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Abstract. We present results from the FAOSTAT agri-foed-systems—Eemissions shares database,

emissions from agri-food systems and their shares to total anthropogenic emissions for 196 236
countries and 40 territories, for ever-the period 1990-2019. We find that in 2019, food
systems emissions were 16.56:5 (95% CI range: 11-22) -billion metric tonnes (Gt COzyq yr), corresponding to
31% (range: 19-43%) of total anthropogenic emissions. Of the agri-food systems total, global emissions within the

farm gate from crop and livestock production processes including on-farm energy use— were 7.2 Gt COzeq Y1
1; emissions from land use change, due to deforestation and peatland degradation, were 3.5 Gt CO2q yrt; and
emissions from pre- and post-production processes manufacturing of fertilizers, food processing, packaging,
transport, retail, household consumption and food waste disposal— were 5.8 Gt COz¢q yr-t. Over the study period
1990-2019, agri-food systems emissions increased in total by 17%, largely driven by a doubling of emissions from
pre- and post-production processes. Conversely, the FAOSTAT data show that since 1990 land use emissions
decreased by 25%, while emissions within the farm gate increased—enly 9%. In 2019, in terms of

, pre- and post- production processes emitted the most CO; (3.9 Gt CO,
yr1), preceding land use change (3.3 Gt CO; yr!) and farm-gate (1.2 Gt CO; yr') emissions. Conversely, farm-
gate activities were by far the major emitter of methane (140 Mt CH4 yr*) and of nitrous oxide (7.8 Mt N2O yrt).
Pre-and post- processes were also significant emitters of methane (49 Mt CH4 yr), mostly generated
from the decay of solid food waste in landfills and open-dumps. trend over the 30-
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year period since 1990 highlighted by our analysis is the increasingly important role of food-related emissions
generated outside of agricultural land, in pre- and post-production processes along

, global, regional and national . In fact, our data show that by
2019, had overtaken farm-gate processes to become the
largest GHG component of agri-food systems emissions in Annex | parties (2.2 Gt COgzq yr-t). They also more
than doubled in non-Annex | parties (to 3.5 Gt COzq Yr-t), becoming larger than emissions from land-use change.
By 2019 food supply chains had become the largest agri-food system component in China (1100 Mt COgeq yr);
USA (700 Mt COzq yr't) and EU-27 (600 Mt COgq yrt). This has important repercussions for food-relevant
national mitigation strategies, considering that until recently these have focused mainly on reductions of non-CO,

gases within the farm gate and on CO, mitigation from land use change- - The information used

in this work is available as open data with DOl 10.5281/zenod0.5615082 at:-https://zenede-orgirecord/5615082

(Tubiello et al., 2021d). It is also available to users via the FAOSTAT database (FAO, 2021a), with annual updates.

Keywords: Agri-food systems, GHG emissions, farm gate, land use change, supply chains
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1. Introduction

Agriculture is a significant contributor to climate change as well as economic sectors most at risk
from it. Greenhouse gas (GHG) emissions generated within the farm gate by crop and livestock production and
related land use change contribute about one-fifth to one-quarter of total emissions from all human activities, when
measured in CO; equivalents (Mbow et al., 2019; Smith et al., 2014; Vermeulen et al., 2012).

. Agriculture
contribute nearly 50% of anthropogenic methane (CH4) and 75% of the total nitrous oxide (N20)
emissions (FAO, 2021b; Gutschow et al., 2021; Saunois, et al., 2020). Once pre- and post-production activities
along agri-food systems supply chains are included, food and agriculture activities generate up to one-third of all
anthropogenic emissions globally ( Rosenzweig et al., 2020; Tubiello et al., 2021a). This
larger food systems perspective expands the potential for designing GHG mitigation strategies that-can-address
optiens-in-food-and-agriculture-across the entire food system, i.e., over and above the more traditional focus on
agricultural production and land use management that is currently found within countries’ Nationally Determined
Contributions (FAO, 2019).

Significant progress has recently resulted in the development of novel databases with global coverage of country-
level data on agri-food systems emissions (Crippa et al., 2021a,b; Tubiello et al., 2021a). Tubiello et al. (2021a),
in particular, provided a mapping of emission categories of the Intergovernmental Panel on Climate Change
(IPCC)—-used by countries for-climate reporting by-countries-eftheir national GHG inventories (NGHGI) to the
United Nations Framework Convention on Climate Change (UNFCCC)— to-moere-relevantunto internationally

accepted food and agriculture concepts that,-developed-byFAO-and-used-to-disseminate-food-and-agriculture
statisties-FAOSTAT- are more easily understood by farmers and planners_in countries, including in Ministries

of Agriculture. Sueh-mapping—aHews—to—merecouldBy providing a correspondence between IPCC and FAO
terminology, we seek to helpenable countries to more adequately capture important aspects of food and agriculture

a}, so that they can better

activities within existing climate reporting

identify effective climate actions across their agri-food systems (Fig. 1, adapted from Tubiello et al., 2021a).
Firstly, #the correspondence mapping expands the IPCC “agriculture” definition to include, in addition to non-
CO; emissions from the farm, also the CO generated in drained peatlands on agricultural land (Conchedda and
Tubiello, 2020; Drosler et al., 2014) and bythreugh energy use in farm operations (FAO, 2020b; Flammini et al.,
2021; Sims and Flammini, 2014). Secondly, it usefully disaggregates the ‘Land Use, land use change and forestry’
(LULUCEF) of IPCC (2003) used-in-NGHGI-by separating out earben-sinks-from-land-basedthe emissions seurees
thatare-mere-directly linked to food and agriculture_activities, such as those generated by deforestation (Curtis et

al., 2020; Tubiello et al., 2021c) and peat fires (Prosperi et al., 2020), from carbon removals, which are largely

associated to processes in managed forests rather than on agricultural land (Grassi et al., 2021).

We present herein and discuss results from the first agri-food systems emissions database in FAOSTAT-of foed
and-agriculture-emissions. The new database covers, as in previous versions (Tubiello et al., 2013) agriculture

production activities within the farm gate and associated land use and land use change emissions on agricultural

land. Importantly, it also includes estimates of emissions from pre- and post-production processes along food
supply chains, including: energy use within the farm gate, food processing, domestic and

international food transport, retail, packaging, household consumption and food waste disposal. The rew
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FAOSTAT-database provides infermation-ef-emissions data of thefor four main GHG gases/categorieses (COg,
CHs, N2O and F-gasefluorinated gases)s; as-wel-asand their combined CO.eq levels-. Data are available by
country, over the period 1990-2019, as well as by regional and other relevant aggregations. Importantly, data are
provided in both IPCC and FAOQ classifications, facilitating the identification of\We-examine-rewresults—and
discuss-how-they-can-inform national mitigation strategies across agri-food systems that-are-relevantto-food-and
agriediture-in-in countries, regionally and globally.
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2. Materials and methods

Recent work (Rosenzweig et al., 2021; Tubiello et al., 2021a) helped to characterize agri-food systems emissions
into three components: 1) Farm Gate; 2) Land Use Change; and 3) Pre- and Post-Production. Emissions estimates
from the first two—generated by crop and livestock production activities within the farm gate and by the
conversion of natural ecosystems to agriculture, such as deforestation and peatland degradation—have-been
lengare well established_(IPCC, 2019). In particular, FAO- and-data-are-regutarly disseminates annual updatesd in
FAOSTAT (FAO, 2021; Tubiello, 2019). This paper expands the available FAOSTAT data to include estimates
of emissions fromadds- pre- and post-production processes, emissions,-along-food-supphy-and-waste-chains-outside
of-agricultural-and, including these-generated—from-—energy use in fertilizer manufacturing; food processing;

packaging; transport; retail; household consumption; and waste disposal.

2.1 Mapping Agri-food Systems Components,

The new FAOSTAT Emissions—data are provided, for each country, in both IPCC and FAO classifications.

Specifically, erganized-inon the one hand, data can be downloaded using IPCC emissions categories: Energy;

Industrial Processes and Product Use (IPPU, henceforth referred to as Industry); Waste; Agriculture; Land Use,
Land Use Change and Forestry (LULUCF); and Other. Both the total emissions from IPCC sectors are provided,

as well as the portion directly related to agri-food systems. HPCC-sectors-and-sub-sectors-are-mappedOn the other
hand, through the IPCC to FAO mapping discussed above and extending previous work (Tubiello, 2021a), data
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2.3 Data uncertainty and limitations

2.3.1 Boundaries

30—70% across many processes (Tubiello, 2019). The uncertainties in the estimates of pre- and post-production

activities described herein are less documented. On the one hand, uncertainties in underlying energy activity data

on literature results from a subset of countries or regions that are necessarily extended to the rest of the world (Karl

and-Tubiello 20215} In-addition it should be neted-that-Tthe processes covered herein do not span all processes
attributable to agri-food systems. In particular, the scope of this work does not include, by design, upstream GHG

emissions in the fuel chain, such as petroleum refining, as well as a-methane leaks during extraction processes and

piping. These are expected to be not negligible if considered. \\hile emissions from such sources can be estimated
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included in the scope of this work, and-likewisewhich titself excludes upstream GHG emissions in the fuel chain

used to generate electricity (Flammini et al., 2021; Tubiello et al., 2021b).|

Conversely, processes-such-as-F-gas-emissions of fluorinated gases (f-gases) from household refrigeration and

from climate-controlled transportation were not included for lack of available country-level data for disaggregated

cold chain elements. FurthermereHowever, one estimate suggests that the majority (over 60%) of global food-

related F-gas emissions occur in the retail stage, which is accounted for here in this work (International
Insitutelnstitute of Refrigeration, 2021). -and-estimation-methods. Emissions from pesticide manufacturing were

also not included due to the paucity of information and methodologies for their estimation at the-country level, in
contrast to advanced work in fertilizers manufacturing (Brentrup et al., 2016; Brentrup et al., 2018; IFS, 2019). Fo
put-the-magnitude—of pesticides-manufacturing—into—perspective—Bellardy et al. (2008) estimateds global that
emissions fromthe pesticides industry-accounts-for-approximatelymanufacturing to be roughly 72 (range: 3-140)
Mt CO2eq yr-t, roughly 1-2% of the pre- and post-production total estimated in this work.-ef-emissionspesticide;

ah-this-estimate-w nrasantad with ae amount o nee Nty 40-M -'e,

2.3.2 Uncertainty,

Uncertainties in FAOSTAT farm gate and land use change emissions estimates have been characterized elsewhere,

and computed in line with IPCC (2006) guidelines as ranging 30-70% across componentmany processes

{Fubiello;2019). In particular we assign uncertainties of 30% and 50% respectively to the farm gate and land use
change components of the FAOSTAT agri-food systems emissions, following previous work (i..e., Tubiello et al.,

2013; 2021b). The uncertainties in the estimates of pre- and post-production activities described herein are by

contrast less documented. On the one hand, uncertainties in underlying energy activity data and emissions factors

known to beare likely-lower than for the other two components, ranging 5-20% (Flammini et al., 2022). On the

make a clear distinction between emissions sources that are (a) not
included because they are indirect and out of scope (“upstream GHG
emissions, refining, etc.”) and (b) not included because data was not
available, even though they are direct and within scope?
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an uncertainty of 30% overall to the pre- and post-production component of agri-food systems, higher than the

uncertainty in the underlying energy processes, yet quite in line with values used in similar recent work (Crippa et

al., 2021a). As shown below, considering a roughly equal, one-third contribution of the three components and their

assigned uncertainties, an overall uncertainty of 40% was estimated for the agri-food systems emissions totals,

applicable to countries and regional aggregates.

The above uncertainties are meant only as first rough estimates, useful to determine tentative 95% confidence

intervals for the overall agri-food system component of FAOSTAT emissions. Significantly more research is
needed for further refinements in future studies, in particular on ta-particular-sSignificant-errors-may-be-introduced

by-the-use-ofbetter characterizing sub-regional and regional activity data and emissions coefficients, given the
diversity in agri-food system typology and their dependence on physical geography and national socio-economic

drivers. These limitations nonetheless reflect the paucity of activity data available to describe agri-food systems

components and their trends, globally and regionally. While knowledge and data exist for regions and countries

such as the EU, USA China, and India, much remains to be done in terms of regional and country specific coverage-

2.3.3 Areas for Advancement

Work towards estimating agri-food systems emissions at the country level can be advanced in several ways. The
present approach could be expanded on by including other country- and region-specific studies that estimate trends
in energy consumption across a range of similar activities as proxies— whether or not they are distinctly related
to food. Furthermore, other data sources could help explain and estimate variations in agri-food systems between
countries, such as: GDP per capita, urbanization levels, proxies for infrastructure and industrial development, and
geographic and climate considerations. The development of a methodology to estimate emissions from pesticides
could be explored, as it would help complement the understanding of emissions associated with chemical use in
agriculture, in addition to fertilizers. Emissions from machinery manufacturing and from upstream GHG emissions
in the fuel chain could also be added to further refine the analysis. This work could be further expanded by focusing
on specific food commodities— requiring an additional focus on international trade and on supply and demand
patterns (Dalin and Rodriguez-Iturbe, 2016). Such analysis would ultimately enable consumers to understand the
full carbon footprint of particular commodities across global supply chains, which can facilitate GHG mitigation
actions taken at the consumer level (Poore and Nemecek, 2018). Furthermore, it would be also useful to further
investigate the increasing role of bioenergy and renewables as important mitigation opportunities in the food sector
(Clark et al., 2020, JRC, 2015; Pablo-Romero et al., 2017; Wang, 2014).
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The GHG emission data presented herein cover the period 1990-2019, at the country level, with regional and global

aggregates. They are available as open data—at:—hitps://zenodo-orgirecord/5615082data, with DOI

[ Formatted: Default Paragraph Font, Font: 12 pt

10.5281/zenodo0.5615082 (Tubiello et al., 2021d) and via the FAOSTAT emissions shares database (FAO, 2021a)
database.

3 Results
3.1 Global trends

The FAOSTATF-PRHMAR dataset which-underhiesconsidered in this study estimates in 2019 total anthropogenic
emissions at abeut-52 Gt CO,eq yr* without land use, land use change and forestry emissions (LULCUF), and
abeut 54 Gt CO,eq yr! with LULUCF—consistently with recent estimates (IPCC, 2019). We use the latter figure

to_compute emissions shares. In 2019 world-total agri-food systems emissions, expressed in terms of 95%

confidence intervals (ClI) determined using an overall uncertainty of 40%, were 16.5 (Cl range: 10-23)6-5 -billion

metric tonnes (Gt COzeq Y1), corresponding to 31% (range: 19%-42%) of total anthropogenic emissions (Tab. 1).
Of the food systems total, global emissions within the farm gate —from crop and livestock production processes
including on-farm energy use—were 7.2 (range: 5-9) Gt COgq Yr; emissions from land use change, due to
deforestation and peatland degradation, were 3.5 (range: 2-5) Gt COgq Yyr*; and emissions from pre- and post-
production processes —manufacturing of fertilizers, food processing, packaging, transport, retail, household
consumption and food waste disposal—were 5.8 (range: 4-8) Gt COz¢q yrt. Over the study period 1990-2019, agri-
food systems emissions increased in total by 17%, though they have remained rather constant since about 2006
(Fig. 2). These trends were largely driven by a doubling of emissions from pre- and post-production processes,
while land use emissions decreased by 25% and farm gate increased only 9%. In terms of single GHG, pre- and
post- production processes emitted the most CO» (3.9 Gt CO> yr-t) in 2019, preceding land use change (3.3 Gt CO,
yr1) and farm-gate (1.2 Gt CO; yr) emissions. Conversely, farm-gate activities were by far the major emitter of
methane (140 Mt CH4 yrt) and of nitrous oxide (7.8 Mt N2O yr-t). Pre-and post- processes were also significant
emitters of methane (49 Mt CH4 yrt), mostly generated from the decay of solid food waste in landfills and open-

dumps.

Emissions from within the farm gate and those due to related land use processes, including details of their sub-

components, have been discussed in Tubiello et al. (2021a) and are regularly presented within FAOSTAT statistical

briefs (e.g., FAO, 20200a; 2021b). Here we provide a detailed discussion of the components of agri-food systems
emissions from pre- and post-production activities along supply chains and their relative contribution to the food

system totals (Fig. 3). Considering that the uncertainties used above are rough estimates, we will not report

uncertainties in the following analysis. Our data show that in 2019 emissions from deforestation were the single
largest emission component of agri-food systems, at 3.1,658 GMt CO- yr-1, having decreased 30% since 1990. The
second most important component were non-CO, emissions from enteric fermentation (2.;823 GMt COzeq yr?),
with increases of 13%. These were followed by emissions from livestock manure (1.3;315 GMt CO-eq yr') and
several pre- and post-production emissions, including CO2 from household consumption (1.3;:369 GMt COzeq yr-
1), CH,4 from food waste disposal (1.3;278 GMt CO,eq yrt), mostly CO, from fossil-fuel combustion for on-farm
energy use (1.0,021 GMt COeq yr-t), and COzand F-gases emissions from food retail (0.9932 GMt CO.eq yrt).

Importantly, our data show that growth in pre- and post-production components was particularly strong, with
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emissions from retail increasing from 1990 to 2019 by more than seven-fold, while emissions from household

consumption more than doubled over the same period.

3.2 Regional Trends

Our results indicate significant regional variation in terms of the composition of agri-food systems emissions by
component (Fig. 4). Specifically, in terms of total agri-food systems emissions in 2019, Asia had the largest
contribution, at 7 Gt CO.eq yr, followed by Africa (2.7 Gt CO2eq yr*), South America (2.4 Gt CO2eq yr) and
Europe (2.1 Gt CO2eq yr-t). North America (1.5 Gt CO2eq yr*) and Oceania (0.3 Gt CO-eq yr-*) were the smallest
emitters among regions (Fig. 4). Focusing on GHG emissions beyond agricultural land, pre- and post-production
emissions in 2019 were largest in Asia (2.9 Gt CO2eq yr), followed by Europe and North America (0.8-1.1 Gt
COzeq yrt). Regions also varied in terms of how agri-food systems components contributed to the total (Tab. 2).
In 2019, pre- and post- production emissions were the largest food systems contributor in Europe (55%), North
America (52%) and Asia (42%). Conversely, they were smallest in Oceania (23%), Africa (14%) and South
America (12%). Additionally, the contribution of pre- and post-production processes along food supply chains
significantly increased since 1990, when in no region they were the dominant emissions component. Since then,
they doubled in all regions except in Africa—where it remained below 15%.

he data show which pre- and post-production process was most important by region (Tab. 2). In 2019,
food household consumption was the dominant process outside of agricultural land emissions in Asia (0.9 Gt
CO2eq yrt) and Africa (0.2 Gt COzeq yr?). Conversely, Europe, Oceania and North America pre- and post-
production processes were led by emissions from food retail (0.3-0.4 Gt CO2eq yrt), while South America was

dominated by emissions from food -waste disposal (0.2 Gt COzeq yr).
3.3 Country Trends

Our estimates show a marked variation among countries in terms of total emissions as well as the composition of
contributions across farm gate, land use change and pre- and post-processing components (Fig. 5). China had the
most emissions (1.9 Gt COzeq yr?), followed by India, Brazil, Indonesia and the USA (1.2-1.3 Gt COzeq yr?).
Democratic Republic of Congo (DRC) and Russian Federation followed with 0.5-0.6 Gt COzeq yr?, followed by
Pakistan, Canada and Mexico with 0.2-0.3 Gt CO.eq yr-*. The contribution of the three main agri-food systems
components to the national total differed among countries significantly (Fig. 5). For instance, China and India had
virtually no contribution from land use change to agri-food systems emissions. The land use contribution was also
minor in the USA, Russian Federation and Pakistan. Conversely, the latter was the dominant emissions component
in Brazil, Indonesia and the DRC. Additionally, the new database allowed for an in-depth analysis by country of
pre- and post-production emissions along the agri-food chain, highlighting a significant variety in most relevant
sub-process contribution (Tab. 3). For the year 2019, pre- and post-production emissions were dominated in China
by food household consumption processes (463 Mt COeq yrt), whereas food waste disposal was the dominant
pathway in Brazil, Indonesia (77 Mt CO.eq yrt), DRC (8 Mt CO,eq yr!), Pakistan (33 Mt CO.eq yr-*) and Mexico,

(56 Mt CO-eq yrt). Emissions from food retail dominated the pre- and post-production component in the USA
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(292 Mt COzeq yrt), Russian Federation (177 Mt COeq yr-t) and Canada (20 Mt CO,eq yrt). Finally, on-farm

energy use was the largest pre- and post-production component in India (205 Mt COzeq yr1).

4 Discussion

4.1 Comparisons with previous work [Formatted: Font: Bold

The overall assessment of total agri-food systems emissions found in this work confirms recent previous
findings by the IPCC (2019) and Crippa et al. (2021). As-displayed-in-TFab-—4-theWith regards to pre- and
post-production, the FAOSTAT agri-food-systems-emissions-estimates were consistent (Tab. 4) with previous
findings werk-performed-by(i.e., -Crippa et al., €2021a, b; Vermuelen et al., 2012; Poore and Nemecek,
2018). In particular, -fer-emissions estimates for the-activities-of-food transport, processing, waste and retail
were consistent with EDGAR-FOOD-compeonents—considering-uncertainties-of-about-30 (Karl and Tubiello,

2021b) and estimates for fertilizers manufacturing were in line with previous work by Vermeulen

(2012) percentin EDGAR-FOOD estimations{Crippa gt-al; 2021a.b) ConverselyConversely our-methods led [Formatted: Font: Not Italic

toFAOSTAT estimates were significanthy-higher than EDGAR-FOOD forestimates-of- household
consumption-emissiens; and significanthy-lower for fer-food packaging, the latter possibly linked to- Ferfood

[Formatted: Font: Not Bold

‘"4[ Formatted: Space After: 10 pt

[ Formatted: Font: Not Italic

[Formatted: Font: 10 pt

with those published in EDGAR-FOOD. [Formatted: Heading 1

The most important disagreement with previous work was observed -was-ltargely-related-to-F-gas-emissions;
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consumption emlsmons—a&eu%mexheds%ad-teesmmed-ewssm&m—z%eﬂmughly FAOSTAT estimates in
this work, -1.2 Gt CO.eq, were oF nearly three times those ofe EDGAR-FOOD (with reference to 2015, the last

year for which EDGAR data was available)-valses. While much more research is needed to refine estimates in

this important agri-food systems component, our estimates were in fact well aligned with earlier FAO (2011)¥et;

ameunt-(Figure 4)—TFhe-trend-in-our-estimates-may-be-morerealisticas-itproperly-), as well as more consistent
with observed reflects-concomitantinereases-in-world-population growth-during-the-study-period, an important
determinant of w i

4.2 Trends

Fhe-mestimpertantOne notable trend over the 30-year period since 1990 te-presentthat-emerges-from-our-analysis
is the increasingly important role of food-related emissions generated outside of agricultural land, in pre- and post-

production processes along food supply chains, at all- global, regional and national scalessealesfrom-glebal,
regional-and-national-from-1990-t0-2019. Our data show that by 2019, feed-supphy-chainspre- and post-production

processes had overtaken farm-gate processes to become the largest GHG component of agri-food systems

emissions in Annex | parties (2.2 Gt CO2¢q yr-t). While farm gate emissions still dominated food-systems processes
in non-Annex | parties, emissions from pre- and post-production were closing the gap in 2019, surpassing land use
change, and —having doubled since 1990 to 3.5 Gt COq¢q Yrt. By 2019, food supphychainspre- and post-production
processes had become the largest agri-food system component in China (1.1;200 GMt COgq yrt); USA (0.700
GMt CO2q yrt) and EU-27 (0.6600 GMt COzeq yrt). This has important repercussions for food-relevant national
mitigation strategies, such as those included in countries” NDCs, considering that until recently these have focused

etal., 2019).]

Importantly, the FAOSTAT database presented here allows for an estimation of the percentage share contribution
of food systems emissions in total anthropogenic emissions, by country as well as at regional and global levels,
over the period 1990-2019.
estimates-total-anthropogenic-emissions-at-about- 52-GHCOeq-y ! -without-land-usetand-use-change-and-forestry
emissions (LULCUF), and about 54 Gt COeq yr= with LULUCF—consistently with recent estimates (IPCC,
2019} We-use-the latter figure-to-compute-emissions-shares- A number of important issues can be highlighted to
this end (Tab. 54 and Fig. 6). First, in terms of CO2eq, the share of world total agri-food systems emissions
decreased from 40% in 1990 to 31% in 2019. Thus while it is important to note that one-third of all GHG emissions
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today are generated by agri-food systems, their shares in total emissions may continue to decreaseing in the near
future. This decreasing trend was driven by trends in large regions, with-epgeingconsistently with transformations
in their agri-food systems and land use change patterns. For instance, in South America, the region with the highest
food systems share over the entire study period (Fig. 6), food shares decreasedwent from 96%_in 1990 to 72% in
2019. In Africa, from 67% to 57%, in Asia from 49% to 24% and in Oceania from 57% to 39%. In contrast to
these trends-hewever, our data suggested that in regions dominated by modern agri-food systems, such as Europe
and North America, eur-data-suggest-that-the overall share of agri-food systems emissions in fact increased from
1990 to 2019, specifically from 24% to 31% in Europe and from 17% to 21% in North America. Such increases in
these-two-regions-were-due-to-a-dispropertionate-inereasecould be explained by increases in absolute emissions
from pre- and post-production activities;as-noted-earhier—resulting-in-addition-to-doubling- abselute-emission-alse
doubled-their-underhying-shares-(Tab. 5-4), re-enforced by concomltant#h&phenemenen@#mereasmgshare&e#
agri-food-systems-emissions-in-Europe-and-North-America-_may-also-be-attributable-to-sustained-declines-in
emissions decreases from-other-sectorsin non-food sector, sueh-asespecially -frem-energy systems (Lamb et al.,

2022). i i The noted increase in in-al-regions-absolute emissions froerm pre- and post-
production activities inereased-from-1990-te-2019was in fact present in all regions, leading to increases in the

relative contributions to agri-food systems of this component, except for Africa;—and-that-such-inereased-inal

An-final analysis on agri-food systems impacts on total GHG emissions would not be complete without a focus on
component gases in addition to quantities expressed in COeq. The FAOSTAT data confirm the trends form 1990
to 2019 seen for total CO2eq emissions, with important features (Tab. 65). First, the impact of agri-food systems
on world total CO, emissions was 21% in 2019 (down from 31% in 1990), a respectable share considering the
importance of carbon dioxide in any effective long-term mitigation strategy. While most regions had contributions
around this value, ranging 13%-23% for North America, Oceania, Europe and Asia, the CO- contribution of agri-
food systems was highestr in Africa (52%) and South America (70%), largely in relation to-the land use change
emissions, -that-are-still significant therein. Additionathy-Europe and North America were the only regions where
the CO share of agri-food systems s-actually increased from 1990 to 2019, confirming the growing weight of pre-
and post-production processes, which typically involve fossil-fuel energy use_and thus emissions of CO, gas

through combustion. Second, the data highlight the significant contribution of agri-food systems to 2019 world
total emissions of CH4 (53%) and N2O (78%), also confirmed at regional levels (Tab. 65), linked to farm gate

production processes (Tubiello, 2019).

Finally, the data highlight a very large increase in agri-food systems contributions of F-gas emissions, which went
from near zero in 1990 to more than one-quarter of the world total in 2019 —with larger contributions in many

Such a marked increase was

regions. A
entirelymainty-due-to-theis consistent with the growth in use of hydrofluorocarbons (HFCs) as refrigerants in the
food retail and other sectors, following the banning of CFCs in 1990 sector-which-increased-significanthy-afterthe

Montreal-Protocol—strong-growth-of refrigeration-in-the food-retail-sector-(Hart et al., 2020; International Institute

of Refrigeration, 2021; Tubiello et al., 2021b). Fhis-sharp-increase-reflects-marked-jumps-in-glebalOur findings
are furthermore consistent with the strong growth in -F-gas emissions reported in recent studies everal-which-are
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one-of the fastest-growing-classes ofF GHG-emissions-(Minx et al., 2021; Park et al., 2021). See-Crippa-et-al—202%a)

An_importantether aspect of the dataset underhying-presented in this study is that-tits provision ofdes foed-and
agriculturerelevant-information mapped across IPCC and FAO definitions-and-classificationscategories alike.

U )

terms-ofnational GHGH-RventoriesSpecific IPCC sectors include Agriculture and Land use, land use change and [Formatted: Font: Italic
forestry (LULUCF). The IPCC further considers the Agriculture, Forestry and Other Land Use (AFOLU). While ; [Formatted: Font: Italic
countries report their agriculture and food emissions to the UNFCCC within National GHG Inventories, our-itis ( Formatted: Font: Italic
worth-peinting-out-that-while findings highlight the importance to expand that reporting to a fuller -agri-food [ Formatted: Font: Italic
systems view, one that properly weights the contribution of food to the global economy. were—found-to-be {Forma“ed: Font: Italic
abeutIndeed, our results show that agri-food systems emissions in 2019 were one-third of total anthropogenic

emissions, This important picture does not emerge from NGHGI reporting aligned to IPCC categories, according

to which for instance, [ Formatted: Font: Italic
#2019-LULUCF and AFOLU emissions enty-representedcontributed 3 respectively -4%; and while-emissions [Formatted: Font: Italic
Frepemenlies foresesopndbaqe s lend e cn O L e 150 of the total < wtbrepeniaiecios o, [ Formatted: Font: Italic

5 Conclusions

This paper provided details of a new FAOSTAT demain-database eharacterizing-on GHG emissions along the
entire agri-food systems chain, including crop and livestock production processes on the farm, land use change
activities from the conversion of natural ecosystems to agricultural land, and processes along food supply chains,
from input manufacturing to food processing, transport and retail, including household consumption and waste
disposal.

The data are provided in open access mode to users worldwide and are available by country over the time period
1990-2019, with plans for annual updates. The major trends identified in this work help identify-locate GHG
emissions hotspots acressin agri-food systems and-byat the country, regional and global level. country-helping

This can te-identifyinform the process of desigining areas-for-effective mitigation actions in food and agriculture.

This work adds to knowledge on GHG emissions from agriculture and land use— generally well established in
thethe literature— imited-i by adding a-wide

range-of-additional-detailscritical information on emissions from a range of pre- and post-production processes.
The new data highlight the increasingly important role that thesepre- and post-production processes play in the

overall emissions-GHG footprint of agri-food systems, which may provide insight into reflectsing a-pattern-of

development-from the relationship between tagri-food system development trends and GHG-emissionsfuture
mitigation options.

wih-The granularity of the dataset allows, for the

first time, to highlight specific processes of importance in specific countries or group of countries with similar
characteristics. The relevance of the information being provided cuts across several national and international
priorities, specifically those aiming at achieving more productive and sustainable food systems, including in
relation to climate change. To this end, the work presented herein completes a mapping of IPCC categories, used
by countries for reporting to the climate convention, to food and agriculture categories that are more readily

understandable by farmers and ministries of agriculture in countries. This helps better identify agri-food systems
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entry points within existing and future national determined contributions. Finally, the methodological work
underlying these efforts complements and extends recent pioneering efforts by FAO and other groups in
characterizing technical coefficients to enable quantifying the weight of agri-food systems within countries’
emissions profiles. The next steps in such efforts would need the involvement of interested national and
international experts in compiling a first set of coefficients for agri-food systems as a pratical ‘agri-food systems
annex’ to the existing guidelines of the Intergovernmental Panel on Climate Change, providing guidance to

countries on how to better characterize food and agriculture emissions within their national GHG inventories.
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Table 1. GHG emissions (Mt COzeq) by agri-food systems component for all processes considered in this work.

Data on forestland removals are provided for completeness of land-based emissions available in FAOSTAT.

Uncertainties (not shown) are estimated at 30% for farm gate and pre- and post-production components and at 50%
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Table 2. Regional GHG emissions (Gt CO.eq) by agri-food systems component, showing farm gate, land use

change (LUC), pre- and post-production processes (PPP) and total emissions Ptetal-foed-systems-emissions-and
percentage contribution of emissions-fermPPP shown pre--and-pest-production-processesfor the year —1990 and 1
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land use change.
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FIGURE LEGENDS

Figure 1. Mapping of emissions across agri-food systems. Left-hand panel: IPCC sectors and processes used in
national GHG emissions inventories. Right-hand panel: food and agriculture sectors and categories aligned to
FAQ’s definitions.

Figure 2. World-total GHG emissions from agri-food systems, 1990-2019. Color bars show contributions by
emissions within the farm gate (yellow); land use change (green) and pre- and post- production along food supply

chains (blue). Source: FAOSTAT (FAO, 2021). Also shown are emissions per capita (authors” own calculations).

Figure 3. World total 2019 GHG emission from agri-food systems, showing contributions on agricultural land
(left panel) and from pre- and post- production along food supply chains (right panel). Net removals on forest land
are also shown, for completeness. The sum of emissions from agricultural land and forest land correspond to the
IPCC AFOLU category. Source: FAOSTAT (FAO, 2021).

Figure 4. Total GHG emission from agri-food systems by FAO regions, 2019. Color bars show contributions by
emissions within the farm gate (yellow); land use change (green) and pre- and post- production along food supply
chains (blue). Source: FAOSTAT (FAO, 2021).

A

Figure 5. Total GHG emission from agri-food systems by country, top ten emitters, 2019. Color bars show
contributions by emissions within the farm gate (yellow); land use change (green) and pre- and post- production
along food supply chains (blue). Source: FAOSTAT (FAO, 2021).

Figure 6. Top panel: Agri-food sytems emissions (GtCO-eq yr'); Bottom panel: shares of agri-food systems in
total anthropogenic emissions (%). Data shown by region, 1990-2019. Color bars show contributions component:
farm gate (yellow); land use change (green) and pre- and post- production along food supply chains (blue). Source:
FAOSTAT (FAO, 2021).
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GHG emissions inventories. Right-hand panel: food and agriculture sectors and categories aligned to FAO’s definitions
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JFigure 2. World-total GHG emissions from agri-food systems, 1990-2019. Color bars show contributions by emissions

within the farm gate (yellow); land use change (green) and pre- and post- production along food supply chains (blue). Source:
FAOSTAT (FAO, 2021). Also shown are emissions per capita (authors” own calculations).
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