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Abstract. The Agriculture, Forestry and Other Land Use
(AFOLU) sector contributes with ca. 20-25% of global
anthropogenic emissions (2010), making it a key compo-
nent of any climate change mitigation strategy. AFOLU
estimates, however, remain highly uncertain, jeopardizing
the mitigation effectiveness of this sector. Comparisons of
global AFOLU emissions have shown divergences of up
to 25 %, urging for improved understanding of the rea-
sons behind these differences. Here we compare a vari-
ety of AFOLU emission datasets and estimates given in
the Fifth Assessment Report for the tropics (2000-2005)
to identify plausible explanations for the differences in
(i) aggregated gross AFOLU emissions, and (ii) disaggre-
gated emissions by sources and gases (CO,, CHs, N>O).

We also aim to (iii) identify countries with low agree-
ment among AFOLU datasets to navigate research efforts.
The datasets are FAOSTAT (Food and Agriculture Organi-
zation of the United Nations, Statistics Division), EDGAR
(Emissions Database for Global Atmospheric Research), the
newly developed AFOLU “Hotspots”, “Houghton”, “Bac-
cini”’, and EPA (US Environmental Protection Agency)
datasets. Aggregated gross emissions were similar for all
databases for the AFOLU sector: 8.2 (5.5-12.2), 8.4, and
8.0PgCO, eq.yr~! (for Hotspots, FAOSTAT, and EDGAR
respectively), forests reached 6.0 (3.8-10), 5.9, 5.9, and
5.4PgCO, eq.yr~! (Hotspots, FAOSTAT, EDGAR, and
Houghton), and agricultural sectors were with 1.9 (1.5-
2.5),2.5,2.1, and 2.0Pg CO; eq. yr~! (Hotspots, FAOSTAT,
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EDGAR, and EPA). However, this agreement was lost when
disaggregating the emissions by sources, continents, and
gases, particularly for the forest sector, with fire leading
the differences. Agricultural emissions were more homoge-
neous, especially from livestock, while those from croplands
were the most diverse. CO, showed the largest differences
among the datasets. Cropland soils and enteric fermenta-
tion led to the smaller N,O and CHg4 differences. Disagree-
ments are explained by differences in conceptual frameworks
(carbon-only vs. multi-gas assessments, definitions, land use
vs. land cover, etc.), in methods (tiers, scales, compliance
with Intergovernmental Panel on Climate Change (IPCC)
guidelines, legacies, etc.) and in assumptions (carbon neu-
trality of certain emissions, instantaneous emissions release,
etc.) which call for more complete and transparent documen-
tation for all the available datasets. An enhanced dialogue
between the carbon (CO,) and the AFOLU (multi-gas) com-
munities is needed to reduce discrepancies of land use esti-
mates.

1 Introduction

Modelling studies suggest that, to keep the global mean
temperature increase to less than 2°C and to remain under
450 ppm of CO; by 2100, CO, emissions must be cut 41—
72 % below 2010 levels by 2050 (IPCC, 2014), and global
emissions levels must be reduced to zero (a balance be-
tween sources and sinks) before 2070, then to below zero
through removal processes (Anderson, 2015; UNEP, 2015).
To reach these ambitious goals, tremendously rapid improve-
ments in energy efficiency and nearly a quadrupling of the
share of zero and low carbon energy supply, i.e. renew-
ables, nuclear energy, and carbon dioxide capture and stor-
age (CCS), including bioenergy (BECCS), would be needed
by 2050 (IPCC, 2014; Friedlingstein et al., 2014; UNEP,
2015). Since there is no scientific evidence on the feasibil-
ity of CCS technologies (Anderson, 2015), renewables and
the land use sector are among the most plausible options
(Canadell and Schulze, 2014). Optimistic estimates suggest
that the AFOLU sector (here indistinctively also called land
use sector) could contribute from 20 to 60 % of the total cu-
mulative abatement to 2030 including bioenergy (Smith et
al., 2014).

The Agriculture, Forestry, and other Land Use (AFOLU)
sector roughly contributes a quarter (10-12Pg CO, eq. yr~!)
of the total anthropogenic greenhouse gas (GHG) emissions
(50 PgCO; eq. yr—!; Smith et al., 2014) through a few human
activities: deforestation, forest degradation, and agriculture,
including cropland soils, paddy rice, and livestock (Smith et
al., 2014). Despite the acknowledged importance of the emis-
sions from the land use sector in global mitigation strate-
gies, assessing GHG emissions and removals from this sec-
tor remains technically and conceptually challenging (Abad-
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Viiias et al., 2015; Ciais et al., 2014). This challenge relates
to an incomplete understanding of the processes that con-
trol the emissions from the land use sector (Houghton, 2010;
Houghton et al., 2012), especially post-disturbance dynamics
(Frank et al., 2015; Poorter et al., 2016), to various sources of
error that range from inconsistent definitions, methods, and
technical capacities (Romijn et al., 2012, 2015; Abad-Vifias
etal., 2015), to special features of the land use sector such as
legacy and reversibility/non-permanence effects (Estrada et
al., 2014), or to the difficulty of separating anthropogenic and
natural emissions (Estrada et al., 2014; Smith et al., 2014).
As a result, the AFOLU emissions are the most uncertain of
the all the sectors in the global budget, reaching up to 50 %
of the emissions mean (Houghton et al., 2012; Smith et al.,
2014; Tubiello et al., 2015). This is important since uncer-
tainties jeopardize the effectiveness of the AFOLU sector to
contribute to climate change mitigation. Thus, making coun-
tries comply with their mitigation targets is likely to be con-
troversial when the uncertainty is equal to or greater than the
pledged emission reductions (Grassi et al., 2008; Pelletier et
al., 2015).

Currently, data on AFOLU emissions are available
through national greenhouse gas inventories, which are sub-
mitted to the United Nations Framework Convention on Cli-
mate Change (UNFCCC), but these national estimates can-
not be objectively compared due to differences in definitions,
methods, and data completeness (Houghton et al., 2012;
Abad-Viiias et al., 2015). More comparable AFOLU data are
offered in global emission databases such as EDGAR (Emis-
sions Database for Global Atmospheric Research) or FAO-
STAT (Food and Agriculture Organization Corporate Statis-
tical Database)(Smith et al., 2014; Tubiello et al., 2015), or
more sectorial datasets such as the Houghton Forestry and
other Land Use (FOLU) data (Houghton et al., 2012), and
the US Environmental Protection Agency non-CO> emis-
sions for agriculture, including livestock (USEPA, 2013).
While national inventories and global databases are currently
the best bottom-up emissions data we count on, their abil-
ity to inform us on what the atmosphere receives has been
contested. Recent research shows disagreements between
the trends of reported emissions and atmospheric growth
since 1990 for CO, (Francey et al., 2010, 2013a, b), for
CH4 (Montzka et al., 2011), and for N>O (Francey et al.,
2013b). In the case of CO,, Francey et al. conclude that
the differences between atmospheric and emission trends
for CO, might be more related to under-reported emissions
(~9PgC =33PgCO; for the period 1994-2005) than to ad-
justments in the terrestrial sinks (i.e. increased CO; removals
in oceans and forests). On the other hand, global AFOLU
databases suffer from inconsistencies that lead to global
CO» eq. emissions differences of up to 25 % (2000-2009;
Tubiello et al., 2015), which are 12.7 and 9.9 Pg CO, eq. yr~!
for EDGAR and FAOSTAT respectively. These datasets also
disagreed in the contribution of the AFOLU sector to the to-
tal anthropogenic budget in 2010 (i.e. 21 and 24 % for FAO-
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STAT vs. EDGAR; Tubiello et al., 2015) and on the relative
share of the emissions from agriculture compared to FOLU
since 2010 Tubiello et al., 2015). Thus, while EDGAR im-
plies a relatively equal contribution IPCC, 2014), FAOSTAT
reports agricultural emissions as being larger contributors to
the total anthropogenic budget (11.2 +0.4 %) than forestry
and other land uses (10 &= 1.2 %; Tubiello et al., 2015), with
a steady growth trend of 1 % since 2010.

Understanding the inconsistencies among AFOLU
datasets is an urgent task since they preclude our accurate
understanding of land—atmosphere interactions, GHG effects
on climate forcing and, consequently, the utility of modelling
exercises and policies to mitigate climate change (Houghton
et al., 2012; Grace et al., 2014; Smith et al., 2014; Sitch
et al., 2015; Tian et al., 2016). The land use sector plays
a prominent role in the Paris Agreement (Article 5), with
many countries including it in their mitigation targets for
their Nationally Determined Contributions (NDCs; Grassi
and Dentener, 2015; Richards et al., 2015; Streck, 2015). It
is then urgent to understand how much and why different
AFOLU datasets differ in their emission estimates, so that
we can better navigate countries’ land-based mitigation
efforts, and help to validate their proposed claims under the
UNFCCC.

Here we compare gross AFOLU emissions estimates for
the tropics, for 2000-2005, from six datasets: FAOSTAT,
EDGAR, Houghton, Baccini, the US Environmental Pro-
tection Agency data (EPA), and a recently produced, spa-
tially explicit AFOLU dataset, that we will hereafter call
Hotspots (Roman-Cuesta et al,. 2016). We aim to identify
differences and plausible explanations behind (i) aggregated
AFOLU, FOLU, and agricultural gross emissions, (ii) dis-
aggregated contributions of the emission sources for the dif-
ferent datasets, (iii) disaggregated contribution of the differ-
ent gases (CO,, CHy4, N70O), and (iv) national-scale disagree-
ments between datasets.

2 Methods
2.1 Study area

Our study area covers the tropics and the subtropics, includ-
ing the more temperate regions of South America (33° N to
54° S, 161°E to 117° W). Land use change occurs nowhere
more rapidly than in the tropics (Poorter et al., 2016) so
its study has global importance. Moreover, the tropics suf-
fer from the largest data and capacity gaps (Romijn et al.,
2012, 2015), and their need to access AFOLU data and un-
derstand their differences is more crucial. We selected the
period 2000-2005 for being the common temporal range for
all the datasets. This period is not for the recent past but that
does not affect the comparative nature of this research. Our
study area focuses at the country level and includes 80 coun-
tries, following Harris et al. (2012). We ran the compar-
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isons on gross emissions. While gross and net emissions are
equally important, they offer different information (Richter
and Houghton, 2011; Houghton et al., 2012). Net land use
emissions consider the emissions by the sources and the re-
movals by the sinks (i.e. forest growth, forest regrowth after
disturbances, organic matter stored in soils) in a final emis-
sion balance where the removals are discounted from the
emissions. Gross assessments can consider both the emis-
sions produced by the sources (gross emissions) and the re-
movals absorbed by the sinks (gross removals), but they are
not balanced out. Gross emissions are useful to navigate mit-
igation implementation since they offer direct information on
the sources and sinks that need to be acted upon through poli-
cies and measures to enhance and promote mitigation (see
further information on net and gross alternatives in Roman-
Cuesta et al., 2016).

2.2 AFOLU datasets
2.2.1 Hotspots

This is a multi-gas (CO,, CHy4, N7 O) spatially explicit (0.5°)
database on gross AFOLU emissions and associated uncer-
tainties for the tropics and subtropics for the period 2000-
2005, at Tier 2 and Tier 3 levels (see Supplement for the def-
inition of tiers). This database locates the hotspots of trop-
ical AFOLU emissions, which should help to estimate mit-
igation potentials, and prioritize the areas and the land ac-
tivities that require most urgent mitigation action. It com-
bines available published GHG datasets for the key sources
of emissions in the AFOLU sector as identified by the Fifth
Assessment Report of the Intergovernmental Panel on Cli-
mate Change (ARS, Smith et al., 2014): deforestation, for-
est degradation (fire, wood harvesting), crop soils, paddy
rice, and livestock (enteric fermentation and manure manage-
ment). It also includes agricultural peatland decomposition
using Tier 1 emission factors (see details in Roman-Cuesta et
al., 2016). Forest emissions focus on aboveground biomass,
with the exception of peat fires. More detailed methodologi-
cal information is available in Roman-Cuesta et al. (2016).

2.2.2 FAOSTAT

FAOSTAT covers agriculture, forestry, and other land uses
and their associated emissions of CO,, CH4 and N-»O, fol-
lowing IPCC, 2006 guidelines at Tier 1 (Tubiello et al., 2013,
2014). Emissions are estimated for nearly 200 countries an-
nually, for the reference period of 1961-2012 (agriculture)
and 1990-2012 (FOLU), based on national activity data sub-
mitted by countries and further collated by FAO (Food and
Agriculture Organization of the United Nations). Projected
emission data are available for 2030 and 2050. FAOSTAT in-
cludes estimates of emissions from biomass fires, peatland
drainage, and fires, based on geospatial information, as well
as on forest carbon stock changes (both emissions and re-
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movals) based on national-level FAO Forest Resources As-
sessment data (FRA, 2010).

2.2.3 EDGAR

The Emissions Database for Global Atmospheric Research
(EDGAR) provides global GHG emissions from multiple
gases (CO,, CHy4, N2O, HFCs, PFCs, and SF6) at 0.1° and
country levels. The EDGAR database covers all IPCC sec-
tors (energy, industry, waste management, and AFOLU),
mostly applying IPCC 2006 guidelines for emission estima-
tions (EDGAR, 2012). We downloaded the EDGAR 4.2 Fast
Track 2010 (FT 2010). FT 2010 emissions cover the period
2000-2010 on an annual basis, at the country level.

2.2.4 Houghton

Houghton’s bookkeeping model calculates the net and gross
fluxes of carbon (CO; only) between land and atmosphere
that result from land management (Houghton, 1999, 2012;
Houghton and Hackler, 2001; Houghton et al., 2012). The
net estimate includes emissions of CO, from deforestation,
shifting cultivation, wood harvesting, wood debris decay,
biomass burning (for deforestation fires only, peatland fires
were not included in our version of their data), and soil or-
ganic matter from cultivated soils. It also includes sinks of
carbon in forests recovering from harvest and agricultural
abandonment under shifting cultivation. The model, how-
ever, does not include forests that are not logged, cleared,
or cultivated. Rates of growth and decomposition are ecosys-
tem specific and do not vary in response to changes in cli-
mate, CO, concentrations, or other elements of environmen-
tal change. Therefore, forests grow (and wood decays) at the
same rates in 1850 and 2015. Unlike other databases, all car-
bon in a considered ecosystem is accounted for in live vegeta-
tion, soil, slash (woody debris produced during disturbance),
and wood products. We downloaded regional annual emis-
sions from the TRENDS (1850-2005) dataset for the trop-
ics: Central and South (CS) America, tropical Africa, and
South and South East Asia. Only net emissions were avail-
able. No spatially disaggregated data were offered (i.e. coun-
tries). Houghton data are, unlike all the other datasets, net
aggregated FOLU estimates for CO, only.

2.2.5 Baccini

These are gross FOLU tropical emissions published by
Baccini et al. (2012). Data are gross emissions for
the period 2000-2010 disaggregated into deforestation
(4.18 PgCO» yr’1 ), wood harvesting (1.69PgCO; yr’1 ),
biomass burning (2.86 PgCO, yr~!), and wood debris decay
(3.04PgCO, yr~!). We excluded this last variable to make
it more comparable to the other datasets, where CWD is fre-
quently excluded (Table 1). Baccini estimates refer to a tropi-
cal area slightly smaller than our study region and they are of-
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fered as an aggregated value (no continental or country data
are available).

2.2.6 The US Environmental Protection Agency (EPA)

The EPA dataset contains global non-CO; projected emis-
sions for the period 1990-2030 for the agriculture, energy,
industrial processes, and waste sectors, for more than twenty
gases. EPA uses future net emissions projections of non-
CO, GHGs as a basis for understanding how future pol-
icy and short-term, cost-effective mitigation options can af-
fect these emissions. EPA follows the Global Emissions Re-
port, which uses a combination of country-prepared, publicly
available reports consistent with IPCC guidelines and guid-
ance (USEPA, 2013). When national emissions estimates
were unavailable, EPA produced its own non-CO, emissions
using IPCC methodologies (i.e. international statistics for ac-
tivity data, and the default IPCC Tier 1 emission factors).
Deviations to this methodology are discussed in each of the
source-specific methodology sections of USEPA (2012). No
FOLU estimates are included in this dataset. We downloaded
agricultural emissions offered at 5-year intervals at country
level, disaggregated by gas (N2O and CHy) and by emission
sources.

2.2.7 TIPCC ARS

The ARS5 is a synthesis report, not a repository of global
data. However, new AFOLU data are produced by merging
peer-reviewed data such as Figs. 11.2, 11.4, 11.5, and 11.8 in
chapter 11 of the ARS (Smith et al., 2014). We will compare
our six datasets with the data from these newly produced fig-
ures.

Table 1 shows a summary of key similarities and differ-
ences of the assessed AFOLU datasets and the data from
the ARS. The exact variables used for each database are de-
scribed in Table S1 in the Supplement.

2.3 Estimating comparable gross AFOLU emissions for
all datasets

We focus on human-induced gross emissions only, excluding
fluxes from unmanaged land (i.e. natural wetlands). We focus
on direct emissions excluding indirect emissions whenever
possible (i.e. nitrate leaching and surface run-off from crop-
lands). Delayed fluxes (legacies) are important (i.e. underes-
timations of up to 62 % of the total emissions when recent
legacy fluxes are excluded; Houghton et al., 2012) but are
frequently omitted in GHG assessments that are derived from
remote sensing, such as the deforestation emissions used in
the Hotspots database, which relies on Harris et al., 2012).
Wood-harvesting emissions also excluded legacy fluxes. We
assumed instantaneous emissions of all carbon that is lost
from the land after human action (Tier 1, IPCC, 2006; i.e. de-
forested and harvested wood), with no transboundary consid-
erations (i.e. the emissions are assigned wherever the distur-
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Table 1. Differences and similarities of the assessed AFOLU datasets.

Hotspots FAOSTAT EDGAR Houghton Baccini EPA AR5
Gross/net emissions Gross Gross Gross Net Gross Gross Net
Uncertainty® J No No No No No J
Transparency High High LowP Low Low Intermediate Low
IPCC compliant J J Vv Not fully® Not fullyd Not fully®
Forest carbon pools AGB and BGB  AGB and BGB AGB  AGB and BGB and Soil AGB and BGB and Soil  AGB and BGB and Soil
+ CWD and Litter ~ Soil and CWDvLitter + CWD and Litter
Gases CO,,CHy, CO,,CHy, CO,,CHy, CO, CO, CO,,CHy, CO, for forests.
N,O N,0 N,0 N,0 CO,, CHy,
N, O for agriculture
and peatlands.
Tier 1 Vv Vv Vv Vv -
Tier 2, 3 J J Vv J -
Spatial disaggregationf Pixel (0.5°) Country Country® Region Region Country Region
Peatlands Vv Vv Vv No No No Vv

4 Uncertainty at the level of disaggregation at which data are available to download. b Low means there are no metadata available, or metadata do not properly document the processes followed to estimate the emissions.
© EDGAR data on deforestation emissions does not follow IPCC guidelines. d The bookkeeping approach does not follow the concept of managed land and does not include the sink of forests remaining forests in managed
land other than logged forests and those regrowing after shifting cultivation. ¢ Based on Houghton et al. (2012). f Available disaggregated data. 8 We selected data at the country scale to favour comparability with other

datasets (i.e. FAOSTAT) even though data are available at pixel level (0.1°).

bance takes place, particularly important for Harvested Wood
Products). Life cycle substitution effects were neither con-
sidered for harvested wood (Peters et al., 2012). Some ex-
ceptions were allowed when data were already aggregated
(i.e. for the Houghton and EPA datasets we could not ex-
clude indirect emissions linked to forest decay and agricul-
ture respectively), or because their legacy (past decay) es-
timates corresponded to an important source (i.e. EDGAR
post-burned decay and decomposition emissions represent
deforestation; Tubiello et al., 2015). Databases include a di-
versity of emission sources and gases under AFOLU, not
always following IPCC requirements (some exclude peat-
land emissions, some include energy into the AFOLU emis-
sions, some exclude non-CO2 emissions, etc.). However, to
compare the AFOLU emission estimates between databases,
we choose exactly the same sources: deforestation, wood
harvesting, fire, livestock (enteric fermentation and manure
management), cropland soil emissions, rice emissions, emis-
sions from drained histosols, and the same gases CO,, CHy,
and N»O, and documented what was included in each case
(See Table S1). For the case of fire, for all the databases,
we excluded CO;, emissions that came from biomass burn-
ing in non-woody vegetation such as savannas and agricul-
ture, since they are assumed to be in equilibrium with annual
regrowth processes (for CO; gases only; IPCC 2003, 2006).

2.4 Correcting known differences among dataset
estimates

Tubiello et al. (2015) identified four main differences that
resulted in larger estimates for the EDGAR data than for
FAOSTAT, under the AFOLU estimates of the AR5 (Smith
et al., 2014): (1) the inclusion of energy emissions under
the agriculture budget, (2) the inclusion of savanna burn-
ing, (3) higher rice emissions due to the use of the IPCC
1996 guidelines instead of the IPCC 2006 guidance, and
(4) FOLU’s unresolved differences due to unclear metadata
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on EDGAR’s proxy for deforestation (post-burned decay and
decomposition). We have corrected for the first two in our
data comparison. No energy or CO; for savanna burning have
been included in the AFOLU estimates in any of our analy-
ses.

2.5 Country emissions

To characterize the emission variability between countries
we estimated the standard deviations for the different emis-
sion sectors: (i) forest (deforestation, fire, and wood harvest-
ing), (ii) agriculture (cropland soils and paddy rice), (iii) live-
stock, and the aggregated AFOLU emissions, for the three
most complete datasets (Hotspots, FAOSTAT, EDGAR),
per country. We grouped the standard deviations into four
percentiles to aggregate countries into levels of emission
variability: high agreement (corresponds to low variability,
low standard deviations, < 25th percentile), moderate agree-
ment (25th—50th percentiles), low agreement (25th—50th per-
centiles), and very low agreement (equals very high vari-
ability, very high standard deviations, >75th percentile).
See Supplement for a further discussion on issues regarding
emission variability.

3 Results and discussion

3.1 Aggregated AFOLU, FOLU, and agricultural
emissions

We found good agreement among datasets for the aggre-
gated tropical scales with AFOLU values of 8.0 (5.5-12.2;
5th-95th percentiles), 8.4 and 8.0 PgCO, eq.yr~! (for the
Hotspots, FAOSTAT, and EDGAR respectively). FOLU (de-
forestation and forest degradation) contributed with 6.0 (3.8—
10), 5.9, 5.9, and 5.4PgCO, eq.yr~!' for the Hotspots,
FAOSTAT, EDGAR, and Houghton datasets respectively.
Agriculture (livestock, cropland soils, and rice emissions)

Biogeosciences, 13, 5799-5819, 2016
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Table 2. Summary of (a) tropical gross emissions estimates for agriculture, FOLU (Forestry and Other Land Use), and AFOLU (Agriculture,
Forestry, and Other Land Use) for all the datasets (Hotspots, FAOSTAT, EDGAR, EPA, Houghton; 2000-2005) and published data (Baccini
et al., 2012; ARS Smith et al., 2014; 2000-2007), and of (b) net global estimates as reported by Tubiello et al. (2015). Houghton and EPA
respectively offer FOLU and agricultural data only; therefore estimates for AFOLU are not complete.

Gross tropical (PgCO; eq. yr—1)

(a) 2000-2005 2000-2007
Hotspots FAOSTAT EDGAR-JRC  Houghton EPA Baccini ARS
Agriculture 1.9 (1.5-2.5) 2.5 2.1 - 2.0 -
FOLU 6 (3.8-10) 59 59 5.42 - 12.3° 8.2¢
AFOLU 8(5.5-12.2) 8.4 8 - - -
Net global PgCO; eq. yr™ 1
(b) 2000 2010 2000/09
FAOSTAT EDGAR-JRC Houghton FAOSTAT EDGAR-JRC Houghton ARS
Agriculture 5 5.5 - 52 5.8 - 5
FOLU 49 6.5 4.9 49 55 4.2 5
AFOLU 9.9 12 - 10.1 11.3 - 10

@ Data exposed in Figure 11.2 in chapter 11, Smith et al. (2014). They correspond to a net FOLU estimate without agriculture. b Baccini et al. (2012)
reported gross estimates for the FOLU components. © Baccini et al. (2012) estimates selected for the AR5 FOLU values in Figure 11.8, Chapter 11, WG-III.

_FAD

o EDGAR

m Hotspots HEPA  mBaccini #Houghton

101

PgCO.e.yr

Total FOLU Total agriculture Total AFOLU

Figure 1. AFOLU (Agriculture, Forestry, and Other Land Use)
emissions estimates (PgCO; eq. yr—l) for the period 2000-2005 for
the tropics, for six datasets (Hotspots, FAO (FAOSTAT), EDGAR,
EPA, Baccini and Houghton), disaggregated into FOLU (Forestry
and Other Land Use) and Agricultural emissions. Uncertainties are
only provided in the Hotspots dataset (1o from the mean). EPA
data do not include a FOLU sector. Houghton and Baccini are
FOLU, CO; only, datasets and do not include agricultural emis-
sions. Houghton offers net emissions while Baccini data are gross
emissions for deforestation, fire and wood harvesting (Baccini et al.,
2012).
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reached 1.9 (1.5-2.5), 2.5, 2.1, and 2.0Pg CO» eq. ylr_1 for
the Hotspots, FAOSTAT, EDGAR, and EPA datasets re-
spectively (Fig. 1, Table 2). Forest emissions represented
>70 % of the tropical AFOLU gross mean annual budget
for 2000-2005 (the Hotspots database and Houghton show-
ing the highest and lowest estimates), and agriculture rep-
resented the remaining 25-30 % AFOLU emissions (FAO-
STAT and Hotspots showing the highest and the lowest val-
ues). Houghton’s FOLU value (5.4 PgCO, yr~') is a net esti-
mate that includes carbon dynamics associated to forest land
use changes, and forest removals from areas under logging
and shifting cultivation and it is, as expected, lower than
the forest gross emissions. Its value for the tropics, how-
ever, was higher than the net FOLU value used in the [PCC
ARS5 (4.03PgCO; eq.yr~! for 2000-2009; Houghton et al.,
2012). Since boreal and temperate forest sinks are reported
to be quasi-neutral (Houghton et al., 2012), these differences
are unclear. There is a variety of Houghton net FOLU esti-
mates in the current bibliography, i.e. 4.03PgCO; eq.yr~!
for 2000-2009 in Smith et al. (2012), 4.9 for 2000, and 4.2
for 2010 (Tubiello et al., 2015), which likely correspond to
different updates of the same dataset, but create confusion
and would call for verified official values that could be con-
sistently used.

The IPCC ARS offers a FOLU gross value for the tropics
of ca. 8.4 PgC0O,.yr~! (2000-2007; Fig. 11.8 in ARS, Smith
etal., 2014; Fig. S1, Supplement) which corresponds to Bac-
cini estimates using Houghton’s bookkeeping model. This
value is in the upper range of the Hotspots gross FOLU emis-
sions: 6 (3.8-10) PgCO; eq.yr~! (2000-2005), and higher
than the mean gross FOLU emissions from all the other
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Figure 2. Tropical gross annual emissions (2000-2005) compar-
isons for the leading emission sources in the AFOLU sector, for
the Hotspots, FAOSTAT, EDGAR, Baccini, EPA, and Houghton
datasets. Bars indicate uncertainty estimates (1o from mean). No
uncertainty estimates are available for the other datasets. Houghton
data are net land use emissions (Forestry and Other Land Use) rather
than deforestation and are offered for visual comparisons with the
Baccini gross deforestation estimate which includes gross defor-
estation, fire and wood harvesting. No uncertainty estimates are
available for the other datasets. EPA data do not cover forest emis-
sions. Forest degradation is the sum of fire and wood-harvesting
emissions.

datasets (approx. 6 PgCO; eq.yr~!; Table 2). The time pe-
riods are not identical and we do not compare the same
gases (i.e. the bookkeeping model focuses on CO; only,
while we run a multi-gas assessment). However, the dif-
ferences mainly relate to unreported choices behind the in-
clusion/exclusion of emission sources and the description
of their methods in the ARS. Thus, the 8.4PgCO,yr~!
gross estimate does not include fire, and has larger contribu-
tions from shifting cultivation (2.35 PgCO, yr~!) and wood
harvesting (2.49PgCO, yr~!) than the deforestation and
wood-harvesting emissions in the Hotspots-selected datasets
(Fig. 2). Numbers used in Fig. 11.8 also exclude other gross
emissions offered in Baccini et al. (2012), which is the ci-
tation used in Fig. 11.8. Explicit, complete, and transparent
documentation is encouraged for the next AFOLU figures
in the [IPCC Assessment Reports. Another consideration of
AFOLU estimates in the Assessment Reports relates to the
use of the bookkeeping model to estimate land use, land use
change, and forest (LULUCF) emissions. As useful as this
model is, its framework does not follow the IPCC AFOLU
guidelines (IPCC, 2006), particularly regarding the concept
of managed land. Thus, forests that are on managed land
but are not suffering from direct human activities are con-
sidered carbon neutral (R. Houghton personal communica-
tion, 2016). Partly because of that, the net emission estimates
of LULUCF from Houghton et al. (2012) used in the AR5
(4.03 PgCO, yr~! 2000-2009) differ from LULUCF country
reports for the same period, which are close to zero (Grassi
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and Dentener, 2015; Federici et al., 2016). The use of IPCC
compliant models for the IPCC Assessment Reports, or/and
some documentation that warned about these inconsistencies
would be useful in future assessments.

Emissions in the agricultural sector are mostly net, since
sink effects in the soils are small and frequently temporal
(USEPA, 2013; Smith et al., 2014). Comparisons with global
agricultural emissions show that for the year 2000, global es-
timates more than doubled the Hotspots values (i.e. 5 and
5.5PgCO; eq.yr~! vs. ca. 2PgCO; eq. yr~! in all datasets;
Tubiello et al., 2015; Table 2), suggesting larger contribu-
tions of agricultural emissions from non-tropical countries.
Unexplained methodological differences, such as the inclu-
sion or not of indirect emissions and the lack of an exhaustive
list of the variables included in the agricultural emissions, re-
sult in difficult further comparisons.

3.2 Disaggregated gross emissions: contributions of the
emission sources

While the gross aggregated estimates suggested a good
level of agreement among datasets (Fig. 1), differences oc-
cur when comparing the emissions sources leading to the
AFOLU budgets (Fig. 2). The FOLU sector showed the
largest differences, mainly due to the estimates of forest
degradation, and particularly fire (FAOSTAT and EDGAR
showed the lowest and highest values). The forest sector
is the most uncertain term in the AFOLU emissions due
to both uncertainties in areas affected by land use changes
and other disturbances, and by uncertain forest carbon den-
sities (Houghton et al., 2012; Grace et al., 2014; Smith et
al., 2014). Agricultural sources were more homogeneous (ca.
2Pg CO, eq.yr~! for all datasets; Fig. 1), with livestock and
cropland soil emissions as the most and least similar (Fig. 2).
The homogeneity in livestock emissions was expected since
most datasets use common statistics (FAO) to derive herd
numbers per country.

3.2.1 Deforestation

Deforestation emissions were 2.9 (1.0-10.1), 3.7, 2.5, and
4.2 PgCO, yr~! (for Hotspots, FAOSTAT, EDGAR, and Bac-
cini respectively), with Baccini and EDGAR showing the
highest and the lowest values. However, their values rep-
resent very different scenarios: gross deforestation for the
Hotspots and Baccini datasets (forest losses only), net defor-
estation for FAOSTAT (forest losses minus forest gains), and
forest fire and post-burn decay for EDGAR (Table 3). The
Hotspots dataset (Harris et al., 2012 and Baccini et al., 2012)
offers gross deforestation estimates that rely on Hansen et
al. (2010)’s forest cover loss areas. However, they report dif-
ferent tropical emissions (0.81 and 1.14 PgC.yr~!) because
they use different carbon density maps: Harris et al. (2012)
rely on Saatchi et al. (2011) and Baccini rely on Baccini
et al. (2010). EDGAR does not provide a category for de-

Biogeosciences, 13, 5799-5819, 2016



5806

R. M. Roman-Cuesta et al.: AFOLU dataset comparisons

Table 3. Characteristics of the emission sources used in this comparative assessment disaggregated by greenhouse gases for the period 2000—
2005, for the Hotspots, FAOSTAT, EDGAR, EPA, Houghton, and Baccini datasets (based on gross emissions from Baccini et al., 2012).
Superindices specify differences between datasets and/or indicate the exact data included in our database comparisons. EPA offers only non-
CO; emissions for agriculture. Houghton offers only CO, FOLU emissions. Baccini gross emissions include deforestation, fire, and wood

harvesting only. dSOC refers to changes in soil organic carbon. Wood harvesting and fire are considered as forest degradation.

Deforestation Wood  har-  Fire Enteric Manure man-  Agricultural soils Cropland Rice Others
vesting fermentation ~ agement over histosols
CO, Hotspots 1 Hotspots4 Hotspots6 Hotspots 10 EDGAR!2
FAOSTAT? FAOSTAT> ~ FAOSTAT’ FAOSTAT!!
Houghton 3 Houghton4 EDGARS
Baccini! Baccini* Hou ghtonq
Baccini®
CHy Hotspots13 Hotspots Hotspots Hotspots
FAOSTAT!4 FAOSTAT FAOSTAT FAOSTAT
EDGAR" EDGAR EDGAR EDGAR
EPA EPA EPA
N,O Hotspots 13 Hotspots Hotspots 16,17 Hotspots Hotspots
FAOSTAT 4 FAOSTAT FAOSTAT!0:18 FAOSTAT
EDGAR" EDGAR EDGAR!617.19
EPA EPA!619
dSOC Hotspots Hotspots

! Gross deforestation. 2 Net deforestation. Forest fire emissions included in deforestation. 3 Houghton net CO;-only estimates are not deforestation emissions, but land use and land use change fluxes including deforestation,
forest degradation, and cropland, abandoned land, and agricultural soil organic carbon (SOC). 4 Nationally reported fuel wood and industrial roundwood. 5 Nationally reported fuel wood, charcoal, fuel residues, and industrial
roundwood. © Long-term CO, emissions only (i.e. savannas/agricultural fires excluded). Peat, forests, and woodland fires are included (as defined by Van der Werf et al., 2010). Deforestation fires excluded. 7 CO; from the
combustion of organic soils. Forest fire emissions excluded. 8 CO, Forest fires, wetland/peatland fires and decay (5A, and 5D classes). 9 Humid forest deforestation fires, and peatland fires and decay. 10 CO,emissions from
organic soils. Tier 1 approach. EF=20tCha~! yr=! (IPCC, 2006). Only for the six crop types reported by the agricultural soils (maize, soya, sorghum, wheat, barley, and millet). N2O emissions not included.

1 COsemissions from organic soils. Tier 1 approach. EF =20tC ha~! yr" (IPCC, 2006). N, O emissions not included. 12 CO; for fuelwood is part of the energy balance. 13 CHy and N, O emissions for peat, forests, and
woodland, savannas and agriculture fires. 14 CHy, N>O emissions from fire in humid tropical forests and other forests, as well as CH4, N, O from the combustion of organic soils. 15 CHy, N, O for forest fires and
wetland/peatland fires and decay (SA and 5D classes). 16 Direct agricultural emissions only. 17 Fertilizers, manure, crop residues. 18 Synthetic fertilizers and manure applied to soils and crop residues, manure applied to

pastures. 19 Indirect emissions.

forestation, and their Forest Fire and Decay category (5F;
Table 3 and Table S1) is used as a proxy for deforestation
(Tubiello et al., 2015). Such an approximation leads to un-
derestimations since not all carbon losses from deforestation
are necessarily associated with the use of fire (Tubiello et al.,
2015). In spite of being net emissions, the deforestation es-
timates for FAOSTAT were higher than the gross estimates
from Hotspots and Baccini. This is partly due to FAOSTAT’s
inclusion of fire emissions from humid tropical forests (see
Sect. 3.2.3), which the other datasets did not have. Baccini’s
larger estimates of gross deforestation included more car-
bon pools than the other datasets (i.e. soil, coarse woody de-
bris (CWD), litter). Baccini et al. (2012) reported that their
estimated gross and net emissions from tropical deforesta-
tion were the same value (4.2 PgCO, yr~!). The difference
with Houghton net emissions (5.4 PgCO, yr~!; Fig. 2) cor-
responds, then, to non-offset carbon emissions from other
land uses and activities included in the bookkeeping model:
degradation by logging and shifting cultivation, decompo-
sition and decay, and cultivated soils. Houghton tropical
net emissions for 2000-2005 are high, but are lower than
Houghton reported net estimates in the 1980s (7 PgCO, yr~!;
Houghton, 1999).
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3.2.2 Forest degradation: wood harvesting and fire
emissions

Forest degradation can be defined in many ways (Simula,
2009), but no single operational definition has been agreed
upon by the international community (Herold et al., 2011a).
It typically refers to a sustained human-induced loss of car-
bon stocks within forest that remains forest. In this study,
similarly to Federici et al. (2015), we consider degradation to
be any annual removal of carbon stocks that does not account
for deforestation, without temporal-scale considerations (i.e.
time needed for disturbance recovery or time to guarantee a
sustained reduction of the biomass). We assessed two major
degradation sources: wood harvesting and fire. Soil degrada-
tion is poorly captured in many datasets, and mainly focuses
on fire in equatorial Asian peatland forests and drained peat-
lands (Hooijer et al., 2010). A better understanding of the
processes and emissions behind forest degradation is key for
climate mitigation efforts, not only because forest degrada-
tion is a widespread phenomenon (i.e. affects much larger ar-
eas than deforestation; Herold et al., 2011b), but also because
the lack of knowledge of net carbon effects frequently results
in assumptions of carbon neutrality of the affected standing
forests, particularly for fire (Houghton et al., 2012; Le Quéré
et al., 2014), which likely leads to an underestimation of for-
est and AFOLU emissions (Brando et al., 2014; Turetsky et
al., 2015; Roman-Cuesta et al., 2016).
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Gross emissions from forest degradation were larger
than deforestation for the Hotspots, EDGAR, and Bac-
cini datasets, with degradation-to-deforestation ratios of
108, 120, and 128 % respectively. FAOSTAT had degra-
dation emissions of 60 % of the deforestation, partly due
to its anomalously low fire contribution (see next section).
Houghton et al. (2012) pointed out that global FOLU net
fluxes were led by deforestation with a smaller fraction at-
tributable to forest degradation, while the opposite was true
for gross emissions (degradation being 267 % of deforesta-
tion emissions). This large ratio relates to their inclusion of
shifting cultivation under degradation. This is a definition is-
sue, which would not fit the definition of degradation chosen
in this study, where a complete forest cover loss would rep-
resent deforestation and not degradation.

Fire

Fire led the gross forest degradation emissions in the
tropics in 2000-2005 (Fig. 2): 2 (1.1-2.7), 0.2, 3.4,
2.9PgCO; eq.yr~! for the Hotspots, FAOSTAT, EDGAR,
and Baccini datasets respectively; Fig. 2). The Hotspots
estimates are conservative compared to Van der Werf et
al. (2010)’s global emissions of 7.7PgCO, eq.yr~! for
2002-2007, due to the removal of CO, from deforestation
fires (to avoid double counting with deforestation emissions),
the exclusion of fires in grasslands and agricultural residues,
and Hotspots’ smaller study area. FAOSTAT and EDGAR
had the lowest and the highest fire values. The lowest val-
ues in FAOSTAT relate to omissions that are currently in the
process of being corrected (S. Rossi, personal communica-
tion, 2016): (1) the complete exclusion of CO; from fire in
humid tropical forests and other forests (Table 3, Table S1),
which FAOSTAT relocated as net forest conversion emis-
sions, partly explains their larger deforestation values (FAO-
STAT kept CH4 and N, O for fire in humid tropical forests
and other forests), and (2) the use of default parameters for
fuel in peats from the IPCC 2006 guidelines instead of the
new [PCC Wetland Supplement, because they offer consid-
erably higher values (Rossi et al., 2016). Moreover, FAO-
STAT uses GFED3.0 burned area (Giglio et al., 2010) in their
estimates while the other datasets use GFED3.0 emissions
(Van der Werf et al., 2010). EDGAR fire emissions were
the largest most likely because they included decay. Their
dataset considers some undefined forest fires (5A) and wet-
land/peatland fires and decay (5D; Table 3; Table S1). Peat-
land decay probably explains EDGAR’s larger emissions in
Asia, while we assume that EDGAR’s highest fire emissions
for CS America might respond to deforestation fires which
were not included in the Hotspots to avoid double count-
ing with deforestation, and relocated in FAOSTAT to defor-
estation emissions (Fig. 3, Table 3). The Hotspots dataset
showed higher gross fire emissions for Africa due to the
inclusion of woodland fire, which EDGAR and FAOSTAT
probably excluded. Baccini et al. (2012)’s fire emissions:

www.biogeosciences.net/13/5799/2016/

5807

® Hotspots 1 FAO M EDGAR # EPA z Houghton

1.8
1.6
1.4

1.2

PgCO, e,yr"'

| 4

Deforestation Fire Harvesting  Livestock Crops Rice

Africa

25 ® Hotspots 0 FAD 2 EDGAR # EPA E Houghton

1.5

PgCo, e.yr'I

ol

Livestock Crops Rice

Deforestation Fire Harvesting

Asia
3 m Hotspots 0 FAO m EDGAR = EPA & Houghton

25 |

F'l‘:|i.'202e.3,rr"I

T

Harvesting

Deforestation Fire Livestock Crops Rice

CS America

Figure 3. Continental disaggregated emissions for the individual
emission sources (PgCO, eq. yr_l). Bars indicate uncertainty es-
timates for the Hotspots dataset (1o from mean). No uncertainty
estimates are available for the other datasets. Houghton data are net
land use emissions (Forestry and Other Land Use) rather than de-
forestation and are offered for visual comparison only. EPA covers
agricultural emissions only (livestock, crops, and rice) and no forest
emissions.
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2.9PgCO; eq.yr~! (2000-2010) derived from Houghton’s
bookkeeping, but it is unclear how these emissions were es-
timated.

In spite of the importance of fire as a degradation source,
this variable is frequently incompletely included, either
through unaccounted gases (i.e. CHy and N;O are excluded
in the carbon community but their omission represent 17—
34% of the gross CO, fire emissions; Valentini et al.,
2014; Roman-Cuesta et al., 2016) or to unaccounted compo-
nents (i.e. fires in tropical temperate forests such as conifers
or dry forests such as woodlands are frequently excluded;
Houghton et al., 2012). Unaccounted fire emissions are also
derived from methodological choices (i.e. only interannual
fire anomalies are considered; Le Quéré et al., 2014), from
poor satellite observations such as understory fires in humid
closed canopy forests; Alencar et al., 2006, 2012; Morton et
al., 2013), or satellite fire omissions in certain regions (i.e.
high Andean fires; Bradley and Millington, 2006; Oliveras
et al., 2014). Other omissions relate to the current exclusion
of non-Asian peatland fires (i.e. American tropical montane
cloud forest peatland fires; Asbjornsen et al., 2005; Roman-
Cuesta et al., 2011; Oliveras et al., 2013; Turetsky et al.,
2015).

Fire suffers, moreover, from a series of assumptions that
do not apply so easily to other types of degradation: (1) as-
suming a non-human nature of the fires (deforestation fire
vs. wildfires), which in tropical areas contrasts with multi-
ple citations referring to the 90 % human causality of fires
(Cochrane et al., 1999; Roman-Cuesta et al., 2003; Alencar et
al., 2006; Van der Werf et al., 2010); (2) assuming force ma-
jeure conditions that lead to non-controllable fires due to ex-
treme climate conditions, which frequently result in incom-
plete assessment and reporting of emissions. This assump-
tion contrasts with research on how human activities have se-
riously increased fire risk and spread in the tropics (Uhl and
Kauffman, 1990; Laurance and Williamson, 2001; Roman-
Cuesta et al., 2003; Hooijer et al., 2010), and clearly expose
how most of the fires in the humid tropics would not occur in
the absence of human influences over the landscape (Roman-
Cuesta et al., 2003). (3) We assuming carbon neutrality and
full biomass recovery after fire in standing forests. This is
a generous assumption that contrasts with numerous studies
on tropical forest die-back following fire events in non-fire
adapted humid tropical forests (Cochrane et al., 1999; Bar-
low and Peres, 2008; Roman-Cuesta et al., 2011; Brando et
al., 2012; Oliveras et al., 2013; Balch et al., 2015). All these
phenomena cast doubts on the robustness of these assump-
tions and call for a much more comprehensive inclusion of
fire emissions into forest degradation budgets.

Wood harvesting
There is not a unique way to estimate wood harvesting

emissions as exposed in the guidelines for harvested wood
products of the IPCC (IPCC, 2006). Assumptions regard-
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ing the final use of the wood products, decay times, sub-
stitution effects, international destination of the products,
and time needed for forests to recover their lost wood can
fully change the emission budgets. In our study, wood-
harvesting emissions were 1.2 (0.7-1.6), 2.0, 1.7 PgCO5 yr~!
for the Hotspots, FAOSTAT, and Baccini data respectively
(Tables 3, S1). Harvested wood products are derived from
FAO country reports (i.e. FAOSTAT forest products). All
datasets included fuel wood and industrial roundwood (Ta-
bles 3, S1). EDGAR excluded fuelwood from the AFOLU
budget and placed it instead into the energy budget (EDGAR,
2012), which explains its absence in Fig. 2. Wood-harvesting
emissions were larger in FAOSTAT than in the Hotspots data
(Fig. 2), partly due to the inclusion of some extra categories
of fuels (i.e. charcoal and residues) that were not included
in the Hotspots database (Tables 3, S1). Charcoal represents
26 % of the total wood-harvesting emissions in FAOSTAT.
Differences on wood harvesting affected Asia and CS Amer-
ica more (where the Hotspots data were half of the FAO-
STAT data), while Africa presented almost identical values
(Fig. 3). The reasons for these continental differences are un-
clear. Baccini’s high emissions for wood harvesting could
partly be related to their inclusion of extra biomass due to
felling damages (i.e. 20-67 % of the AGB is damaged, and
20 % are left dead in BGB; Houghton, 1999).

3.2.3 Livestock

Livestock emissions were the most homogeneous among the
emissions sources (Fig. 2) with estimates of 1.2 (0.8-1.5),
1.1, 1.2, 1.1PgCO; eq. yr_1 for the Hotspots, FAOSTAT,
EDGAR, and EPA respectively, in range with the estimates
in the ARS (Fig 11.5 in Smith et al., 2014). Values were sim-
ilar in spite of being derived from different tiers (i.e. Tier 3
for Herrero et al. (2013), Tier 1 for FAOSTAT and EDGAR.
EPA used Tier 3 but for incomplete data series, otherwise
Tier 1 was applied, USEPA, 2013). All datasets included
enteric fermentation (CH4) and manure management (N,O,
CHy). All of them relied on FAO data for livestock heads,
although they used different years (i.e. 2000 for Herrero et
al. (2013) data in the Hotspots, and 2007-2010 for EDGAR).
From a continental perspective, FAOSTAT and EDGAR esti-
mates were the closest while the Hotspots and EPA estimates
were less similar. The Hotspots showed higher emissions for
Africa and Asia and lower emissions for CS America com-
pared to the other three datasets. Divergences likely relate to
different tiers. CS America and Asia showed the highest val-
ues, with Africa following closely (Fig. 3), similar to what is
reported in the ARS (Smith et al., 2014). Globally, livestock
farming is the largest source of CH4 emissions, with three-
quarters of the emissions coming from developing countries,
particularly Asia (USEPA, 2013, Tubiello et al., 2014). Three
out of the top five emitting countries are in the tropics: Pak-
istan, India, and Brazil (USEPA, 2013) and, while Asia hosts
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the largest livestock emissions, the fastest growing trends in
2011 correspond to Africa (Tubiello et al., 2014).

3.24 Cropland emissions

The estimates of cropland emissions reached values of 0.18
(0.16-0.19), 0.56, 0.6, and 0.64PgCO; eq. yr’] for the
Hotspots, FAO, EDGAR, and EPA datasets respectively, for
N>O and CO; from changes in soil organic carbon con-
tent. Cropland soil emissions (N2O and soil organic carbon
stocks (CO») heavily depend on land management practices
(i.e. tillage, fertilization, and irrigation practices) and cli-
mate (Crowther et al., 2015). We chose exactly the same land
practices in all datasets to allow comparisons (Tables 3, S1).
For this reason, we excluded N>O emissions from grassland
soils, drainage of organic soils, and restoration of degraded
lands (Table 3). This restrictions resulted in lower emissions
than those estimated for cropland soils in the ARS (Fig. 11.5
in Smith et al., 2014). The Hotspots and EPA showed the
lowest and the highest estimates (Figs. 2, 3). With the ex-
ception of the Hotspots, the other datasets agreed well at
the tropical scale, with FAOSTAT and EDGAR being almost
identical, also at continental scales. EPA disagreed more than
the other datasets at the continental scale, with underestima-
tions for Asia that were probably related to the parameteriza-
tion of its emission model. All three datasets used FAO activ-
ity data, and for EDGAR and FAOSTAT the same emission
factors must have been used. The Hotspots showed anoma-
lously low emissions partly because it only included six ma-
jor crop types (maize, soya, sorghum, wheat, barley, and mil-
let) for which the emission model (DAYCENT) counted on
reliable parametrization (S. Ogle, personal communication,
2016). Emissions from other important crops in the trop-
ics (e.g. sugar cane, tobacco, tea) were excluded, as well as
emissions from croplands in organic soils, due to model con-
straints.

3.2.5 Peatland drainage for agriculture

Estimates of drained peatlands (mainly for agricultural pur-
poses) suggest large omissions in the Hotspots database with
emissions 1 order of magnitude lower (28 TgCO, eq.yr~!)
than FAOSTAT (ca. 500TgCO; eq.yr™') and 1 order
of magnitude lower than the values reported for peat-
land drainage in Asia alone (Hooijer et al., 2010; 355—
855TgCO, eq.yr~'). The lower values in the Hotspots
dataset relate to much smaller agricultural areas with his-
tosols (0.4 mill ha) than those reported by FAOSTAT for the
same countries (7 mill ha). This area difference is partly due
to the methodological approach used by Ogle et al. (2013)
in which only six major crop covers are considered: maize,
wheat, sorghum, soya beans, millet, and barley, and partly to
the unmatching spatial scales of histosols and croplands (i.e.
1 km for histosols and 50 km for croplands) which result in
underestimations of the final area.
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Figure 4. Disaggregation of cropland soil emissions from drained
peatlands for datasets with available data: FAOSTAT and Hotspots.
Organic soils are excluded in EPA cropland emissions.

3.2.6 Paddy rice

When paddy fields are flooded, decomposition of organic
material gradually depletes the oxygen present in the soil
and floodwater, causing anaerobic conditions in the soil that
favour methanogenic bacteria that produce CH4. Some of
this CHy4 is dissolved in the floodwater, but the remainder
is released to the atmosphere, primarily through the rice
plants themselves. Net emission estimates for paddy rice
were 0.55 (0.4-0.833), 0.33, 0.37, 0.30Pg CO» eq. yr_1 for
the Hotspots, FAOSTAT, EDGAR, and EPA datasets respec-
tively. The Hotspots showed the highest emissions (Fig. 2),
but only in Asia (Fig. 3). Part of the reason behind these dif-
ferences refers to the final gases estimated in Li et al. (2013)
which included CH4, N;O and decomposition of soil or-
ganic carbon (SOC; COj; Table 3, S1), while the others
only focused on CH4. In Li et al. (2013)’s estimates, N,O
were 48 % of the CHy emissions, explaining the doubled
emissions in the Hotspots database. SOC was a sink, with
—0.076 PgCO5 yr~ .

Based on the explanations above, Table 4 points out
the likely least reliable emission sources for each dataset
considering disagreements among emission estimates due
to biased/divergent/incomplete definitions and methods.
Houghton’s sinks are suggested as least reliable since they
suffer from compatibility issued with [PCC guidance and ex-
clude sinks from non-disturbed areas and forests undergoing
disturbances other than wood harvesting or recovery from
shifting cultivation (Grassi and Dentener, 2015; Federici et
al., 2016).
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Table 4. Identification of the least reliable emission source (x) for each dataset considering disagreements among emission estimates due to

biased/divergent/incomplete definitions and methods.

Hotspots

FAOSTAT EDGAR Houghton*

Baccini EPA  AR5S*

Deforestation

Fire X
Wood harvesting

Livestock

Cropland X

Paddy rice

Peatland X

Forest sinks

X X
X X

10 m Hotspots FAO w EDGAR ® Baccini @ EPA & Houghton

|
NN

-

AN

1 N

co, CH, N,O

Figure 5. Contribution of the different AFOLU greenhouse gases
(COy, CHy, N7O) from the different datasets. Uncertainties are
only provided in the Hotspots dataset (1o from mean). EPA data
do not include forest emissions. Houghton and Baccini are FOLU
(Forestry and Other Land Use) CO;-only datasets and do not in-
clude agricultural emissions. Houghton offers net emissions while
Baccini data are gross emissions for deforestation, fire, and wood
harvesting (Baccini et al., 2012).

3.3 Differences in the relative contribution of
greenhouse gases (CO;, CHy, N2 0)

GHG emissions (CO;, CHyg, N2O) showed good agreement
at the sectoral level (FOLU and agriculture; Fig. 5), which
disappeared at the disaggregated level (Fig. 6). CO, showed
the largest disagreements between datasets and gases, led by
forests emissions and particularly fire. SOC accumulation
was reported in the Hotspots data (Li et al., 2013) but it is
uncertain if it is included in the other datasets.

Non-CO; emissions showed lower variability than CO,
(Fig. 6). Livestock-led CH4 emissions and showed the largest
differences between datasets, with the Hotspots data (Her-
rero et al., 2013) having the lowest CH4 emissions, which
were compensated with larger NoO than the other datasets
(Fig. 6b,c). At a global level, wetlands dominate natural
CHy4 emissions, while agriculture and fossil fuels represent
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two-thirds of all human emissions, with smaller contribu-
tions coming from biomass burning, the oceans, and termites
(Montzka et al., 2011). Non-CO; fire emissions were quite
similar among datasets, confirming that FAOSTAT omissions
were CO» related (see Sect. 3.2.3). Thus, as exposed in FAO-
STAT metadata, only N>O and CH4 are considered in for-
est fires, excluding CO, from aboveground biomass. As ex-
pected, N>O emissions in crops showed large differences,
with the Hotspots having the lowest values (3 times lower).
Rice N> O emissions were omitted in all datasets except the
Hotspots (Li et al., 2013), which also included SOC.

The importance of multi-gas assessments relates to their
role in climate change mitigation due to their radiative forc-
ing (RF), understood as a measure of the warming strength
of different agents (gases and not gases) in causing global
warming (W m~2). CO, is the most abundant (400 ppm in
2015) and longest living gas which makes it the leading force
of global warming (Anderson, 2012). Non-CO, GHGs are
less abundant in the atmosphere (1774 and 319 ppb for CHy
and N> O in 2005 respectively) but have larger warming po-
tentials (x 28 for CHy and x 265 for N»,O; AR4) but shorter
lifetimes than CO, (~9 and ~ 120 years respectively). In
spite of their shorter lifespans they offer an additional op-
portunity to mitigate climate change (Montzka et al., 2011)
partly because they play a role in atmospheric chemistry that
contributes to short-term warming (Montzka et al., 2011)
and partly because their presence counteracts CO; terrestrial
sinks (Tian et al., 2016).

3.4 Country-level emissions

Country comparisons showed poor agreement among
datasets for all the emission sectors, particularly for the
largest emitters (i.e. Brazil, Argentina, India, Indonesia;
Figs. 7, 8). Forests led the AFOLU disagreements (as ob-
served by the similarity of Fig. 7a, b). From a continental
perspective, Central and South America had more countries
with high levels of disagreement, suggesting a need for fur-
ther data research.
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Figure 6. GHG emission contribution (CO,, CHy4, and N,O) of
the leading AFOLU emission sources. Bars indicate uncertainty
estimates (1o from mean). Uncertainties are only provided in the
Hotspots dataset. No uncertainty estimates are available for the
other datasets. EPA data do not include forest emissions. Houghton
and Baccini are FOLU (Forestry and Other Land Use) CO,-only
datasets and do not include agricultural emissions. Houghton offers
net emissions while Baccini data are gross emissions for deforesta-
tion, fire, and wood harvesting (Baccini et al., 2012).
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3.5 Some reflections on the datasets
3.5.1 Original goals

Different datasets were developed for different purposes that
have influenced the methods and approaches chosen to esti-
mate their land use GHGs. Thus, EDGAR was created with
an air pollution focus making its land emissions weaker. In
contrast, FAOSTAT carries FAO’s focus on land, particu-
larly agriculture (data available since the 60s), with forest
data added later through the FRA assessments (1990, 2005,
2010, 2015). The “Hotspot” database was created to identify
the areas with the largest land use emissions in the tropics
(emissions hotspots), while Houghton’s accent is on histori-
cal LULUCF emission trends (since 1850). EPA concentrates
on industrial, energy, and agricultural emissions. Forests are
excluded with an interest on human health and mitigation.
Moreover, due to its long existence, several datasets rely on
FAOSTAT long-term agricultural data, which is probably the
reason behind the higher homogeneity of agricultural emis-
sion estimates (i.e. crops, rice, and livestock among datasets).
FAOSTAT forest emissions use FRA data, which get up-
dated every 5 years. Different FRA versions strongly influ-
ence forest emission estimates which makes it important to
acknowledge the FRA version used when contrasting FAO-
STAT emissions and when comparing estimates (i.e. differ-
ences up to 22 % between the forest sink estimates using
FRA2015 and FRA2010 have been reported by Federici et
al., 2015). Similarly, official updates of Houghton’s book-
keeping TRENDS data, as well as researchers’ self-tuned
versions of his model, result in emission differences that are
difficult to track.

3.6 IPCC guidelines and guidance

Under the UNFCCC, countries are requested to use the lat-
est [IPCC AFOLU guidelines to estimate their GHG emis-
sions (i.e. IPCC, 2006, 2003 for developed and developing
countries respectively). The use of different guidelines, tiers,
and approaches influences the final emission estimates. Com-
pliance with IPCC has two main consequences: (1) the to-
tal area selected to report emissions and (2) the choice of
land use over land cover. In the first case, under IPCC guid-
ance, the total area selected to report emissions would in-
clude all the land under human influence (the managed land
concept, which includes areas under active and non-active
management). Houghton’s bookkeeping model and the car-
bon modelling community in general do not comply well
with the managed land concept, resulting in different net
emissions from forest land uses and land use changes (LU-
LUCEF) than IPCC compliant country emissions (Grassi and
Dentener, 2015; Federici et al., 2016). In the second case,
the selection of land uses instead of land covers has partly
been behind the recent controversy between FAO and the
Global Forest Watch’s reported estimates on deforestation

Biogeosciences, 13, 5799-5819, 2016
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Figure 7. Country-level agreement for (a) AFOLU and (b) forest emissions for the FAOSTAT, EDGAR, and Hotspots datasets, The categories
of agreement are percentiles of the standard deviations which represent a measure of data variability. High agreement corresponds to low data
variability (< 25th percentile), moderate agreement to 25th—50th percentiles, low agreement to 50th—75th percentiles and very low agreement

to > 75th percentile, which corresponds to very high data variability.

trends (Holmgren, 2016). Estimates of deforestation that rely
on land cover are higher than those using land use, since for-
est losses under forest land uses that remain forest land use
are not considered deforestation (i.e. logged areas will re-
grow). In our analysis, FAO and Houghton rely on land use
for deforestation, while Hotspots and EDGAR rely on land
cover. FAOSTAT and Hotspots rely on the 2006 IPCC guide-
lines for National Greenhouse Gas Inventories (IPCC, 2006).
FAOSTAT uses Tier 1 and standard emission factors, while
Hotspots uses a combination of tiers (Tier 3 for all emis-
sions except wood harvesting and cropland emissions over
histosols that rely on Tier 1). EDGAR reports the use of 2006
IPCC guidelines for the selection of the emission factors but
some of their methodological approaches are not always con-
sistent with IPCC guidelines (i.e. deforestation expressed as
the decay of burned forests, wood harvesting is part of the
energy sector, agricultural energy balances are included in
the AFOLU budget). EPA methods are reported to be consis-
tent with IPCC guidelines and guidance, with Tier 1 method-
ologies used to fill in missing or unavailable data (USEPA,
2013).

Biogeosciences, 13, 5799-5819, 2016

4 Conclusions

The Paris Agreement (COP21) counts on the Intended Na-
tionally Determined Contributions (INDCs) as the core of
its negotiations to fight climate change. As of March 2016,
188 countries had submitted their INDCs under the UNFCC
(FAO, 2016) with agriculture (crops, livestock, fishery, and
aquaculture) and forests as prominent features in meeting
the countries’ mitigation and adaptation goals (86 % percent
of the countries include AFOLU measures in their INDCs,
placing it second after the energy sector; FAO, 2016). How-
ever, there exists large variability in the way countries present
their mitigation goals, and quantified sector-specific targets
are rare (FAO, 2016). Variability relates not only to the lack
of a standardized way of reporting mitigation commitments
under the INDCs, but also to uncertainties and gaps in the
AFOLU data. The Paris Agreement relies on a 5-year cycle
stock-taking process to enhance mitigation ambition, and to
keep close to the 2°C target. To be effective and efficient,
stock-taking needs to be robust, transparent, and to have cer-
tain numbers (at least with known uncertainties). This is true
both for national emission reports and INDCs, but also for
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Figure 8. Country-level agreement for (a) cropland and (b) livestock emissions for the FAOSTAT, EDGAR, and Hotspots databases. The
categories of agreement are percentiles of the standard deviations which represent a measure of data variability. High agreement corresponds
to low data variability (< 25th percentile), moderate agreement to 25th—50th percentiles, low agreement to 50th—75th percentiles and very

low agreement to > 75th, which corresponds to very high data variability.

the global datasets which can be used to review the feasibil-
ity of countries’ mitigation claims, and the real space for fur-
ther mitigation commitments. Here, we have compared the
gross AFOLU emissions of six datasets to search for dis-
agreements, gaps, and uncertainties, focusing on the tropical
region. Conclusions depend on the spatial scale.

Data aggregation offers more homogeneous emission
estimates than disaggregated data (i.e. continental level,
gas level, emission source level).

Forest emissions are the most uncertain of the AFOLU
sector, with deforestation having the highest uncertain-
ties.

Agricultural emissions, particularly livestock, are the
most homogeneous of the AFOLU emissions.

Forest degradation, both fire and wood harvesting, show
the largest variabilities among databases.

CO; is the gas with longer-term influence in climate
change trends, but it remains the most uncertain among
the AFOLU gases and the most variable, in absolute
value, among datasets (Fig. 5) Fire leads this variabil-
ity (Fig. 6).

www.biogeosciences.net/13/5799/2016/

— Among the non-CO; gases, NoO showed the most vari-

able emission estimates, in absolute value, in all the
emission sources and for all the datasets (Fig. 6).

— Emissions from histosols/peatlands remain incomplete

or fully omitted in most datasets.

For the country and continental scales, we found the follow-

— Large emitters show the highest levels of data disagree-

ment in the tropics, enhancing the need for data im-
provement to guarantee effective mitigation action.

— Forest lead the emission disagreement in the total

AFOLU emissions.

— Central and South America showed the largest conti-

nental disagreements on emission data for all the land
sectors.
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4.1 Next steps

Enhancing dialogue between the carbon and the AFOLU
research communities

Research run by the carbon community is pivotal for AFOLU
assessments and, while these two research communities over-
lap, they do not focus on exactly the same topics. The car-
bon community works with CO; emissions only, fully ex-
cluding non-CO; gases, particularly N> O. It moreover rather
focuses on forests and associated land use changes, exclud-
ing emissions from agriculture. The AFOLU community has,
contrarily, a multi-gas approach (CO,, CH4, N2O) and in-
cludes emissions from both forests and agriculture. For these
reasons, estimates of the carbon community cannot be con-
sidered AFOLU estimates, and confusion appears in the
IPCC’s ARS with an incorrect AFOLU labelling (Table 11.1,
Fig. S2). There is great potential for these two communities
to cooperate but further dialogue is needed to promote closer
and more coordinated action. Future steps might include the
adoption of the managed land concept by the carbon com-
munity and ways to include legacy emissions by the AFOLU
community.

4.2 Improving data quality

The quality of the reported AFOLU emissions can be as-
sessed through the UNFCCC principles: completeness, com-
parability, consistency, accuracy, and transparency, which
can help navigate the improvements of national monitoring
systems. From these principles, the reviewed datasets per-
formed well in consistency (they applied similar methods
and assumptions over time, with the exception of Hotspots
that did not include temporal data). Transparency was excel-
lent for FAOSTAT with well elaborated and publicly avail-
able metadata linked to their offered data, while EDGAR per-
formed poorly due to insufficient metadata. Improving trans-
parency requires an urgent call for future action. Improving
accuracy and uncertainty also requires urgent action. Thus, in
spite of their importance in fully understanding the emission
trends and dynamics, only Houghton and the Hotspots pro-
vided uncertainties. FAO offered uncertainties as a percent
value for each emission source. Completeness and omissions
are also urgent tasks because all datasets are incomplete, i.e.
missing pools, missing gases (Table 1), and omissions affect
all datasets. Complete emission reporting should consider the
importance of the following:

— forest soil CO, and NyO emissions (Werner et al.,
2007; i.e. NoO tropical forest soil emissions of
0.7PgCO; eq.yr1);

— emissions from CH4 and N>O from drained peatland
soils, and from wetlands over managed land (i.e. con-
servation);
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— all forest fire types (i.e. temperate conifers and wood-
lands; understory fires over humid closed canopy forests
(Alencar et al., 2006; Morton et al., 2013; i.e. 85500
km?, 1999-2010 in southern Brazilian Amazon); fire
emissions over peatland soils and peatland forests out of
Asia (Roméan-Cuesta et al., 2011; Oliveras et al., 2014;
i.e. 4-8TgCO; eq., 1982-1999, for the tropical high
Andes from Venezuela to Bolivia);

— CO;, emissions from other components of wood harvest-
ing other than fuel and industrial roundwood (i.e. char-
coal, residues);

— CO; emissions from tree biomass loss due to frag-
mentation (Numata et al., 2010; Piitz et al., 2014; i.e.
0.2PgCyr 1),

— CO; due to decomposition and decay of forests under
extreme events such as hurricanes (Read and Lawrence,
2003; Negron-Juarez et al., 2010; i.e. in the 2005 con-
vective storm, the Amazon basin suffered from an es-
timated tree mortality of 542 4 121 million trees), in-
tense droughts (Phillips et al., 2009, 2010; Brienen et
al., 2015; i.e. the 2005 Amazonian drought resulted in
1.2-1.6 PgC emissions and the atmosphere has yet to
see 13.9PgCO, (3.8 PgC) of the Amazon necromass
carbon produced since 1983).

Further suggestions on improving data gaps and knowl-
edge for the AFOLU sector have been reported by Smith et
al. (2014), Houghton et al. (2012), USEPA (2013), and Sist
et al. (2015), with a focus on soil data and crop production
systems, as well as an improved understanding of the mitiga-
tion potentials, costs, and consequences of land use mitiga-
tion options.

5 Data availability

Data will be available at my website: https://www.wur.nl/en/
project/Agriculture_Forestry_and_Other_Land_Use.htm.

The Supplement related to this article is available online
at doi:10.5194/bg-13-5799-2016-supplement.
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