single cell). It is hoped that GLEAM-i will
raise awareness of the role that agri-environmental modelling
can play in policy formulation.

Conclusions

Improvements in our understanding of the ways in which
GHG emissions arise in livestock supply chains are required in
order to help the sector contribute to the overall climate
change mitigation effort. To date, most studies have either
focused on global emissions arising on-farm, or on the

life-cycle emissions of specific commodities, locations and
production systems. Although such studies provide many
valuable insights, they provide a limited basis for quantifying
global emissions and judging the potential scale of mitiga-
tion. Furthermore, differences in methods can make inter-
study comparison difficult, as different approaches, input
data and assumptions can produce quite different results.
The Global Livestock Environmental Assessment Model is
therefore designed to complement existing studies by
providing a spatially and temporally consistent and com-
prehensive way of quantifying the GHG emissions arising
from global livestock production. Improving data quality for
non-OECD countries and validating the results, will be a
priority for GLEAM. This is important given that much of the
agriculture mitigation potential lies in non-OECD regions
(Smith et al., 2007, p. 499). The Global Livestock Environ-
mental Assessment Model is both a comprehensive and
spatially explicit database on the livestock sector and a tool
to perform detailed biophysical analysis along the supply
chains. It is hoped that its features, such as the ability to
derive rations for livestock in developing countries, and to
capture variation in livestock performance and management
will support progress towards the improvement of the
environmental performance of livestock production.
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