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(In Portuguese)
Alex, meu amor, porque juntos iluminamos nosso caminh

Luciana e Lara, minhas filhas, que sé&o a raz&do para que a vida se renove e se torne
magica, plena e doce.
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ABSTRACT

Amazon forest provides fundamental ecosystem services such as biodiversity
conservation, water cycling and carbon sequestration. Given the large extent of
Brazilian forests, 75% of the Amazon Basin, there is great uncertainty irothgestof
aboveground biomass (AGEBparbon stocksThere is a significant difference between
AGB estimates and amrgent need to improvAGB estimatedo support theNational
Communications(NC) of Brazil to the United Nations Framework Convention on
Climate Change and Reducing Emissions from Deforestation and Degradation
(REDD+). Whether for NC, REDD+ or for the carbon emissions modeling,
stakeholders, policynakers andscientists have to decide which AGB product, dataset
or combination of data to use, acdimg to its availability, scale and coverageée
purpose of this study was @ssess foreAGB spatial data gaps across the Brazilian
Amazon To achieve this goalwe conductedn extensive reviewand analysis of the
AGB datasets coverage. AGBakeholdrs connections were made throughsacial
network analysisAlso, AGB maps variability within different environmental factors
maps(soil, vegetation, topography and climateg¢re analyzedUsing difference and
statistical analyses of AGB mapsd, through a spatialmulticriteria evaluationwe
obtained aforest AGB spatial data gapsap for the BraziliamAmazon. The spatial
coverage of AGB field and airborne LIDAR data shows great areas without AGB data
and, even though stakeholders have connections, fasets are available.yB
quantifying AGB maps and field data variability within multiple environmental factors,
we provide valuable elements for understanding the current AGB data in function of
climate, soils, vegetation and geomorphologfe main diffeences between AGB
mapsare found next to the rivers (mainly the Amazon River), in Amapa, northeast of
Para and central and north Amaz8tates, hlese areas coincide with areas of higher
AGB. Theforest AGB spatial data gapsiap, which refers to places wiho field or
LIDAR dataand where AGB maps differ the most, show the priority areas for further
AGB assessments in the Brazilian Amaz®his studycanbe auseful toolfor policy
makers and diffemt stakeholders working on AGB evhich to base theidedsionsto
choose AGB data or products for National CommunicasorREDD+, or carbon

emissios modeling.

Key-words: Amazon. Tropical rain forest. CarboAboveground biomass. REDD+.

Environmental factors.
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AVALIACAO ESPACIAL DAS LACUNAS DE DADOSPARA AS
ESTIMATIVAS DE Bl OMASSA DA AMAZONIA BRASILEIRA

RESUMO

A floresta amazonica fornece servicos ecossistémicos fundamentais, como conservacao
da biodiversidade, ciclagem a agua e sequestro de carbono. Dada a grande extensdo das
florestas brasileiras, 75% dBacia Amazonica, existe uma grande incerteza nos
estoques de carbono da biomaasana do solo/AGB) armazenados na regido. As
estimativas de AGB existentes diferem significativamente entre si e ha uma necessidade
urgente de melhotias, uma vez que podedar suporte as Comunicacdes Nacionais

(NC) do Brasil para a Conven¢&uadro das Nagdes Unidas sobre Mudancgas do Clima
(UNFCCC) e Reducédo das Emissbes por Desmatamento e Degradacdo florestal
(REDD+). Seja para NC, REDD+ ou para a modelagem de emisséeshdaa@ as

partes interessadas, os tomadores de deciséo e os cientistas devem decidir qual produto,
conjunto de dados ou combinacdo de dados de AGB usar, de acordo com sua
disponibilidade, escala e cobertu@om o objetivo de suprir esta demanda, neste
edudo, avaliamos as lacunas dados espaciais de AGB dimresta naAmazonia
brasileira. Para isso, fizemos uma extensa revisdo e analise da cobertura dos conjuntos
de dadodlisponiveis.As conexfes entre as partes interessadas foram feitas usando a
social network analysisAlém disso, analisamos a variabilidade dos mapas de &GB

funcdo de diferentes fatores ambientais (solo, vegetacao, topografiaag. ¢iomnam

feitas também andlises estatisticas e das diferencas entre os mapas de AGB e, com uma
avalia@o espacial multicritério, produzimos um mapa das lacdeagdados d&AGB

para a floresta amazoénica brasileira. A cobertura espacial de AGB e os dados LIiDAR
aéreos mostram grandes areas sem informacdo e, mesmo que as partes interessadas
tenham conexdes, poos conjuntos de dados estdo disponiveis. Ao quantificar os
mapas de AGB e a variabilidade dos dados de campo em multiplos fatores ambientais,
fornecemos elementos valiosos para a compreensdo dos dados de AGB atuais em
funcdo do clima, dos solos, da veggto e da geomorfologia. As principais diferencas
entre 0s mapas sao encontradas ao lado dos rios (principalmemtd&mazonas), no

Amapa, no nordeste do Pard e nos estados amazonicos do centro e norte, coincidindo

com areas de maior AGB. O mapa de lasudedados espaciade AGB da floresta,

Xiii



gue se refere a locais sem dados de campo ou LIDAR e também onde os mapas da AGB
diferem mais, mostram as &reas prioritarias para futuras avaliagbes de AGB na
Amazoniabrasileira. Este estudo € uma ferramenta péta os formuladores de
politicas e as diferentes partes interessadas que trabalham na AGB, que tera que devem
decidir quais dados ou produtos da AGB devem usar para Comunicacdo Nacional,
REDD + ou modelagem de emissdes de carbono.

Palavraschave Amazona. Floresta tropical imida. CarborRiomassa acima do solo.

REDD+. Fatores ambientais.
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1 INTRODUCTION

The Amazon forest is aegion of global interesirom various perspectives, including
biodiversity content and distribution, ecosystem services, climate change, biesphere
atmosphere interactions, agricultural production, secmnomic alternatives and
indigenous knowledge. In ¢hlate 1980s, Brazil, as host of almost 2/3 of the Amazon
forest area, implemented a remote sensing survey strategy to map changes in land use
and land cover in the region as a policy mechanism and as a strategy to enforce
environmental legislation and nece deforestation and also as a tool to support social
environmental advances in the region. Hmazon Deforestation Calculation Program
(PRODES)(INPE, 2015)was implemented as a yearly mapping of claar forest
clearing and has provided the longesteseof tropical forest monitoring in the world to
date. This historical series has supported the Brazilian position in international forums
and opportunities, such as the Intended National Determined Contrib(liNFCCC,

2015) and the Reducing Emissiorfeom Deforestation and Degradation (REDD+)
mechanism(UNFCCC, 2014a)One critical piece of information for several thiese
actions, that is associated with mapping the land cover change, is forest biomass
(AGUIAR et al., 2012; HARRIS et al., 2012b).

Accurate biomass estimates are relevant informatiwnNational Communications

(NC) under thdJnited Nations Framework Convention on Climate Change (UNFCCC),
and for carbon emission estimates from deforestg8ACCINI et al., 2012; MCT,

2016) Nonethelessbiomass quantification has many methodological challenges, such
as: accessibility, long distances and high costs on biomass measurements. Considering
the complexity of structure diversity, wood density and dynamics of tropical forest,
allometry get vergomplex and variabléSAATCHI, 2015)

Obtaining carbon and biomass estimates in the Brazilian Amazon is quite challenging.
The large extension and particularities of its forest had determined that most of the
existing biomass estimates differ significgntbetween each otheCarbon content
estimates vary from 39 Pg C to 93 PQMELOUGHTON et al., 2001; SAATCHI et al.,
2011; NOGUEIRA et al., 2015 here is also a large variation in aboveground biomass



(AGB) across the Brazilian Amazon BagiREARNSIDE, 199; HOUGHTON et al.,

2001; MALHI et al., 2006; SAATCHI et al., 20089nd between ground plots and
remote sensing datMITCHARD et al.,, 2014; SAATCHI et al.,, 2015Yhe lack of
accessibility to most of the data from ground plots (forest inventories aidhlelével)

and localscale environmental data (soil and climate informatiomay be pointed as

one of the key factors that determines the markedly divergent estimates of Amazon

forest carbon density patterns visible in different AGB maps.

In the Brazilan Amazon, the total stock of AGB has been estimated from several
sources, including forest inventory plots and remote sensing apprq&%&$CHI et

al., 2011, 2015; BACCINI et al., 2012%iven the complexity and diversity of
landscapes in tropical forteareas, remote sensing is one of the best tools for estimating
AGB properties at large scales and in inaccessible areas, such as the scale of the
Amazon (SAATCHI et al., 2011, 2015)Remote sensing methods have been used
successfully in the tropics; bulhdse techniques are still limited by the number and
distribution of available plots of forest inventory data, to be able to ensure a proper
validation and calibration of remote sensing products and spatial extrapolation methods
(MITCHARD et al., 2014; SAATHI et al., 2015)

Differences inremote sensing products and ground data have resulted in great
discrepancies in the spatial distribution in different AGB m@gslCHARD et al.,

2014; OMETTO et al., 2014)showing the existence of considerable spatial
uncertainties in the biomass estimates, highlighting the need to study these aspects
(OMETTO et al.,, 2014)In order to tackle the uncertainty associated to biomass
estimates, the IPCC guidelines on GHGs (IPCC, 2006) suggest to use environmental
factors mapsto find classes or stratums were the AGB is similar (stratification).
Nonetheless, stratification has many methodological challenges, such as chiasing,
proper environmental factors maps in function of the scale, classificatitmmes and
quality (IPCC, 2006; ANGELSEN et al., 2012)

Considering all these, we can see that there is an urgent need to improve biomass
estimations to support the recent Brazilian commitments in the context of climate
change.These aspects are a grogiooncern in the scientific and political community

and a progressive evolution is expec{BtMA, 2015; FEARNSIDE, 2016)However,



immediate decisions are made by using the current and available AGB databases and
environmental factors map$Vhether for NC REDD+ or for the carbon emissions
modeling, stakeholders, policy makers and scientist have to decide which AGB product,

dataset or combination of data to use, based on its availability, scale and coverage.

In this study, we assessed coverage of AGB distaaad variability, similitudes and
differences between the AGB maps. Complementarily to this, relations between
different stakeholders working on AGB in the Brazilian Amazon were identified. Also,
by quantifying the AGB maps and RadamBrasil field dataabdity within different
environmental factors, we provide valuable elements for understanding the current AGB
data in function of climate, soils, vegetation and geomorphology maps. Thus, joining
these previous analyses we have obtained a forest AGRIspatiagas map, which

refers to places with no ground or LIDAR data, where the AGB maps differ the most. In
other words, we assessed priority areas for further AGB assessments in the Brazilian

Amazon.



1.1 Objectives

1.1.1 General objective

The aim of the studig to assess forest aboveground bionsassial datayaps

across thé&razilian Amazon

1.1.2 Specific objectives

Evaluate the coverage ekisting AGB data across tfazilian Amazon forest.
Analyze the AGB maps variability within different environmental dastmaps.
Assess theifferenceshetween AGB maps.

Produce a spati?ddGB datagaps map for the Brazilian Amazon forest.

= =/ 42 =4

1.2 Research questions

1 Is the coverage of the AGB datasets sufficient for estimating the Brazilian
Amazon forests biomass?

1 Is there any reteon between the AGB maps and the environmental factors
maps?

1 Where are the main differences between the AGB maps?

1 Where are the AGBpatial data gps in the Brazilian Amazon forests?



2 HOW MUCH IS KNOWN ABOUT BIOMASS IN THE BRAZILIAN
AMAZON FOREST

2.1 Quantifying Amazon forest biomass

Forest biomass is estimated framsitu sampling (field surveys) and remote sensing.

situ sampling can be divided situ destructive direct biomass measurementsiasitu
nontdestructive biomass estimates. The first cdasis harvesting trees, drying them,

and weighting the biomag§&TOS, 2009) While the second, also known as bass

plots design, refers to ste(and sometimes crown) measurements in a number of plots
and its conversion to biomass by using particular #ops or conversion factors
(GTOS, 2009), examples of the secondBn@vn and Lugo, (1992) and Brown, (1997)
Remote sensing biomass estimation is based in the amount of microwave, optical or
infrared radiation reflected or scattered by the vegeté&di©S, 2009)

Biomass maps are derived from field data estimates, sometimes combined with remote
sensing data (calibrated and validated with field biomass data) or expansion factors
(Baccini et al., 2012; Saatchi et al., 2011).

2.1.1 In situ sampling and allometry

In situ sampling refers to a destructive direct biomass measurement which consists in
harvesting the tree, dry the samples, and weight the biomass for each tree compartments
(GTOS, 2009)This intensive and costly labor work is necessary to developdheabs
allometry equationsBROWN, 1997; HIGUCHI et al., 1998; CHAVE et al., 200%)
extrapolate the biomass sample datasftu and remote sensing) to larger areas with
similar characteristics (e.g. stratung§TOS, 2009)

Also, allometry refers to dtiatical relationships to estimate forest biomass that includes
data from destructive sampling (tree parameters as volume, density etc.) and the
development of equations or expansion factors to get biomass from measurable tree
parameters as the diameterbaeast height (DBH) and/or height. For example: The
equation of AGB developed bidiguchi et al., (1998) used a database of 315



destructive sampling trees also considering dominant height, accordimgap(2010)

who used fallen trees to developed log@lume equations in other sites of the Brazilian
Amazon; The highly known below ground biomass (BGB) equatior&iled, (2007)

used more than 130 trees roots measurements to get an equation which relate AGB and
BGB; At tropical scale,Brown, (1997)dewloped an AGB equation for broadleaf
forests using data from 371 harvested trédsave et al. (200)leveloped equations
using 2410 trees from the tropics (5 sites in Brazil). These equations al@yethm

many biomass mapSAATCHI et al., 2011; BACCINet al., 2012) Also, the height
diameter relationships, considering environmental factors, geographic location, and
forest structure, were explored by Feldpausch et al. (2011) and the incorporation of tree
height as relevant variant in AGB estimationseduce uncertainty i(FELDPAUSCH

et al., 2012) Finally, FAO has been gathering the worldwide forest allometry online
databaséwww.globallometree.orgdHENRY et al., 2013)

2.1.2 In situ non-destructive biomass estimates (sampling plots)

Biomass nordestrudive in situ estimatesconsist in measuringge parameters as DBH

in sampling plots, and using allometric equations and expansion factors to extrapolate
the biomass data to unit ground area, or strafBEBARSON; WALKER; BROWN,

2005; GTOS, 2009)The samphg plot design is the most common method used to
estimate forest biomass data collected from trees, (DBH) in several of plots; then this
data is extrapolated to a larger area (e.g. vegetation str@REARSON; WALKER,;
BROWN, 2005) Depending on the objgees of the measurements (i.e. forest
inventory, REDD project, etc.) the type, number and location of plots will vary
(PEARSON; WALKER; BROWN, 2005)

Stratification is recommended to reduce sampling cost and efforts, and increase the
statistical robustrss of a forest biomass assessment. Stratification consist of dividing
the project area into subpopulation (stratums) that form homogenous units according to
the variable of interest. In the case of forest, the variable is ARBBARSON;
WALKER; BROWN, 2005;IPCC, 2006) For example, to measure forest carbon
content §50% of the AGB biomass), the IPCC (2006) recommends to stratify forest
area into homogenous units, considering environmental factors maps as climate, soil,

vegetation and relief with similar biomass content.



According to the IPCC, (2006), there are fiearbon pools to consider when
quantifying biomass in forest: AGB, BGB, dead wood, litter, and soil organic matter.
Most of the forest inventories take into account only woody AGB and the rest of the
carbon pools are inferred, from allometric equations apansion factors
(RADAMBRASIL, 1983). Other forest inventories and REDD+ projects, measure all
the cabon pool in the plotsNFI, 2016)

2.1.3 Field plots networks in the Brazilian Amazon

AGB plots have been established by many institutions and networtke Brazilian
Amazon. The RadamBrasil project conducted one of the first -krgle forest
inventories aiming at commercial trees between 1973 to INEBSUEIRA et al.,
2015) The project measuredl ahe trees greater or equal to 31.83 cm of DBH.
RadamBrai$ dataset is widely usedf generating biomass magdd T, 2004, 2010;
NOGUEIRA, 2008; NOGUEIRA et al., 2015)

The National Institute of Amazon Researches (INPA) aims to promote scientific
knowledge of the Brazilian Amazon region, focusing on tropicatsiomanagement
(between many other science topiflSMA, 2010; HIGUCHI, 2015) INPA's Tropical
Forestry Department has been monitoring Amazon forest since the 1980’s, with many
large projects such as LBA, Jacaranda, BioGsbon Dynamics of Amazonian fests
Project (CADAF), etc. Also, INPA administrates the Forest Experimental Station
(Estacdo Experimental de Silvicultura Tropical EEST) that includes the Cuieiras
biological reserve in the ZE and also studies the Ducke forest reserve in Manaus.
INPA is working in a continuous forest inventory (CFIl) of the Amazonas State that
started with the CADAF project, with permanent and temporal plots. In these plots, all
trees with more than 10 cm DBH and between 5 and 10 cm DBH (natural regeneration)
are measuredcommon tree names, epiphytism presence and stem quality are
documentedLIMA, 2010). Many of the INPA’s plots are part of the Amazon Forest
Inventory Network (RAINFOR) and Tropical Ecology, Assessment and Monitoring
Network (TEAM) networks.

Since 2002RAINFOR has been monitoring forest biomass structure and dynamics in
the Amazon Basin and gathering thedda to understand the relationship with
environmental factors such as soil and climM®&LHI et al., 2002; PEACOCK et al.,



2007) RAINFOR netvork, gathered plots across the Amazon Basin with a field
protocol systematic measurements of DHB, tree status and tree death, with some plots
varying from 10 ta30 years oldPEACOCK et al., 2007)The TEAM network works

on tropical forest ecosystem sems$, biodiversity, climate and land cover change in
tropical forest, with plots in two sites in the Brazilian Amazon: LBA site managed by
INPA and Ferreira Penna Scientific Station in Caxiuand, where AGB is measured
periodically in all stems larger than ton DBH (trees, lianas, palms, and tree ferns)
(TEAM NETWORK, 2016) The average AGB per plot of RAINFOR and TEAM
networks are available online at (http://www.forestplots.net/).

Since 2013, the Brazilian National Forest Service is in charge of the Nafiorest
Inventory (NFI) directed at generating information on forest resources (natural and
plantations) every 5 yea(dlFl, 2016) The NFI started its systematic sampling design
(forest and other land use classes), with the establishment of sampls¢pumpikots) in

a grid of 5 x 5 km for the Amazon biome (20 x 20 km grid for other biomes). In each
sampling unit, all trees with more than 10 cm of DBH were measured isasnpling

units (20 x 50m) and trees with more than 40 cm of DBH in other subsgmpiits.

The NFI collected data also from trees from@®cm of DBH, herbaceous vegetation,
litter and soils (30 to 50 cm of deep). However, few areas will not be considered in this

inventory due to accessibili\NFI, 2016)

Another network with biomasplots, conceived with the objective of assessing the
impacts of environmental changes on tropical ecosystems using remote sensing and
field surveys, is the Tropical Ecosystems and Environmental Sciences Laboratory
(TREES) located in the National Institifter Space Research (INPE).

The Sustainable LandscapBgsazil project, focused on airborne LIDAR and degraded
forest, uses ground plots to calibrate the empirical relations between Airborne Laser
Scanning (ALS) and Aboveground Biomass (AGB) in the BrazihhmazonLONGO

et al.,, 2016; SATO et al., 2016)hey collect field data from many networ80S
SANTOS; KELLER, 2016a; SUSTAINABLEANDSCAPES, 2016); plots have been
monitored and some 4measured. Other institutions and networks working with forest
biomass plots are the Emilio Goeldi Museum of Para, with the Ferreira Penna scientific
station in the Caxiuana National Foresith forest biomass measuring plots and a Flux



tower, also related to the LBA and constantly monitored by networks as TEAM and
RAINFOR between others. Since 1973, the Brazilian Agricultural Research Corporation
(Embrapa), part of the Ministry of Agriculture, Livestock, and Food Supaly,a wide

range of activitiesand projects related to tropical agriculture in all Brazilian bioates
different scales(EMBRAPA, 2016) Embrapa has been monitoring also managed
forests through the Tropical Managed Forests Observatory. Embrapa Acre has also
biomass plots and LIDAR experiences. Redeflor has permanent plots in the Amazon
using the same mesuring and monitong methods andworks with institutions,

networks, universities, and forest concessions that have permanent plots in the Amazon.

2.1.4 Remote sensing AGB estimates

Remote sensing satellite methods have been used to determine forest amarsat
scale through optical sensors, as Landsat and MODIS, calculating vegetation index as
Normalized Difference Vegetation Index (NDVI), abelaf area indeXLAl). However,

the advent of active airborne remote sensing techniques at intermediate scdHai
possibility to acquire tridimensional information about the vegetafioborne remote
sensing like Radar and LIiDAR allows to quantify changes in three dimensional forest
structure and canopy functional traits in tropical forest at landscape (#@INER;
MASCARO, 2014; HENRY et al., 2015Radar data has been used in the Brazilian
Amazon(SANTOS et al., 2003; BISPO et al., 2014; TREUHAFT et al., 2@b8) the
RadamBrasil projectised airborne radar images and photogrdR#ADAMBRASIL,

1983) As nentioned abovesince 2012 the Sustainable Landscapes project has been
working with LIDAR airbone biomass datalso the Earth System i8oce Center
(CCST)/INPE has implemented the Improvingiomass Estimation Methods Project
under the Amazon Fund and Iteady has 612 transects off LiDARyhts all along de

Brazilian Amazon Biome

Terrestrial LIDAR (or groundbased LIiDAR) is opening a new way of getting allometry
from nondestructive estimates through the laser pulses transmitted from an active sensor
installed in a tripod. TLS can assess the forest structure in adhmamsional way, it
enables direct estimates of complete tree vol(@®LDERS et al., 2014)There are

some experiencassing TLSin tropical foresin Brazil (PALACE et al., 2016)



2.1.5 Fored AGB maps

Forest biomass maps are a combination of field data, allonaettigometimes remote
sensing data and modeling. The decisions on each of these components and the scale
(level of detail and study aremfluence the final AGB quantity and distution within

the map(OMETTO et al., 2014)

There are many AGB maps covering the Brazilian Amazon foresesfifist attempt to

get a ABG cee from Houghton et al., (2001)which analyzed if biomass estimates
yield similar spatial patterns of quantity addtribution of biomass, finding that the
biomass estimates vary by more than a factor of twonanpatterns of agreement are
found on the regions of high and low bioma€3ne of the first biomass maps that
considered basal area and AGB interpolation fsas Malhi et al., (2006) with 227
forest plots accounting for variations in basal area and wood density combined with

environmental factor maps.

Since 2004, Brazil has been preparingBA@aps to report GHGs in the N« Brazil to

the UNFCCC, which is aw in its third version. Th&ICT (2010)AGB map, employed

in the second N®f Brazil and in the REDD + baseline, was an improvement of the
initial NC (MCT, 2004) both AGB maps were based on 1682 RadamBrasil project
plots (RADAMBRASIL, 1983) Theae were fav differences between thmethods,
expansion factors and equations used to estiM@&B in the first and second NC
(TEJADA, 2014) The vegetation map used in the NRICT, 2010) was basedn
reclassification of the IBGE, (2004) ardMA, (2006b) vegetation raps without
transition vegetation classes. The average biomass for eaest feegetation
physiognomy wa®stimated (using literature references for vegetation physiagsom
without field data) andhe biomass/alues per vegetation class wegtrapolatedn
each of the RadamBrasiblumes. The AGB extrapolation of the RadamBrasil volumes
sheets lead to a highly questioned biomass distribution in quadrants in the resulting
AGB map(OMETTO et al., 2014; TEJADA, 2014Therefore, for the third NQUCT,
2016) Brazil prepared another biomass m@dCT, 2015, 2016)also based in
RadamBrasil plots (1682put using the biomass equations of BROWN, (1997) instead
of Higuchi et al., (1998)The expansion factors dfogueira, 2008vere used to include
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tress with DBH maller than 31.83 cm and the method to extrapolate biomass was the
Inverse Distance Weightin@/ALHI et al., 2006)

One of the first biomass mapsblished, and available onlimeas the map of Saatchi et

al., (2007), which reports a biomass extrapolatiogthod using field plots data and
remote sensing for the Amazon basin. Then, Saatchi et al., (2011) published a biomass
map at tropical scale for the year 2000 modeling the spatial distribution of biomass,
with a combination of global forest height datayeral remote sensing databases, field
data and more than 3 million LiDAR shots. The authors used 4079 AGB plots at pan
tropical scale (707 in the Brazilian Amazon) to calibrate GLAS (spaceborne LIiDAR)
height to AGBand for the BGB they used diverse equagi and expansion factors.

After processing field data and GLAS LIiDAR observations (to sample AGB) and
developing a relationship djoth: Lorey®s heigh and AGBand AGB to BGB;they
mapped the biomasaratifying forest structurausing a data fusion model dsed on
Maximum Entropy (MaxEnt) at 1 km spatial resoluti®AATCHI et al., 2011) To

stratify forest types, they used LAI to developed landscape data (forest structure and
seasonality), NDVI and backscatter metrics, resulting in a carbon densitySamsghi

et al., (2011) carbon map has been widely used as it is available online been the base of

the carbon emission estimates from deforestation map of Harris et al., (2012).

Baccini et al., (2012) carbon density map, also available online at pan tregadal is
focused on C density estimates of AGB live woody vegetation using remote sensing
multispectral surface reflectance, and 483 fieldptots o c at ed wi t h Li DAR
(the number of plots in the Brazilian Amazame not mentiongd They used @
specifically designegrotocolfor the optimal integration of field and satellite data and
modeled ABG with RandomForest approach and biomass equations. The carbon map,
for the years 2002008, have a spatial resolution of 500 Baccini et al., (2012) rad
Saatchi et al.,, (2011) biomass maps has been compared in many publications
(MITCHARD et al., 2013, 2014; SAATCHI et al., 2015; AVITABILE et al., 20183

an interactive web application that compare both maps
(http://carbonmaps.ourecosystem.g¢om

The comparison of Mitchard et al., (2014) of Saatchi et al., (2011) and Baccini et al.,
(2012) maps has generate controversy, due to the comparison of remote sensing
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measurements with field plots of RAINFOR netw®AATCHI et al., 2015) To
compare both map#hey created a field data based AGB map using kriging to allow a
spatial comparison@MITCHARD et al., 2014) AGB was calculated using parameters
of the moist tropical forest mod¢CHAVE et al., 2005) height etimated from the
region specific Weibull maels (FELDPAUSCH et al., 2012and wood density
(CHAVE et al., 2009)

The biomass map ®&fogueira et al., (20153 based on a stratification approach, as well
as the previous AGB map experien¢BOGUEIRA et al., 2008)but in this case, they
consider mee plots (2702 plots instead of 2317) from RadamBrasil project
(RADAMBRASIL, 1983), assigninghe average biomass value to 29 vegetation classes
or stratumgIBGE, 2012) For this map, Nogueira et al. (2015) difiee vegetation map

of SIVAM, (2002), emploing allometric equations for boleolume estimates for dense
and open foresttNOGUEIRA et al., 2008)They covered the Legal Amazon and the
Amazon biome without using any remote sensing product or data, employing only

allometric equations, expansion fast@f previous studies

Finally, the biomass pan tropical map published Awitabile et al., (2016) a
combination ofSaatchi et al., (2019ndBaccini et al., (2012jnaps, resulted in a fuse
panttropical AGB biomass map at 1 km resolution. They usedta fdaion approach

with bias removal and weighted linear averaging, which spatializes the biomass pattern
of a reference data set, including reference biomass maps and reference plots in the
Brazilian Amazon. Theglsoused RAINFOR network (http://www.fosgplots.net/) and
Sustainable Landscapes projeé8USTAINABLE-LANDSCAPES, 2016jield data.

The AGB mapsof MCT, (2004, 2010) and Nogueira et al., (2008, 2015) are maps that
pretend to represent the potential biomass, not considering degradation artthigecon
vegetation. On the other hand, the AGB maps of Saatchi et al., (2007, 2011), Baccini et
al. (2012) and Avitabile et al., (2016) are maps which represent current biomass for
specific years, which consider forest degradagind secondary vegetation.

2.2 Environmental factors and forest biomass

Forest biomass is influenced by forest distribution, structure and environmental factors

such as climate, soil and relief and various processes (QUESADA et al., 2012; PAN et
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al., 2013) The main environmental factots be considered in biomass estimates will
depend on the scale of analysis; for example, climate is determinant in forest
distribution and structure at global scalet lAndscape scalesahopography and soil

type canmodify the climate influence forminigcal microclimategPAN et al., 2013)

At global scale, climate has been used as the main environmental indicator of forest
distribution, due to correlation between forest geographical patterns and climate (as the
well-known Holdrige's lifezone system{IPCC, 2006; PAN et al., 2013\t regional

scale, the influence is more compleRccording to Saatchi, (2015) a roboust
relationship between soil and climate and forest biomass for predicting regional
variationsdoes not exist yetn tropical latitudesthe range in temperature is low, so the
biomass is influenced by the precipitation, sometimes expressing a relationship between

forest and rain.

At the Brazilian Amazon scale, precipitation could be a better forest indicator than
temperature, but as inhar scales, climate is a strong indicator of forest biomass
distribution (PAN et al., 2013)Soil type has enormous influencegrowth and stem
turnover rates of forest biomass productiviagcording to the nutrient availability
gradient, mainly phosphos and nitrogen along the Amaz@AVIDSON et al., 2004;
QUESADA et al., 2012)In the case of topography, mountainBuence local climate
affecting the wind circulation and precipitation (PAN et al., 2013). The gradients of
elevations are strong relatéal forest structure and functioning (ASNER; MASCARO,
2014).

The environmental factors maps suctchmate, soil, ecological zonare the base for

forest biomass stratification according to tIRCC (2006) The stratifications can be

made undeB levelsof methodological complexity called tie(lPCC, 2006) Tier 1,

used at global level, requires IPCC default agsions, methods and dafaIMONS et

al., 2001) Tier 2, used at regional scale, requires default assumptions and methods, and
country specifiddata (BGE, 2001; MMA, 2006h)The high complexity level of tier 3

used at regional or local scales, requires country specific assumptions, methods and data
(MMA, 2006a)

There are many maps of environmental factors related to climate, soils, topogndphy a
vegetationn the Brazilian AmazonCPTEC from INPE is th8razilians Institutiorthat
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providesclimate data Many climate mapgan also be downloaded from the PMM:
Precipitation Measurement Missions (https://pmm.nasa.gov/trmm) from the NASA, and
WorldClim - Global Climate Data (www.worldclim.org/). Soil, vegetation, climate, and
relief maps at national scale (Brazil) and regional scale (for the Brazilian Amazon) are
available online on the IBGE and MMA websitesvww.ibge.gov.br and
http://mapas.mma.gdw/i3geo/datadownload.hmVIMA has dso apageonlinewhere

the maps can be visualized

(http://mapas.mma.gov.br/i3geo/mma/openlayers.htm?3j668cndkqi2p9e6hqr6d8tnis).
2.3 Forest biomass and international climate agreements

The emissions from land use anover change (LUCC), especially from deforestation
and forest degradation, are the second source of totale@@3sions responsible for
climate changgIPCC, 2014) The most known climate change mitigation mechanism
under the UNFCCC, related to forest, i€[BD+. The idea behind REDD+ is that
countries that are willing and able to reduce emission from deforestation should be
financially compensated for doing §ONFCCC, 2014h)Under the first commitment
period of the Kyoto Protocol (20e8012) of the UNFCCCREDD had not been
credited, REDD was first established as a separate climate change mitigation
mechanism irR005 during the COP11 and in 2007 at the COB3 in Bali (thus not
accessible for existing internationally regulated carbon markets) (UNFCCCb)2014
The urgent need to take further meaningful action to REDD in developing countries in
the post2012 international climate policy was alaoknowledgedUNFCCC, 2014a;
MMA, 2015). Since then, in every COP the REDD political and methodological issues
wereaddressed, untieachingREDD plus which has a broader scope, including forest

conservation and enhancement of carbon stocks.

The expected agreement on the fixt2 negotiations for a post Kyoto Protocol in the
COP 15 did not succeed. Only the COP h9Warsaw (2013) had a significant
breakthrough, referring to reducing emissions from deforestation and forest degradation,
the role of conservation, sustainable management of forests and enhancement of forest

carbon stocks in developing countries (REDDpipviding guidance on a variety of

! Conference of the Parties (COP) is the supreme deaisaking body of the is the supreme decision
making body of th Convention (UNFCCC) (http://unfccc.int/bodies/body/6383.php)
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measures related to REDD (UNFCCC, 2015). Finally, in 2016 the Paris Climate
agreement was signed highlighting the political support for the existing internationally
agreed frameworks as the Warsaw Framework for REDD+erQpteat advances of the
Paris agreement were mitigation, finance and international markets were part of the

Paris agreement between other great advances (MMA, 2015).

Brazil as a part of the UNFCCC, has been participating actively in REDD+ in its
differert phases. Brazil was the first country to implement the Warsaw Framework and
has already submitted the Forest Reference Emission Levels (FREL) for the Amazon
and Cerrado biomes, which are under review by the UNFCCC. After approval and
publishing of FREL inthe Lima REDD+ Information Hub (online platform where are

all the official documents submitted by country referring REDD+ activities), FREL will
start Fundraising for results based mayments (MMA, 2015). Also, Brazil has been
presenting the NC for the NFCCC (MCT, 2004, 2010, 201&nd right now is
preparing the fourth NC.
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3 METHODS AND MATERIALS

3.1 Study area

The Brazilian Amazon Basin has an area of 3,869,653akm covers 60% of the entire
Amazon Basin, which is shared with six other countries (Bitj). In Brazil, the
Amazon can also be referred by using the term Brazilegal Amazon, which refers to

a legally designated border surrounding an area with a similar ecological structure and
economic, political and social conditions, totalizing mdrant5 million knd. Another

term used in this context is the Brazilian Amazon biome, corresponding to an area of
4,196,943 krhcovered by similar vegetation and fauna, defined by physical conditions
such as geography, lithology and climate that generatguenbiological diversity
(IBGE, 2004a)

This study focuses only on the forest area considered as intact by PRODES in 2014
(~3,139,172km?) (INPE, 2015)within the Brazilian Amazon biom@BGE, 2004a)

This definition covers nine Brazilian StateAcre, Amapa, Amazonas, Para and
Roraima States, 98.8% of Ronddnia, and 54% of Mato Grosso, 9% of Tocantins, and
35% of Maranhdo States (Fig. 3.1). The scale of the study will be regional (Amazon

biome scale).
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Figure3.1 - Study area, covering forests in the Brazilian Amazon biome.
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Source:The 2014 forest mask data drem INPE (2015)and theBrazilian Biomes
from (IBGE, 2004a)

3.2 Existing AGB data distribution
This section is divided to three different componesit (1) extensive revievef existing
AGB datasets; (2kocial network analysis to establish the links and interrelations

between the identified stakeholders; g8¥ identification of the coverage of the AGB
datasets. These components are shown in Fig2re 3.

18



Figure3.2 - Coverage analysiof AGB dataflowchart
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Source: by the author.

3.2.1 Review of existing AGB datasets

We performed an extensive review of the available datasets related to AGB (such as
data fron forest inventories, field plots, AGB maps, remote sensing products and maps
of environmental dctors) in the Brazilian Amazon.c@ntific literature, institutional

web pages, and repomtgere usedbut alsoinstitutions and researchers were contacted

All data were organizeith a georeferenced dataset in a geographic information system

environment.

3.2.2 Social network analysis between the AGB stakeholders

During the review and interviews, the links between institutions, programs and
stakeholders were mapped damanalyzed through social network analysis (SNA)
(SCOTT, 2012) The SNA counted the number of connectiobstween the
stakeholders, placing more weight on stakeholders with more connections. Table 3.1

shows all the stakeholders connections identified duhie review.
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Table3.1 - AGB stakeholders connections of the social network analysis

Number of Connections
Id Label Attribute total
connections
1 14 15
1 15 58
3 58 40
58 36
1 40 16
1 40 17
1 40 19
40 20
2 40 18
- - — 40 21
2 40 23
. . . " 40 24
10| New Hampshire International Universities 1 40 o5
11| Landcaster International Universities 2 58 25
12 | Oxford International Universities 1 gg gg
13| Exeter International Uniersities 1 41 38
4 41 36
42 41
11 42 28
1 42 36
42 38
1 56 54
1 14 56
55 39
1 15 37
1 15 36
15 48
1 15 51
1 15 26
15 38
2 15 39
2 15 33
39 28
2 14 46
1 14 54
57 38
1 35 36
2 53 38
53 42
2 54 39
2 30 39
27 39
9 43 1
2 43 2
43 3
4 43 4
1 43 5
43 44
18 43 55
36| EESTFINPA/ZF2 (ManausAmazonas) Main sites 9 gg 2(7)
37| Humaita Forest Reserve (Acre) Main sites 2 gi gi
38| Floresta Nacional Tapajés (SantarBard) | Main sites 5 53 12
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Number of Connections
Id Label Attribute total
connections
39| Caxiuana national fore¢BelenPara) Main sites 6 gi ég
40| Amazon State Forest Inventory Main networks 11 31 11
31 53
41| TEAM Main networks 7 31 58
42| RAINFOR Main networks 22 31 54
. 31 46
43| Redeflor Main networks 9 31 36
44| National Forest Inventory Main networks 14 gé jg
45| FAO FRA Institutions 3 35 34
46| National Forest Service Institutions 5 gg :1))8
47| TNC Institutions 1 35 53
48| NASA Institutions 3 35 50
35 54
49| IPAM Institutions 2 35 49
50| IMAZON Institutions 1 35 51
35 47
51| INPE Institutions 8 35 60
52| IBAMA Institutions 1 335 48
53| TREES Institutions 10 35 8
54| Embrapa Institutions 7 gg g
55| Emilio Goddi Museum Institutions 4 41 66
56| IBGE Institutions 3 44 56
44 60
57| ICMBIio Institutions 1 44 51
58| INPA Institutions 10 44 58
44 54
59| SDS Institutions 1 44 61
60| US Forest Service Institutions 2 ii gg
61| UFRN National Universities 1 44 64
62| UFPR National Universities 1 44 65
: : = 44 67
63| UNIR NationalUniversities 1 44 8
64| UNEMAT National Universities 2 jg 22
65| IDEFLOR Institutions 1 45 46
66| Conservation International Institutions 1 65; 324
67 | UFAL National Universities 1
68| UFAC National Universities 1
69 | Tropical Managedrorests @servatory Main networks 1

National Universities | International Universities B Projects = Main sites =~ Main networks & Institutions
The Label column is the name of the stakeholder; Attribute is the type of stakeholder;
Number of total connection is the sum of the connection; while Connections show each
connection between two stakeholders using their respective Id. AcronymsAdre in
Source by the authar
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3.2.3 Coverage of AGB field data

To analyze thecoverage of the AGB plots (that we had access) over the Brazilian

Amazon forest we calculated a distance from the current field plabs

It is difficult to determine the area covdrby the AGBplots since differenprotocols

result in different plot sizes, and not all networks have ithformation available. @
estimate the sampled area by plots in the Brazilian Amazon forest, a regular plot size of
1 ha of the plots with no sampleareawas assumedn the caseof sampled area of
LIDAR transects, we used available information frBBA and Sustainableandscapes
projects(EBA, 2016; SUSTAINABLELANDSCAPES, 2016)

3.3 Forest AGB variability and environmental factors analyses

In order to achievehis objective, we chose five of the nine AGB magelectingthe

latest map of authors with more than one (BAATCHI et al., 2011; NOGUEIRA et

al., 2015; MCT, 2016)assuming improvements in methods and data quaig&yshown

in the latest versiarAlso, we includel maps fromBaccini et al., (2012andAvitabile et

al., (2016) Mitchard et al., (2014jnap was notonsidered for the analysis, since their
purpose was not to produce a biomass map itself, but a kriging extrapolation of

RAINFOR AGB plots to cmpare with remote sensing data.

The biomass maps of Saatchi et al., (2011), Baccini et al., Y20itRAvitabile et al.,
(2016) considered only AGB and not BGB. MCT, (2016) and Nogueira et al. (2015)
considered both AGB and BGB. In orderdomparethesemaps, we subtracted BGB
using the expansion factor and ratios by class of vegetatiethodology used in both

maps, according thlogueira et al., (2008Fig. 3.3).

The AGB maps variability within the different environmental factor maps (soll,
vegetation topography and climate) was measured in teafgopulation variance
(considering every environmental factor mdafq. 1) and stratified variance
(considering the different classes or stratums of each environmental facteEqajp
(Fig. 3.3). The strdied variance of RadamBrasil field plots were also calculated in
every environmental factor map, as a way to compare the variance of fieldedsua

the variance of AGB mayas shown in Figure 3.3
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Figure3.3 - Forest biomass variability and environmental factors analysis flowchart
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Source: by the author.

Equation 1. Globalvariance

o2 — YI(X;, —pu)?
N N

Where:X; is an observationy is the population mean; amlis the population size

Equation 2. Stratified variance
st = Z{:ﬂjz'rﬁ}z * §j

Where: g is the total stratified varianca,is the stratunp size,N is the population size argis
the sample variance of the stratym

The logic behind using the variance, is that in each class of an environmental factor
map, there is an homogenousisd or stratum. Therefore, the AGB should be more
similar in a class than in the entire map. Stratify could help reduce cost and iefforts
samplinglarge areas, calculating the number of AGB plots needed to represent each
class(PEARSON; WALKER; BROWN, 205; IPCC, 2006)
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We carried out the stratified variance analysis to identify in which environmental factors
maps (and classefle AGB maps and RadamBrasil haess varianceConsidering

that an environmental factor class with low AGB variance (morelaimiepresent
better the AGB classes.

Since multiple sources of information, regardiegvironmental factors mapsre

available, after a preliminary analysis, the following maps vetiesen (Table3.2).
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Table3.2 - Environmental factors map used in the analyses

Environment Maps Description N° of Scale Spatial Download site
al factor classes* resolution

Vegetation Vegetation map of Brazil Vegetation map, digitalized by tleS. GeologicaBurvey 36 National 1 http://mapas.mma.gov.br/mostratema.php?ten
(IBGE; USGS, 1992) 5,000,000 =vegetacao
Vegetation map (SIVAM, Based on RadamBrasil project map, actualized by 80 National ~ 1: 250,000 http://mapas.mma.gov.br/i3geo/datadownload.
2002) SIVAM project m
Vegetation map of Brazil Includes forest, noforest formations according to plant 38 National ~ 1: ftp://geoftp.ibge.gov.br/informacoes_ambientai
(IBGE, 2004b) physiognomies, also used remote sensing 5,000,000
Brazilian Biomes PROBIO project gather all the other vegetation mappit 298 Regional ~ 1:250,000 ftp://geoftp.ibge.gov.br/mapeamento_sistemati
Vegetation Cover (MMA, initiatives with more detailed satellite images analysis /banco_dados_georeferenciado_recursos_nati
2006h) s/amazonia_legal/
Vegettion Map used in the National Communications of Brazil, 28 Regional 1:250,000 http://sirene.mcti.gov.br
Physiognomies of Brazil grouping the transition classes of IBGE (2004) and
(MCT, 2010) PROBIO vegetation maps

Soils Soil map of Brazil (IBGE, The soil map used the new Brazilian system of soil 32 National ~ 1: http://mapas.mma.gov.br/i3geo/datadownload.
2001) classification of EMBRAPA and published by IBGE an 5,000,000 m

EMBRAPA.

Soils of Legal Amazon This map is part of the Environmehgémd Ecological 26 Regional ~ 1:250,000 http://mapas.mma.gov.br/mapas/aplic/zee/atla:
(MMA, 2006a) Zoning (ZEE) of the Legal Amazon ee_openlayers.htm?1c421f54qsjngii3frjgjO3va:
Soil carbon stocks Soil carbon stocks is a combinatiohlPCC global soils 42 National - -
(BERNOUX; VOLKOFF; with vegetation classes
CERRI, 2002)
Soil map (QUESADA et Soil maps with particular reference to RAINFOR sites. 13 Regional 1. -
al., 2011) Basin wide distributions of soils under forest vegetatio 5,000,000

Climate Water deficittFONSECA Cumulative water deficit (1988014) calculate using 14 Global 0.25° https://mirador.gsfc.nasa.gov
et al., 2016) TRMM data.
Climate Map of Brazil Thematic map of Brazil, data from 1978 with adaptatic 5 National ~ 1: http://www.ibge.gov.br/english/geociencias/def
(IBGE, 2002) in 2002, dry months 5,000,000  ult_prod.shtm

Topography  Relief map 2002 (MMA, Relief map 2002Gompartimentos do relevo do Brasil 32 National ~ 1:250,000 http://mapas.mma.gov.br/i3geo/datadownload.
2002) 2002) m
Relief units map of Brazil Temathic map, based on RadamBrasil project and 69 National ~ 1: ftp://geoftp.ibge.gov.br/informacoes_ambientai
(IBGE, 2006) improved with remote sensing products 5,000,000  geomorfologia/vetores/brasil/
Geomorphology of the  This map is part of the Environmental and Ecological 64 Regional  1:250,000 http:/mapas.mma.gov.br/mapas/aplic/zee/atla:

Legal Amazon (MMA,
2006a)

Zoning (ZEE) of the Legal Amazon

ee_openlayers.htm?1c421f54qsjnqii3frjgj03vq:

* The number of classes refers thedy area and the classification chose in each map
Source: by the author.
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The climate map of Brazil is an update of a previb@88climate mapNIMER, 1979)
that reflects the climate zones, thermic regions and wetness expressed bynthy mo
(IBGE 2003. The information takefrom this map is the number of dry monthighin

a year thateflect theprecipitation occurrence and distributicknother map that also
considers many climate attributes is the water deficit rttagt, showshe cumulative
water ceficit from 1988 to 2014alculated byFonseca et al. (201,6)sing TRMM data.

In both maps, climate data represents the average and nennigal variability.

The Soil map of Brazi{IBGE, 2001) is part of the IBGE watto-wall maps at 5 million

scak, use the&ambrapa soil classificatioand it was made convertinge RadamBrasil,
(1983) data in a digital format. The Soils of the Legal Amazon map was produced by
the Ministry of Environment of BrazilNIMA) with the Environmental and Ecological
Zoning poject (ZEE), in the context of the Scenarios for the Legal Amazon project and
the IBGE (MMA, 2006a) The ZEE produced a geographic database for the legal
Amazon at 1: 250,000. This map was made taking into account soil texture and relief.
At the Amazon bsin scale, the Soil map @UESADA et al. (2011was made with
references of RAINFOR forest sites with soil data. The Soil Carbon Stocks map of
Bernoux et al. (1997) links vegetation and global soil clags&SC, 2006)for the

Brazilian Amazon, so this rpahas already a relationship with vegetation.

The Relief mapijs part of the # IBGE Atlas with 32 relief unit{MMA, 2002). The

Relief Units map, based on geomorphology classes at 5 million scale, includes new
mapping techniques using remote sensingges (Landsat and Radar) of SIVAM
project for the Legal Amazon, to improve the original classificaiBGE, 2006) Also

in the context of the ZEE projecyou find the Geomorphologynap of the Legal
Amazon(MMA, 2006a)at 1: 250 000, which also used $igimages.

The first largescale vegetation mapping based on Radar images and field work was
accomplished during the RadamBrasil projd®ADAMBRASIL, 1983) that was later
updated based on the SIVA{@istema de Vigilancia da Amazongpject in 2002.

In 2004, IBGE published a walb-wall map series at5 million scaleincluding the
Vegetation Map of Brazi(IBGE, 2004b)to reconstruct the original vegetation cover

using the phytoecologsegion bibliography and remote sensing (LandsakiMy
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parameters hich evidence relief, hydrology and vegetation cover to delimit better the
stratums or classe$heBrazilian Biological Diversity Project (PROBIO) gathers all the
previous effortoof SIVAM, Radambrasil, PRODES and IBGE (between many others)
with more satltite images and SRTM datia order to generata unique geographic
database for the Amazon bionwvdth IBGE and the MMA (MMA, 2006b) The
PROBIO map with 298 vegetation classes is an excellent choice forskcadal studies.
Finally, for theBrazilian NC, the vegetation map of IBGE (2004) and the PROBIO
maps were used disregarding vegetation transition classes resulting in a reclassified

vegetation physiognomies map.
3.4 AGB maps differences analysis

In this section, we performed the differences analysesivef df the AGB maps
(SAATCHI et al., 2011; BACCINI et al., 2012; NOGUEIRA et al., 2015; AVITABILE

et al.,, 2016; MCT, 2016)in pairs of maps ashown inFigure 3.4. We generated 10
AGB differencesmaps Then, we calculated the cell statisticsatifthe AGB together,

to obtain the averagetandard deviation and range, in order to summarize and map the
tendencies of all the AGB maps (F&4). The main result of this stage, israap of the
standard deviation along with all the inputs mab@wingmost ofthe AGB differences

that was usetbr further analysis.

Figure3.4 - Differences analysisetween AGB maps flowchart

Amazon forest biomass maps

/Saatchi etal 2011 // Spatial differences Spatial differences
analyses in pairs bi
iomass maps
/Baccini etal 2012 // of maps
/\Togueira etal 2015//
/ MCT 2016 // Spatial statistics Standard
between all the deviation, mean
Avitabile etal. 2016 / maps and range maps

Source: by the author.
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3.5 Forest AGB spatialdata gaps map

Our final product is a foresAGB data gaps mapFor this, we performed spatial
multicriteria evaluation (SMCE) in the GIS ILWIS environme®LLARD M.J.;
CARLOS R; ANN, 1988)using as inputthe distance maps from the LiDARRansects

and AGB plots and the standard deviation map.(&b). For the SMCE, all the input
maps were previously standardized in order to make them fully comparable, converting

the original values in a range from 0 to 1

The distance and the standard deviation maps were conceived as a benefit factor, which,
under the ILWISSMCE criterion means that the higher the value the more it
contributes to the goal. In this case, the goal is to mapapse of representativeness of
AGB, including AGB maps and plathus, areas with higher tigéice to sampling

plots or LDAR transect and with higher standard deviation are much likely to be

considered as a gap

Figure 3.5 - ForestAGB spatial datayaps maglowchart using aspatial nulticriteria
evaluation (SMCE)

Amazon forest biomass maps

/éatchi et al. 2011 //

/Baccini etal. 2012// SMCE LIDAR
transects
/Nogueira etal 2015//
STDEV map Distance maps

AGB
/ MCT 2016 // Plots

Standardization Standardization
/Avitabi]e etal 2016/

Low OHigh High <> Low

/ Spatial data gap /

Source: by the author.
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4 RESULTS

4.1 AGB data coverage

4.1.1 AGB datasets

Here we present the results of the AGB datasets assessment, which were systematized
in figures and tables. This assessnteipsus getthe AGB field plots and LIiDAR plots
distribution and to understand the relationship within the stakeholders working with
AGB.

4.1.1.1Field data

There are many forest AGB sampling plots and networks in the Brazilian Amazon,
differing in their objectivesscale, typef data acquired, distribution, and themmber of
measurement sites. Five of these netwdikgeregularlymonitored data in these AGB
plots (i.e. RAINFOR, Sustainable Landscapes, INPA, TREES and TE#MNg one
performed measurements once between IWBD (RadamBrasil), anthe dher one is
cumently performing measurements (NFDhel main characteristics of thesetworks

are presented in Table 4ahile the distribution of &h network is shown in Figure 4.1
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Figure4.1 - Distribution of fores AGB plots.
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Red dots indicate the location of measurement sites, not representing.its area

(a) RadamBrasil;(b) RAINFOR; (c) National Forest Inventory(d) Sustainable
Landscapes Brazi(g) INPA; (f) TREES; andg) TEAM.

Source: § RADAMBRASIL, 1983 (b) http://www.forestplots.net(c) NFI, 2016 (d)

SUSTAINABLE-LANDSCAPES, 2016 (e) personal communication(f) TREES,
2016 and(g) TEAM NETWORK, 2016
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The RadamBrasil project (194383) is composed of 2702 pdoand focused on only
commercial trees(RADAMBRASIL, 1983) (Fig. 4.1a). Despite the date of
measuremen(almost 30 years ago) and boomass reaneasurements, thidataset is
widely usedfor its extensive plots coverag®ICT, 2004, 2010, 2016, NOGUEIRA et
al., 2008, 2015)

INPAS’s Forest Management Laborgtoalso has extensive forest inventamyd now

is working on a Continuous Forest Inventory (CFl)toé Amazonas State, including
more than 2500 forest AGB plots. Only thogening the RAINFOR netwrk and
TEAM are availablenline (HIGUCHI, 2015) The RAINFOR network monitors AGB

in the Amazon Basin (413 plots), including 141 plots in the Brazilian Legal Amazon
and only 105 irthe Amazon Biome forest (Fig. AL(MALHI et al., 2002; PEACOCK

et al.,2007) Also, the TEAM network has two sites in the Brazilian Amazon: one in
Manaus and the other in Caxiuana, with 136 l@#tig. 4.33). The INPE's TREES
laboratoryhas49 plots, 17 of whichare used to measure AGB (Fig. #.{the other
plots are to mease fire impacts on forest), and the AGB data will be available through
the RAINFOR website. The Sustainable Landscapes Brazil project focuses on airborne
LIDAR data, using 473 AGB plots (DOSSANTOS; KELLER, 2016a;
SUSTAINABLE-LANDSCAPES, 2016s0me theiown and thosérom other networks

to calibrate airborne laser scanning (ALS). The main advantag#dse @ustainable
Landscapes Brazil project are that their plots are aed the data isompletely
available online, allowing collaborations and partnershifEBA project, Brazilian
National forest service, among many others). Another network evaluating AGB is
Redeflor, whichhas permanent plots in the Amazon (the spatial locations of the plots
are unavailable), bringing together institutions such as Embnapaorks, universities,

and forest companies. Furthermore, the Amazon Tall Tower Observatory (ATTO)
project has inventoried 12 plots (of 1 ha) in Manaus using also old AGB data from
INPA and LBA (ANDREAE et al., 2015).

Finally, the Brazilian Forest Sepe is in charge of the NFI, where extensive and
systematic sampling is performed in a grid of 5 x 5 km (in the Amazon bigme)f
December of 2016, 538ample plots (of 0.2 ha) haween completed among 7000
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planned units for the AmazdBiome. Until nowis not clear how the NFI data will be
released (Fig. 4.1c) (NFI, 2016). The Brazilian Fofstvice also has 192 permanent
plots in forests concessions (Fig. @1 (NFI, 2016)
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Table4.1 - Main sources of Brazilian Amazon AGB field data (networks and projects)

Networks Scale Initial Total Plots in the study Carbon pools Availability Web page
measurements/ Re  plots/Brazilian areal/ sampled measured
measurements plots area (ha)

Amazon Forest Inventory Amazon Basin ~1960/ Yes 413/ 141 105/ 405 AGB Yes, online http://www.forestplots.net/
Network (RAINFOR)
RadamBrasil Brazilian Amazon 19731983/ No 2702/ 2702 1682/ 1682 AGB Yes, online http://sirene.mcti.gov.br
Tropical Ecology Pantropical 2002/ Yes 1021/ 136 136/ 136 AGB Yes, online http://www.teamnetwork.org/
Assessment and Monitoring
(TEAM) Network
Sustainable Landscapes Brazilian Amazon/ local (Sao Paulo, 2012/ Yes >500 473/115 AGB Yes, online https://www.paisagenslidar.cnptia.emb
Brazil Santa Catarina) pa.br/webgis//
INPA-Amazonas Estate Regional (Amazonas State), local 1980/Yes ND/2503 2503 plots/ND AGB, few trees No https://www.inpa.gov.br
Forest Inventory (Acre, Para, Roraima) of BGB
Brazilian Forest Service:

National Forest Brazil 2013-2017/ Yes 15000/ 15000 533 (of 7000 AGB, litter, No http://ifn.florestal.gov.br/

Inventory planned)/ 107 soil, dead wood

Permanert plots in Local (Rondbnia and Pard) 2010 192 192/ND AGB ND http://www.florestal.gov.br/monitorame

forest concessions nto
Redeflor Brazil ND 800 ND/ ND ND No http://redeflor.net/
Tropical Ecosystems and Local (Acre, Rond6nia, Alta floresta, 2012/ Yes 60 49/ 17 AGB No http://treesresearch.weebly.com/

Environmental Sciences
Laboratory (TREES)

Para, Manaus)

ND: No data; AGB:Aboveground biomass; BGB: Belowground biomass
Source: by the author.
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4.1.1.2Remote sensing data

The main remote sensing products using optical sensors such as Landsat and MODIS at
the global level are Vegetation Tree CoyEIANSEN et al., 2003)GlobCover 209

(ARINO et al., 2010and GLC 200qBARTHOLOME; BELWARD, 2005) There are

also products that examine forest cover change at the pantropicalFH-&8BISEN et al.,

2013) while PRODES addresses the scale of the Brazilian Amazon using Landsat,
giving the oficial annual deforestation ra(NPE, 2015) Active sensors from satellite
platforms, such as GLAGIDAR, have been used to generate AGB maps at a
pantropical scaléSAATCHI et al., 2011; BACCINI et al., 2012)

The RadamBrasil proje(RADAMBRASIL, 1983)alsoused airborne radar images and
photographs to quantify natural resources, these information registries are available in
550 radar mosaics at a250,000 scale at the IBGE site (see T&h.

Two projects are currentlyorking with airborne LIDAR.The Sustainable Landscapes
Brazil project has airborne LiDAR data (available at:
https://www.paisagenslidar.cnptia.embrapa.br/webgif OS-SANTOS; KELLER,
2016b; SUSTAINABLELANDSCAPES, 2016) The total LIDAR survey area has
reached 160,000 ha, and emy@d more than 470 field wentory plots until 2015 (Fig.
4.2a). The EBA projecthas 612 transects of 300 m x 12.5 km (375wid) LIDAR data

in the first campaign in 2016 (Fig.20), with more 500 transects planned for 2017,
EBA will use field data frommany networks (between INPA, TREES, Sustainable
Landscapes, NFI for calibration and validation (EBA, 2QEBA, 2016)
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Figure4.2 - LIDAR datasets
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a. Sustainable Landscapes Brazil Project b. Amazon Biomass Estimation Project (EBA)
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Source: (a) Sustainable Landscapes BrafIDOSSANTOS; KELLER, 2016b;
SUSTAINABLE-LANDSCAPES, 2016)(b) Amazon Biomass Estimation subproject 7
(EBA, 2016)

4.1.1.3Forest AGB maps

The AGB mapsfor the Brazilian Amazon, shosignificant differences in both quantity
and distribution(Table 4.2 and Fig. 4)3For example, th&GB maps for NCof Brazil,
differ a lot from thesecond to the third NC (Fig. 4.3a andfi.& the secondNC, the
AGB map is the result of the aggregation of the m&@m values per vegetation class,
which were extrapolated in RadamBitavzolume sheets, leading to a gross quadiket
AGB distribution, that do not represent the AGB distribut{@METTO et al., 2014,
TEJADA, 2014) For the third NC, different extrapolation methods, equations and
expansion factors have been used leading different distribution of AGB (MCT,
2016). Nogueira et al., (2015), is anot#&B map employing RadamBrasil field data
also based on a stratification approach using n#g€aB for a vegetation map classes
(Fig. 4.3e, Table 4.2). These maps (MCT, 202@10; NOGUEIRA et al., 2015),
represent the potential biomass per vegetation class, without considering degraded or

growing forests.
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Figure4.3 - AGB maps for the Brazilian Amazon using the same visuésc
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At the pantropical scale, because of its availability on line, the m&gnatchi et al.
(2011) have been widely used (Fig. 4.3b, Table 4.2) and was employed as the basis for
determining carbon emissions from the deforestatiwap of Harris et al., (2012)
Another map constructed at the pantropical scale and available online (see Table 4.2) is
the carbon density map Bfaccini et al., (2012)which is based on multispectral surface
reflectance and established field plotsl@cated with LIDAR footprints.

Many comparisons and combinations resulted from the maps of Saatchi et al., (2011)
and Baccini et al., (2012MITCHARD et al., 2013, 2014; SAATCHI et al., 2015;
AVITABILE et al., 2016) Mitchard et al., (2014yompared both aps with a kriging
extrapolation of RAINFOR AGB field plots. Additionally, the fused pantropical AGB
map ofAvitabile et al., (2016)Fig. 4.3g), a combination of 2 mafSAATCHI et al.,

2011; BACCINI et al., 2012)vas obtained using a data fusion appraachtuding field

data from RAINFOR and the Sustainable Landscapes Brazil project (see Table 4.1).
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Table4.2 - Main characteristics of the Amazon forest AGB density maps

Map Scale Spatial Tempo Field forest Study Remote Sensing products/ Model
resolution  ral plots/ Source area Other inputs
scale plots/
(year) Sampled
area (ha)
Saatchiet Amazon 1 km 2000 544/ Many ~361/ MODIS (NDVI, LAI, % Biomass
al. (2007) Basin 2004 Sources 1633 tree cover), JERS3 Radar, classificatio

SRTM/Vegetation map, n approach
Climate data (WorlClim)

Nogueira et Brazilian 1 km Only 2879/ 2879/ No/ Vegetation map (IBGE, None
al. (2008)  Amazon (landscape 1976 RadamBrasil 2879 2012)
level) and literature
MCT Brazilian 1 km 1973 1710/ 1682/ No/ Vegetation (MCT, None
(2010) Amazon (landscape 1983 RadamBrasil 1682 2010), Soils (BERNOUX;
level) and literature VOLKOFF; CERRI, 2002)
Saatchiet  Pantropical 1km 2000 4079 (493 for ~707/ MODIS (NDVI, LAI, % MaxEnt
al. (2011) calibration)/ ~1770 tree cover), LIDAR from
Many sources GLAS/ Forest height map
Bacciniet  Pantropical 500 m 2007 283/ No Data MODIS, LiDAR from RandomFor
al. (2012) 2008 Measured GLAS, SRTM est
Mitchard et Amazon 500 m 1960 413/ 105/ No/ Regions map based on Kriging,
al. (2014) Basin 2013 RAINFOR 404.6 geography and substrate  inverse
and TEAM origin distance
kernel
Nogueira et Brazilian 1 km 197G 2317 2373/ No/ Vegetation map (IBGE, None
al. (2015) Amazon (landscape RadamBrasil 2317 2012)
level) and literature
MCT Brazilian 1 km 1973 1682 plots/ 1682/ No/ Vegetation (MCT, Inverse
(2016) Amazon (landscape 1983 RadamBrasil 1682 2010), Soils (BERNOUX;  Distance
level) VOLKOFF; CERRI, 2002) Weighting
Avitabile et Pantropical 1 km 2006 648/ ~500/ No  No/ High-resolution AGB Fusion
al. (2016) 2013 RAINFOR, data maps model
TEAM and
Sustainable
Landscapes

a) Considering the date of the AGB field measurements; b) we did not have access to
the location of the plots; c) in the case of RadamBrasil plotgnlehave the location

on 1682 plots; and d) this is an estimated number due to we do not have the area of each
plot, only ranges.

RAINFOR: Amazon Forest Inventory Network; TEAM: Tropical Ecology, Assessment
and Monitoring; MODIS: Moderate Resolution Iniag Spectroradiometer; NDVI:
Normalized Difference Vegetation; LAIl: Leaf area index; GLAS: Geoscience Laser
Altimeter System; LIiDAR: Light Detection and Ranging; SRTM: Shuttle Radar
Topography Mission; and JERIS Japanese Earth Resources Satellite 1.

Souce: by the author
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4.1.2 Networks of AGB stakeholders

The results of the social network analysase an attempt to understand the
interrelationship between the different stakeholders working with AGB data. We found
strong relationships between universitiesseggch institutions, projects and sites,
represented by the size of each box (more connections between the stakeholders, bigger
the box size) as shown in Figure 4.%he LBA, is one ofthe projects with more
connectionswhich is weltknown for its flux tavers and AGB plots in ZF2 in Manaus,
Tapajos in Santarem, Humaita in Acre and Caxiuana in Belem, with highly studied sites
shown in green ifrigure 4.4 The INPA which coordinated the LBA, is now in charge

of the Amazonas Stat€FI (in yellow of Fig. 4.4, gathering forest data from many
projects (shown in the right corner of Fig. 4.4). Some plots of INPA and other projects
are shared with RAINFOR, which has the largest number of connections (Fig. 4.4).
RAINFOR hasAGB plots throughout the Amazon Basin amény connections with

other projects such as Sustainable Landscapes (also with many connections), TREES
and EBA, and networks as TEAMhe National Forest Service, also visible igufe

4.4for its connections, is in charge of the NRat started in thdmazon in 2014ield

data collection through systematic sampling, in partnership with the EBA project and
the Redeflornetwork, among others. Figure 4i4 a first attempt to show the
connections of the AGB networks that can be improved and modified Wwih t

participation of the stakeholders.
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Figure4.4 - Connections between stakeholders assessing forest AGB: networks, projects, institutions, universities and sites.

Therelationships betweethe stakeholders arepresented by the size of each baxgre connections between the stakeholders, bigger the
box size Al contains all the acronyms
Source: by the author.
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