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40— forest orsavanna inthe International Geosphere-Biosphere Progranme (IGBP) land cover mapping
AIIIGBP classes identified as ‘savanna’ show substantial increases in cover afier comectioncalibration, indicating that
the most recent versionofMODIS VVCF consistently underestimates woody cover in tropical savannas. We also
found that these biases are propagated in the finer-scale Landsat TCC. We estimate that MODIS VCF

could be underestimating tropical tree cover by as much as 29-%. Models thatuse MODIS VCF as their
benchmark could therefore be underestimating

forest-savanna dynamics. Because of

indicator ofwhere the productis potentially more or less reliable. Untilmore in-situdata are available to
produce nore accurate eerectienscalibrations, werecommend caution when using uncalibrated MODIS VCF in tropical

savannas.

=
1 Introduction

They are used to estimate forest cover change, biomass, and carbonstocks (Bastinet al., 2019; Giriraj et al.,
2017; Saatchi etal.,2011; Songetal.,2014); helpidentify key areas for conservation efforts (Miles etal.,
2006); andare usedas a basis for climatic and vegetation modellingand model evaluation (Brovkinetal., 2013;
Burtonetal.,2019; Kelleyetal.,2013). Allthis research, in turn, playsa vital role in informing local, regional,
and global environnmental policies (Harriset al., 2012). As such, an EO product’s accuracy is importantto
consider, as anyerrors inthe initial tree cover estimate can be further conpounded in downstreamwork.

Only ahandful ofEO products provide global maps ofpercentage treecover or forest and shrub cover
distributions (Bartholomé and Belward, 2005; Bicheronet al., 2008), and fewer still provide information
stretching over at least a decade (Friedlet al., 2002; Hansenet al., 2003)-, Sexton et al., 2013, DiMiceli, 2017). Of

these, one ofthe products most widely used in ecological modelling is the Moderate Resolution Imaging
Spectroradioneter Vegetation Continuous Fields (MODIS VVCF) product (DiMiceli, 2017). MODIS V/CF is a
yearly product that provides percent tree cover globally at a spatial resolution 0f250 m-a#€. The nost recent
iteration (Collection 6) is available for the years 2000 throughto 2020. Its quantitative measure ofwoody cover
is recordedannually and is described as a percentage ofground cover, meking it particularly suited foruse in
evaluatingdynamic global nodels (Lasslopetal.,2018; Rabinetal.,2017), as a proxy for in-situdatathatare
harderto collect(Kelleyetal.,2019),and to help define parameters for calculating global tree restoration
poiential Bstinetd, 2019) Colledion 6 isthe mestiecentiteriion ofthe proakict MODIS MCF is also usedtotiandreienod s thesterana e
scale Landsat Tree Canopy Cover (TCC) product (Sexton etal., 2013).

As the VCF producthas progressed from Collection 1 to its current Collection 6, several validations usingin-
situ field data or higher-resolution remotely sensed data as a reference measurement have been carried out.
These have beenfew and limited to sites withina biome (Montesanoet al.,2009a), aregion (Hansenetal.,
2005; Whiteetal.,2005), orwithin a country (Gaoetal., 2014; Sextonetal., 2013). The MODIS VVCF product
evaluated was the most recentcollection available at the tine (i.e-. Hansen et al., 2005and White et al ., 2005 for
Collection3; Montesano et al.,2009a for Collection 4; and Gao etal.,2015and Sextonetal.,2013 for
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Collection5). To our knowledge, nosuch independent validation experiment has yetbeen conducted on
Collection6, which produces tree cover estimates in thesame manneras Collection5 but withinprovements
made to the upstreaminputs to enhance its accuracy (DiMiceli, 2017). Likewise, validation ofthe finer-scale

TCC product has been limited to its penultimate version and to the taiga-tundra circunpolar region (Montesano

etal., 2016).

The validations found that MODIS VVCF may be less suitable forestimating tree cover in sparsely--vegetated
areas. Huang & Siegert (2006) noted that MODIS VVCF classified largeareas ofland as ‘bare” wheretheir land
cover classificationsystemidentified it as sparsely-vegetated. Montesano et al. (2009) found thatMODIS VCF
data (Collection4) overestimated cover in areas oflow tree cover in taiga-tundra transition zones. Sextonet al.
(2013) found that the Collection 5 product overestimated cover in areas oflow cover (below 20 %) and
underestimated in areas ofhigher tree cover, while Gaoet al. (2015) found that MODS VCF can only partially
discriminate betweentropical forest and non--forest, struggling in areas that have greater heterogeneity. Similarly
to MODIS VCF (Montesano et al., 2009). Montesanoet al., (2016) revealed an overestimation ofthe taiga-

tundralowtree covers inthe finer-scale Landsat TCC, suggesting thatusing VCF as training has propagated

these overestimations into the higher resolution product. What is clear from the history ofthese validation and

conparisonexperiments is that MODIS VVCF has accuracy issues in areas with low woody vegetation cover,
which hasinplicationswhen its treecover estimates are treated as accurately representative ofreal-world
conditions. Failure to acettately-account for the-praduetsVCE s difficulty in estinating low woody coverscan, theeb leedto

miscalibrated models and estimations that do not reflect real-world conditions. This, in turn, has knock-on

effects on environnmental policy--making, conservationefforts, and future ecological research, especially in areas
with vegetation cover typesthat are most proneto error.

Tropical savannas have woody coversthatfall withintherange particularly affected by thereported MODIS
VCF errors. A large proportionofthesesavannas canbe foundin tropical developing

Dixon,2012)), and are predicted to behomne to halfofthe world’s population by 2050 (State ofthe Tropics,
2020). Tropical savannas are therefore highly vulnerable to anthropogenic change. In the face ofa growing
population, land fragnmentation, and changing climate, a savanna’s ability to maintain robustecosystem
functionsisdirectly linked to the amount ofwoody cover present (Sankaranetal., 2006). Asaresult, theability
to accurately monitor thestate, dynamics, and woody cover trends oftropical savannasisa vital part of
understandinghow and why savannas are changing in thetropics (Harrisetal.,2012; Miles et al., 2006), while
also inproving nodelled climate projections and vegetation dynamics for this conplex biome.

Inthis study, wevatidate-the-aesipeyeivaluae MODIS VA= Golledtion 6intiopical savannes and feresishiest aess by conparinghe VI s
tree cover percentagest-the-procettocomespondingfield data. Sirilarly, we evaluate Landsat TCC (version 4) toexploreif
when VCF is usedas training, VVCE biases are propagated. We then, for MOD IS \VCF, characterise theobserved
bias inwoody covers across both savannaand forestecosystens andapply our esfrectionscalibration across the tropics to
highlight the regions nrost likelyte-be-afiected by theseinacouiadesin. V\e fish by disa ssingthe MOBIS VEFpredueinplicationshe
uncoveredbiases may have on tropical vegetationand terrestrial biogeochemical modelling.

{ Formatted: Font color: Black

Formatted: Border: Top: (No border), Bottom:(No
border), Left: (No border), Right:(No border), Between :
(No border), Tab stops: 3.13", Centered + 6.27", Right

<



2 Methods

2.1 EO Products and Field data

We used the MODIS \CF Collection 6 product (250mspatial resolution-f-256-+1, DiMiceli, 2017) with tree cover values
averagedacross the years 2006 through to 2009 to reflect the range ofthe field data collection period. MODIS
VCFE was downloaded using the nodis r package (Hijnmans, 2017) in R3.5.2 (R Core Team_2018). We usedthe
2005and201030mLandsat TCC version 4 product (https:/Icluc.und.edu/metadata/global -30m-landsat-tree-
canopy-version-4), and worked withthe2005 and 2010 average values. The product was downloaded manually
from https://e4ft101 .cr.usgs.gov/MEASURES/GFCC30TC.003/.

The in-situ field data were sourced fromthe ¢ TROpical Biomes tr—T+ansHien'InTransition’ project (TROBIT)
-fvvigeoglesdsacuid TROBIT, TorelloRavenios etal, 201.3) andaccessedvia theForestplois net detabese:

(Lopez-Gonzalez etal.,2011; Lopez-Gonzalez et al., 2009). The data we used include the corner locations and

the Canopy Area Index (CAI) values for 17 forest and 31 savanna sites distributed across Australia, Brazil,
Bolivia, Caneroon,and Ghana(Fig. Al and Table A1, Fig.2 in Torello-Raventos et al., 2013). The TROBIT
field canpaigns were carried out over a 3-—-year period, rom2006 to 2009, and thefield plots used in this study
are 1 hectare in sizeexceptfor BFI-01 (0.5 ha), BFI-02 (0.5 ha), BFI-03 (0.5 ha), CTC-01 (0.93 ha), and VVCR-
01 (0.6 ha).

Allthesites fall within the tropics, thatis, within 23.5 degrees north and south ofthe equator, and were selected
in regions where savannasand forestswere in close proxirrity and exist-withinecotones or ¢ zones oftersion-tension”. As
such, the sites sampled show a large variation in physiognomy and edaphic and clinatic conditions (Table S1,

Veenendaaletal., 2015).
135——edaphic-and-cli
The classification ofthe TROBIT plotssites as either  forest’ or ‘savanna’ is based on the parameters described in

Torello-Raventos et al. (2013) and Veenendaal etal. (2015). A ¢ savanna’ is a natural land cover thatisnota
forest, bare ground, orabody ofwater. _‘ Forest” isdefined as woody vegetation with an average tree heightof
orexceeding 6 mand a canopy area index (CAI) value ofat least0.3 for ‘open forests” and 0.7 fr ‘ ferests Hrests”. In
addition, floristicdifferences (i.e—. dominance of* savanna’ species) are used to differentiate forests fromtaller-

growing savannas that have similar CAls andtree heights (seeFig. 9, Torello-Raventos et al., 2013).

There is some ambiguity in how ‘savannas’ and ‘ grasslands’ are defined. Some modelling-based research treat
the two biomes as different (Whitley etal., 2017), while studies based on plant functional traits group them
together (Solofondranohatraet al., 2018; Whiteet al., 2000). As there is some concern that MODIS VCF will
struggleto pickup woody cover in areas with really sparse vegetation, in this paper we decided to treat

¢ grasslands’ as part ofthe savanna domain.

2.2 Converting In-Situ Canopy Arealndexto MODISVCF /Landsat TCC percenttree cover
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CAl is defined as the sumofthe projected areas ofindividual tree crowns divided by the ground area. In the
TROBIT project (Torello-Raventos et al. (2013) and Veenendal et al. (2015)), plot-wide CAl is made up ofthe
sumof the upper-stratum mid-stratum, and subordinate-stratumcrown areas.

determined by thetree’s dbh (upper-stratunt dbh >10 cm mid-stratunt

subordinate-stratunt dbh <2.5 cm height>1.5 m). About 50trees per

plot-specific allonetric relations between stemdianeter and crownarea (supplement B of Torello Raventos et
al—., 20133}-). These werethenapplied to thewhole plotto establish plot-level CAl. Forthe allonetric
relationships, tree crowns were treated as circles; andtheindividual tree projected crownarea was determined
usingthe average ofcrownradii measured along the four cardinal points (i.e-;. fromthe centre ofthe stemto the
distance furthestfrom the stem).

CAl valuesdonotaccountforwithin-site tree canopy distribution patterns and the overlap between individual
tree canopies. We accountfor this by convertingeach CAl valueinto a probability distribution function
incorporating the following two extreme scenarios: “enforced overlap;>”, where the location probability of
individual canopies increases linearly from0 to 1 acrossasite; and“unenforced overlap;>”. where individual
canopies follow a uniformrandomdistribution pattern and canopy overlap is notpurposefully introduced (Fig.
A21). We repeated this 1000 times per CAl measurement to determine the probability distribution ofexpected CAI
for each field plot.

Unlike CAl, which isthefractionofground covered by tree crowns, the percenttree cover valuefrom MODIS
VCF (and so Landsat TCC) is defined as “the portion ofthe skylight orthogonal to the surface which is
intercepted by trees” (Hansenetal. 2002). To make MODIS VCFiee-eeverand Landsat TCC conparable to treecover
derived fomTROBIT plot CAls, wedivided the-MOBISCrthese product values by 0.8 as suggested by Hansen et al. 2002).
This is also thestandard approachinnost nodelling studies thattse-MODBISusing VCF (eg- Lasslopet al., 2020;Kelleyeta,
2013; Burtonetal.,2019). The 0.8 value canbe thought ofas a gap correction factor (GCF) that accounts for
within-canopy gaps. Although the GCF has beenshownto vary with vegetation type (Lloydetal.,2008; 0.34 -
0.60) and crown cover (Tang etal.,2019: 0.9670-0.796), we opted to use 0.8 as wefound that it yielded nore
conservativeresults comparedto a variable GCF. It also avoided introducing additional paranetersintoour
analysis.

Next, to accountfor the difference in size betweenthe MODIS VCF pixel (250 mx 250 m) and the smaller field
plotsize (100mx 100 m), we calculated the possible percenttree cover an area thesize ofa TROBIT field plot
could have, given the MODIS VVCF percent tree cover fora MODIS-sized pixel. This was done for two extreme
scenarios: “enforced clumping,” where all thetree cover for the given MODIS VCF value is forcibly ‘clumped’
on one side ofthe pixel, or “unenforced clunping,” where ¢ clunping’ is not enforced; and tree coveris
distributed randonly withinthe pixel (Fig. A32). The clunping scenarios introduce possible variations in percent
coverdueto theareaandlocation mismatch betweena TROBIT field plotand a MODIS pixel. A probability
distribution was generated foreach MODIS \/CF pixel by calculating percenttree cover values for 1000
sanples (100mx 100 m) randomly placed withinthe 250 mx 250 m MODIS VCF pixel.
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Forlandsat TCC, where the Landsat TCC pixels (30mx30m) are smallerthan the TROBIT field sites, we

calculated a TCC percent tree coverto match the TROBIT field site size by summing the percenttree cover
withinthe TCC pixel part found inside the TROBIT field site and then dividing the sumby the TROBIT site
area. As TROBIT site orientationwas not recorded, we randomized the angle betweenthe TROBIT site and

TCC pixel grid for each ofthe 1000 sanples when generating the probability distribution. “ Enforced clunmping”

was performed as per MODIS VCF (Fig 2), with the directionofclunping randomized.
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Where &o-4,+5%2C,, A, 7,7, are optimised parameters and /CEPixel and Care the MODIS CF / Landsat TCC pixel
(post-conversionas described in section 2.2) and TROBIT site probability distributions, respectively. This

is similarto astandard linear regression oflogit transformed data, accounting for maximum and minimum
boundsof0 - 100 % tree cover, with =7, 7, allowing fora non-symetric transformation oftree cover. To
account for the probability density ofeach point, we inferred the parameters in Equation 1 usinga Total Least
Squares Bayesian Inference technique using a Metropolis-Hastings Markov Chain Monte Carlo step. Priors
were uninformed but physically bounded (i.e--4,z:#->0.4,7,,7, > ()to assume an increasing relationship between
MODISVCF /Landsat TCC and

describingour conditional

distribution (Gelman et al., 2013). Each combinationwas run over 10 chains, with 1000 warm-up iterations and
10,000 sanpling iterations. Optimisation was performed using the rstan2.19.2 (Stan Development Team 2019)
package in R3.5.2 (R Core Team 2018). Our optimizationaccounts for potential errorsin TROBIT cover,
which includes those caused by the allometric construction ofthe CAl, providedthat theerrors are unbiased and
remain roughly consistent across sites (Gelman etal., 2013). Asthe TROBIT plots haverelatively small total
errors associated withthe allonetric relationships (Table B1, Torello--Raventos et al., 2013), systematic errors
are unlikelyto affect ourresults.
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Eigure 2. Left: Example of the effectsof unenforced and enforced clumping in a 250 m x 250 m MODIS VCF pixel
with 50 % tree cover. Clumping all the cover (green) to one side of the pixel (left bottom) affects the average canopy
covervalue ofa100 mx 100 m-sized TROBIT site (black boxes). Right: Example of the effects of unenforced and
enforced clumping on 30 m x 30 m Landsat TCC pixelswith a mix of tree covers (green) and non-tree cover (brown).
White dotted linesare TCC pixel boundaries. Clumping all the cover to one side of the pixel (right bottom) affects the
average canopy cover value ofa 100 mx 100 m-sized TROBIT site (black boxes).

2.4 Mapping MODI S VCF Uncertainty Across The Tropics

We evaluated theinpact ofthe MODIS \CFbiases infenred fomthis-corectionthese regression equationsacross thetropics
by invertingour calculation ofMODIS VVCF bias (Fig. A4A2) as follows: first, theinverse (i.e. solving for C) of
Eguatienequation 1 was applied to MODIS VCFvaluesafter conversion to a 100 mx100 mpixel size grid (matchingthe
field site area); thenthis correctedcalibrated value was translated back to theoriginal 250 mx250 m\VCF pixel size. As

the inverse ofEquation 1 has noanalytical solution, we foundthe rounded percent value ofC that minimises the
absolute difference betweenthe left-and right-hand side ofthe equation. For conputational feasibility, we

constucted napsofihe topicswith esvecteealiveed MODISVCRvalues (g, 2A3) by iencony sipling S ieetions haiwere mrdrnlysarpee]

from each of our 10 optimisation chains (50 in total) and masking out pixels with cover types not considered as { Formatted: Font color: Black

‘forest’ or ‘savanna’-in the500mMODIS Land Cover Type (MCD12Q1 - collection 6) (Sulla-Menashe and
Friedl, 2018).
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W\ethen usedihe SO0 MOBIS Land Caver Fype (MD12Q1-eslleciens) poductidentfy the aiess of* frest and savanrel awssteyisinte
MODIS VCF product. MCD12Q1 is widely used by the global land surface modelling community (e.g-. Sellar et
al.,2019; Wiltshire et al., 2020) and describes land cover in terms 0f17 global land cover classes as perthe
International Geosphere--Biosphere Programme (IGBP, Table 3 in Sulla-Menasheand Friedl, 2018). The product
is based on the same spectroradioneter (MODIS) and tenporal resolution as the VCF product. Referring to the
definition of* savanna’ of Veenendaal et al. (2015), the following land cover classes were chosento represent
“savanna’: Closed Shrubland, Open Shrubland, Woody Savanna, Savanna, and Grassland, while  forest’
enconpasses: Evergreen NeedleleafForests, Evergreen BroadleafForests, Deciduous NeedleleafForests,
Deciduous BroadleafForests, and Mixed Forests. We subset MCD 12Q1 to the tropical zone between +/-30°
North andtook themedian class for the 2006 to 2009 period, matching the field data collection period.

Foranore detailed land-cover-specific evaluation, welesarplecextededihecaredieckalibaed 250mVIODIS MORpielsiB apbel values
freach coresponding 500 megietaneearmbineditwitiihe MOD12Q1 preckepbel tooonstiuctiand coverspedifc MODIS VO tee cover
frequency distributions (Fig. ASA4). Our tree cover eerectoncalibration by cover type-{Fg-2) or the four clunping/ovedap
regressioncombinations was then calculated by multiplying each cover type MODIS V/CF frequency

distribution (Fig. A5A4) with curves representingthe nedian, 5 %, and 95 % confidence lines ofthe eerectioncalibration

equationensenbles.

3 Results

significantly disagreewith TROBIT field data. and e iiistead be Gverestiititin tise cover (50 Ysconfiderics

significantly fomTROBIT when there isenforced overlap (i.e. whentree canopies are clustering towards one
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Figure 3. MODIS VCF percent tree cover versus percent tree cover fromTROBIT field data, taking into account
uncertainties associated with tree cover spatial distributions within a MODIS pixeland/or field pletsite. The 4
combinations are: (1) no overlap and no clumping, where tree canopiesare randomly distributed within both pixel
and site; (2) no overlap and maximum clumping, where tree canopiesare clustered in one areaof the pixel, and
randomly distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly
distributed within the pixel, but overlap substantially within the field site; and (4) with overlap and maximum
clumping, where tree canopiesare clustered to one side within a pixel, and overlap substantially within the site. The
bolded dashed line in black shows the 1:1 relationship. The solid lines represent the median of the respective
regressions (green for forest; orange for savanna; blackfor forest and savanna combined}y—ae), and the thin lines
represent the 5 and 95 % confidence interval of their respective regression lines. The vertical error bars represent
uncertainty introduced by clumping; the horizontal error bars represent the uncertainty introduced by overlap.

3)as opposedto areas identified as savannas (inorange, Fig. +3). In savanna sites, MODIS VVCF significantly and
consistently underestimates tree cover regardless ofthe amount of overlapand clunping. Significant
underestimation (at 95 %confidence) occurs when in-situ tree cover exceeds +8—19--21% (withoutenforced

clunping) or 9—16-11-12% (withenforced clunping). In forestsites, MODIS \ICF does not show thesane pattemof

systematic underestimation. Divergencedoes occur at high covers, depending on the enforcement ofoverlap or { Formatted: Font color: Black

clumping. MODIS \CF everestiratesunderestinates tree cover where tree cover exceeds 7884 % (at the 95 % confidence Formatted: Border: Top: (No border), Bottom: (No
border), Left: (No border), Right:(No border), Between :
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interval) whenneither overlap nor clunping is enforced, and overestimates where tree cover exceeds 9678 % (at 5

% confidenceinterval) whenboth overlapand clunping are enforced.
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Figure 4. Landsat TCC percent tree cover versuspercent tree cover fromTROBIT field data, taking into account
uncertaintiesassociated with tree cover spatial distributions within a TCC pixeland/or fieldsite. The 4 combinations
are: (1) no overlap and no clumping, where tree canopiesare randomly distributed within both pixelsand site; (2) no
overlap and maximum clumping, where tree canopiesare clustered in one area of the pixels, and randomly
distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly distributed
within the pixels, but overlap substantially within the field site; and (4) with overlap and maximum clumping, where
tree canopiesare clustered to one side within the pixels, and overlap substantially within the site. The bolded dashed
line in black shows the 1:1 relationship. The solid lines represent the median of the respective regressions (greenfor
forest; orange for savanna; blackfor forest and savanna combined), and the thin lines represent the 5 and 95 %
confidence interval of their respective regression lines. The vertical error bars represent uncertainty introduced by
clumping; the horizontalerror barsrepresent the uncertainty introduced by overlap.

Similar patterns canbe observed with Landsat TCC (black line, Fig.4). There is a significant underestination of

tree coverin the lower coverranges up to 59%whenthere is enforced overlap, and up to 82%whenoverlap is

notenforced. In savannasites (orange line, Fig. 4) the underestimation (at 95%confidence) is significant and
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consistentfor covers below 75 - 80 % (without enforced overlap) or below 52 - 60% (with enforced overlap). In

forest sites (greenline, Fig. 4) there isno systematic difference.

3.2 Global estimates of post-calibration changein tropical tree cover

wWaRAe; ) singa sarecierzha T besntecnhinedbetatsaaTedstik
curve, Fig. 1)-We-eiebnettse3) instead of using the savanna-onlysites rasavannaspedifc esiecioncalibiation Oange auve Fig.£3)

This is becausethere were few TROBIT sites representing savanna with MODIS VCF tree cover values

exceeding 40%, and global land cover maps disagreeon thedistribution ofsavannas withinthe forest-savanna
ecotone (Heroldetal.,2008).

Fyre205hicdisraaas5(Inte s A ik dndintean
direction (positive or negative ee#eenen)—aeressau-callbratlon leading toan increase or decrease in tree cover, re;,mectlvelv) acrosalfour
scenarios. (Middle) Uncertainty range of the post-calibration change intree cover, calculated asthe 90" percentile

(reximm oftre four cerariosin Fi A3) nin 10 percertie (niimumofite four cerarbsepiigh) Badkebsent TesiE sresheze®
Reojorsach redbdrepiriyfrdsne o ennapuertiyAgsaekkaas daspmevIcES Cradasnaisnasoiandd) Ectiesgiondecfarbniie
firitecaurberuncertainty range of field-sites-used-as—+eferenseeach pixel with the pixel’s geographicalditance o the chsed TROBIT sie sainpled)

(Fig. 2A3),and the regions where all four scenarios agree on the direction ofchange (positive and negative) are
substantial- (Fig.5). However, there are sone differences caused by the uncertainty introduced by different
extents ofoverlap and clunping. While we see asignificantincreasein tree coveracross all clunping-overlap
combinations in many regions oftropical savannas and grasslands (Pennington etal., 2018), such asin the

12
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forest-savanna nosaics thatsurround Congolian rainforests, we donotsee the same pattern inthe Cerrado of
Brazil. This is likely because the African forest-savanna regions fall withinthe range ofMODIS VCF values

that consistently undergo a positive calibration (~30-50 %, see Fig. A2), whilethe Cerrado ofBrazil does not.

analysiswhen our calibrationis broadly applied across thehighly variable tropical forest-savanna ecotone. By
multiplyingthe uncertainty range ofour calibrations with the geographical distance to the closest sanpled
TROBIT site, we identified priority regions for further field surveying ( Fig. 5 bottom). We found Southeast
Asia, Central Anerica,and Mexico are areas where additional in-situ observations would greatly help improve

confidence. Fielddata fromthe northwestern region of South Anerica, the southeastofthe African continent,
and Madagascar wouldalsohelp.

As our calibrations were based on a limited nunber ofsitesin a limited number ofregions, itis importantto
notethat thenaps showni it i i

decrease in the Sahel post-calibration in multiplescenarios, which runs counter to theresults of Brandt et al.

(2020) whofoundthattree cover was underestimated in this region. This disparity may be due to our lack of

field sitesin these more arid regions, further highlighting the importance of more in-situdata for more accurate

and precise calibration. Therefore, our calibrations are nost useful in identifying areas where MODIS VVCF

estimates may be more or lessreliable.

When lookingat our calibration in more detail, we seethat MODIS VCF significantly underestinates tree cover
inall the IGBP land cover classes that we considered, regardless ofoverlap or clunping (95 %confidence

interval)(Fig. 6). The most substantial and significant underestimation is in the classes ‘woody savannas” and
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ADiscussion

While MODIS \VCF is apowerful andaccessible tool to map tree cover, our field data-based calibrations
indicate that the latestMOD IS VVCF collection 6 is missing a lot ofwoody cover, evenwhenuncertainty

introduced bysite canopy overlap and clunpingwithinthe MODIS VCF pixel are accounted for. The Landsat
TCC product, which may be viewedas an alternative witha higher s patial resolution, behavesin asimilar

manner. Ourmap (Fig.5, top) highlights that this potential underestimation ofwoody coveris mainly occurring

in tropicalsavannas. Moreover, thehighest underestimation in the savanna classes occurs when there is no

enforced overlap (Fig A3) (i.e. when there isa uniformrandomdistribution oftrees) which is thescenario that

most likely reflects the TROBIT savanna plots. This is evidenced by work done by Veenendaal et al. (2015)

where TROBIT plots were tested for conplete spatial randonmess and only minor indications ofoverlapwere
found. Woodysavannas, as an exanple, may have their tree cover underestimated by up to 32 %(95 %
confidence) whenneither clunpingnoroverlapis enforced (grey tones, Fig. 6). If our results are representative

of the tropics, then overall, MODIS VVCF may be underestimating tropical tree cover by between7 -29 % for

unenforced clumping and overlapor0 - 21 % for when either clunping or overlap are enforced (5 -95 %

confidence).

1nad e e ave been identified in validati
previous MODIS VCE collections (Grossetal..2018; Yangand Crews, 2019) and Landsat TCCversion

<
coverranges forboth MODIS VCF and Landsat TCC. In fact Montesanoetal. (2016) showedan inproved

match between Landsat TCC and their lidar-derivedtree cover reference data when reducing the height

threshold from5 m to 2 m However, becauseofhow ourfield reference CAlis derived, we were not able to
conclusively link the5 mthresholdto our observed underestimation.
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indicatesnegative change, and the darlest tone indicates net change. Error barsdenote the 5-95% confidence
interval; if the error bar extends past the x-axis, the post-cerrectioncalibration change isnot considered significant.

difference between TROBITand MODISVCF we would have expected anincreasing underestimation in thelower

heightranges. Instead; we founda low R?and a mixture of underand overestimations in heights between 0 and
10 m (Fig. ABADL). This suggests that the inclusion oftrees below 5 mheightin the TROBIT inventory does not

fully explain the observed underestimation.

subordinate strata composition (and canopy cover thereof) varies widely depending on factors including

ecosystemtype andaltitude (Rutien-et-ak-2015) (Rutten et al., 2015), more research needstobedonewitheie insituheight deta,

[

;

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m
alwaysapply in MODIS VCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and

‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes
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is1-2 m For the ‘ savannas’ class, MODIS VCF yields a percent tree cover range thatmatches closely with the
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5 m minimum for MODIS VVCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and *savannas’ containtrees taller than 5 ng MODIS VCF is
distinguishingtrees belowthe 5 mthreshold; or, some corrbinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheet al.,2019). Forexanple, the accuracy for * closed shrublands’ is particularly low. Itis mainly
conflised with ‘ openshitlanes shublands”,  woodysavarRas savannes and * savannas savannas . The najoiity ofthe * openshiublands” class
commission erroris with the ‘ grasslands’ class; and there is confusionto a lesser extent between ‘ open
shrdblane;shubland’. ‘woodysavannas” and  savanRas-savannas’. Also, the ¢ croplandhatLialvegetation nosaics dassisofen
mapped as ‘closed shrdbland; shrubland’ . ‘ woody SavanrfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at

inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported improvenent in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013) are inherentandstill presentwithin this version of MODIS VVCF. Similar results for
MODISVCF and Landsat TCCalso suggest that by training TCC with VCF tree cover thesebiases have been
propagated intothe finer-scale product. Models calibrated using MODIS VVCF (Brandtetal.,2017; Lasslop et
al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2628)2021) also risk inheritingthesebiasesand shouldtherefore be
validated using other sources ofdata.

We suggest that, while MODIS VCF givesand landsat TCC give a good overview oftree cover ona global scale,
itbothshouldbe e calibraiedbelore itisusedasaseierenes ertaining eatacaltiosly insavenna s SeHeen Hedensaarsakinetets
long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODISVCF and Landsat TCCin savannasin particular (Gaughan et al.,2013; Grossetal.,2018; Kumaretal.,
2019) enphasisesthe importance of continuous independent validationand re-calibration of the-pradet these products. The
ecosystemfunctions ofsavannas can vary drastically with justa slight difference in tree cover (Gaughan etal.,
2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe biorme, whichin
turn affects how the landis managed.

VCF to estimate tree coverin agricultural land. As thistree cover is likely to have been underestimated

substantially, the derived available land space for replanting may be less than projected, with therestoration { Formatted: Font color: Black

potential overestimated. However, our results also indicate an underestimated tree cover in woodier savannas Formatted: Border: Top: (No border), Bottom: (No
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canying capacity ofa unit ofland #ray/couidbe gresterthanpreviouslythought FHhe MOBIS \EearedienCilibationcould alsoresultina
more uniformcover distribution across regions, producinga more gradual transition between low-cover
savannas and high-cover forests. This could haveimplications for work that, for exanple, uses MODIS \VCF to
study forest-savannadynamics and bi-stability (Lasslopetal.,2018; Wuytsetal.,2017; Xu etal.,2016).

shouldbecalibrated for use inthe target region. However, calibrating MOBIS\/CFEon a largescale using fielddataasa
reference do-presentpresents several challenges. Firstly, different in-situ measurement techniques tend to measure
different types oftree cover (e.g-. Fialaetal.,2006; Korhonenet al., 2006; Rautiainenet al., 2005) and each will
require aspecific conversion method to enabledirect conparisonwith MODIS VCF- or Landsat TCC. For
exanple. Montesanoetal. (2016) ‘s conparison did not acknowledge VCF’ s and thus TCC’ s “within

canopy gaps.” whichmay explain their observed underestination in covers above 80%. In ourcase, to
account for gaps between tree crowns, we applied the

and resulting tree cover could vary widely on a plot-by-plotbasis (LIoyd et al., 2008). With further in-situ data
that describe tropical vegetation type-specific GCF variation, we may be able to incorporate site-specific GCFs
into ouranalysis.

errors (supplement Bin Torello-Raventoset al., 2013) are small and show no systematic bias and are therefore

the accuracy ofrenptely-sensed products like MODIS VCF and Landsat TCC (Hansenetal.,2003; Huete et al.,
1997; Snith et al., 2002ak-1997:-Sith-etal-2002).). Daadaedeisingtheseattheplot level wouldhelpidentify potentialoonbunding

factors affecting MOBIS-/CHperformance, and so help further constrain uncertainties.

reconmended (Grossetal.,2018; Laryand Lait, 2006, Montesano et al. 2016), thoughwithout a large-scale
effort to re-calibrate MODIS VVCF and products trained using VCFE like Landsat TCC, the questionofhow
appropriate MODIS VCF is for use in both forestsand savannas in the tropics will remain. By highlighting the

extent to which MODIS VCF struggles to estimate tree cover in tropical forestsand savannas, we hope to
informthe future use ofthis productteand inprove its useability.

within-Feld site and feld site-pixel variation are accountedfor durng-validationin calibration.\\ealso bundihatusing MODIS M-

for training likely propagates thesebiases. even in the finer-scale Landsat TCC. As MODIS VCF is a
productthatis commonly usedin awidevariety ofecological research including vegetation

estimating restoration potential, and identifying forest-savanna bimodality, we stress that more independent
work on validating and re-calibrating is required before its tree cover estimates can be relied upon in the tropics.
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Appendix

Figure Al. Location of sampling sites in Africa, Australia, and South America fromthe TROBIT Project(based on
Fig. 2, Torello-Raventoset al., 2013) shown on MODIS VCF (DiMiceli, 2017). Of the 63 field sites, only the 48 sites
with available GPS coordinateswere selected- (https://www.forestplots.net).
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1 Introduction

Tree cover values derived fromEarth observation (EO) data forma fundamental part ofecological research. They ari
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to estimate forest cover change, biomass, and carbon stocks (Bastinet al.,2019; Girirajetal., 2017; Saatchi etal., 2

Song etal., 2014); help identify key areas for conservation efforts (Miles et al., 2006); andare us
andyvegetationmodellingand nodel evaluation (Brovkinet al.,2013; Burtonetal., 2019; Kelley et al., 2013). All
research,in turn, playsavital rolein informing local, regional, and global environmental policies (Harris et al., 20

such, an EO product’s accuracy is important to consider, as any errors in the initial treg,cover estimate,can be furth

conpounded in downstreamwork.,

A

Only ahandful ofEO products provide global maps ofpercentage tree cover or forest and shrub cove
008),and fewer stil
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widelyusedin ecological modelling is the Moderate Resolution ImagingSpectroradioneter Vegetation Continuous Fi
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(MODIS VVCF) product(DiMiceli, 2017). MODIS VCF,is a yearly product that provides percent tree cover globall

spatial resolution 0f250 m-ane. The nost recent iteration (Collection 6) is,available for the years 2000 through to

Its quantitative measure ofwoody cover is recordedannually and is described as a percentage ofground cover, maki

particularly suited for use in,evaluating dynamic global models (Lasslopetal., 2018; Rabinetal.,2017),as apro

to train alternative products, suchas the newer finer-scale Landsat Tree Canopy Cover (TCC) product (Sextonetal., 2013). ,
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As the VCF producthas progressed from Collection 1 to its current Collection 6, several validations,using in-situ fi digl-sifikethrough

or higher-resolution remotely sensed data as a reference measurement have been carri ( Formatted: Normal, Line spacing: 1.5 lines
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country (Gaoetal.,2014; Sextonetal.,2013). The MODIS VCF product evaluated was the nost recentcollection
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forest, struggling inareas that have greater heterogeneity. Similarly to MODIS VVCF (Montesanoet al., 2009),

Montesano et al., (2016) revealedan overestimation ofthe taiga-tundra lowtree coversin the finer-scale

Landsat TCC, suggesting that using VCF as traininghas propagated these overestimations into thehigher

resolutionproduct. What is clear from the history ofthese validation and comparisonexperiments is that

MODIS VCF has accuracy issues in areas with low woody vegetation cover, which has inplications when its
tree cover estimates aretreated as accurately representative of real-world conditions. Failure to acettately-account or
thepreduet'sVCE’ s dificulty in estimating low woody covers can, therefore, leadto miscalibrated nodels and estimations
that do not reflect real-world conditions. This, in turn, has knock-oneffects on environmental policy--nmeking,
conservationefforts, and future ecological research, especially in areas with vegetation cover types that are most
prone to error.

Tropical savannas havewoody coversthatfall withintherange particularly affected by thereported MODIS
V/CF errors. A large proportionofthesesavannas canbe foundin tropical developing

Dixon,2012)), and are predicted to behomne to halfofthe world’s population by 2050 (State ofthe Tropics,
2020). Tropical savannas are therefore highly vulnerable to anthropogenic change. In the face ofa growing
population, land fragnmentation, and changing climate, a savanna’s ability to maintain robustecosystem
functionsisdirectly linked to the anount ofwoody cover present (Sankaranet al., 2006). Asaresult, theability
to accurately monitor thestate, dynamics, and woody cover trends oftropical savannasisa vital part of
understandinghow and why savannas are changing in thetropics (Harrisetal.,2012; Milesetal., 2006), while
also inprovingmodelled climate projections and vegetation dynamics for this conplexbiome.

Inthis study, wevalidate-the-aecdipeyoivaluse MODISVO-Colledtion 6intiopical savannesand faresishiest aesshy conpainghe VI s
tree cover percentagest-the-prociucttocomespondingfield data. Sinilarly. we evaluate Landsat TCC (version 4) toexploreif,

when VCF is usedas training, VCF biases are propagated. We then, for MOD IS \VCF, characterise the observed

bias inwoody covers across both savannaand forestecosystens andapply our esfrectionscalibrationacross the tropics to
highlight the regions nost likelyte-be-afiected by theseinacouiadesin. V\e fish by disc.ssingthe MOBIS VEFpredueinplications he
uncovered biases may have on tropical vegetation and terrestrial biogeochemical modelling.

2 Methods

2.1 EO Products and Field data

We used the MODIS VCF Collection 6 product (250mspatial resolution-of 256-m, DiMiceli, 2017) with tree cover values
averagedacross the years 2006 through to 2009 to reflect the range ofthe field data collection period. MODIS
VCFE was downloaded usingthe nodis rpackage (Hijmans, 2017) in R3.5.2 (R Core Team_2018). We usedthe
2005 and201030mLandsat TCC version 4 product (https:/Icluc.und.edu/metadata/global-30m-landsat-tree-
canopy-version-4), and worked with the 2005 and 2010 average values. The product was downloaded manually
from https://e4ftl01.cr.usgs.gov/MEASURES/GFCC30TC.003/.

The in-situ field data were sourced fromthe ¢ TROpical Biomes -—Fransition’InTransition’ project(TROBIT)
fnvwvoeoglesdsac ik TROBIT, TorelloRaventos etal, 201.3) andancessedvia theForestplots net ciaizhese
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(Lopez-Gonzalez etal.,2011; Lopez-Gonzalez et al., 2009). The data we used include the corner locations and
the Canopy Area Index (CAl) values for 17 forest and 31 savanna sites distributed across Australia, Brazil,
Bolivia, Caneroon,and Ghana(Fig. Al and Table A1, Fig.2 in Torello-Raventos et al., 2013). The TROBIT
field canpaigns were carried out over a 3--year period, rom2006 to 2009, and thefield plots used in this study
are 1 hectare in sizeexceptfor BFI-01 (0.5 ha), BFI-02 (0.5 ha), BFI-03 (0.5 ha), CTC-01 (0.93 ha), and VVCR-
01 (0.6 ha).

Allthe sites fall within the tropics, thatis, within23.5 degrees north and south ofthe equator, and were selected
in regions where savannasand forestswere in close proxinity and exist-withinecotones or ¢ zonesof tersier-tension”. As
such, the sites sanrpled showa large variation in physiognomy and edaphic and climatic conditions (Table S1

Veenendaaletal.,2015).
135——edaphic-andcli
The classification ofthe TROBIT ploissites as either ¢ forest’ or ‘savanna’ is based on the parameters described in

Torello-Raventos et al. (2013) and Veenendaal et al. (2015). A ¢ savanna’ is a natural land cover thatisnota
forest, bare ground, orabody ofwater. ‘¢ Forest’ isdefined as woody vegetation with an average tree heightof
orexceeding 6 mand a canopy area index (CAI) value ofat least0.3 for ‘open forests” and 0.7 for ‘ forests Hrests. In
addition, floristicdifferences (i.e-;. dominance of* savanna’ species) are usedto differentiate forests fromtaller-

growing savannas that have similar CAls andtree heights (see Fig. 9, Torello-Raventos et al., 2013).

There is some ambiguity in how ‘savannas’and ‘ grasslands’ are defined. Some modelling-based research treat
the two biomes as different (Whitley et al.,2017), while studies based on plant functional traits group them
together (Solofondranohatraet al., 2018; Whiteet al., 2000). As there is some concern that MODIS VCF will
struggleto pickup woody cover in areas with really sparse vegetation, in this paper we decided to treat

¢ grasslands’ as part ofthe savanna domain.

2.2 Converting In-Situ Canopy Arealndexto MODIS VCF / Landsat TCC percenttree cover

CALl is defined as the sumofthe projected areas ofindividual tree crowns divided by the ground area. In the
TROBIT project (Torello-Raventos et al. (2013) and Veenendal etal. (2015)), plot-wide CAlis made up ofthe
sumof the upper-stratum mid-stratum, and subordinate-stratumcrown areas.

determined by thetree’s dbh (upper-stratunt dbh >10 cm mid-stratunt

subordinate-stratunt dbh <2.5 cm height>1.5m). About 50trees per

plot-specific allonetric relations betweenstemdiameterand crownarea (supplenent Bof Torello Raventos et
al—., 2013}):). These werethenapplied to thewhole plotto establishplot-level CAl. Forthe allometric
relationships, tree crowns were treated as circles; andtheindividual tree projected crownarea was determined
usingthe average ofcrownradii measured along the four cardinal points (i.e=. fromthe centre ofthe stemto the

distance furthestfrom the stem).

CAl valuesdonotaccountforwithin-site tree canopy distribution patterns and the overlap between individual { Formatted: Font color Black

tree canopies. We accountfor this by convertingeach CAl valueinto a probability distribution function
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individual canopies increases linearly from0 to 1 acrossasite; and-“unenforced overlap;””. where individual
canopies follow a uniformrandomdistribution pattern and canopy overlap is notpurposefully introduced (Fig.
A21). We repeated this 1000 times per CAl neasurenent to determine the probability distribution ofexpected CAl
for each field plot.

Unlike CAl, which isthefractionofground covered by tree crowns, the percenttree cover valuefrom MODIS
VCF (and so Landsat TCC) is defined as “the portion ofthe skylight orthogonal to the surface which is
intercepted by trees” (Hansen etal. 2002). To make MODIS VCFiee-ceverand Landsat TCC conparable to treecover
derived fomTROBIT plot CAls, wedivided the- MOBIS/CFthese product values by 0.8 as suggested by Hansen et al. @002).
This is also thestandard approachinnost modelling studies that-tse-MODBISusing VCF (e.g- Lasslopet al., 2020;Kelleyeta,
2013; Burtonetal.,2019). The 0.8 value can be thought ofas a gap correction factor (GCF) that accounts for
within-canopy gaps. Although the GCF has beenshownto vary with vegetation type (Lloydetal.,2008; 0.34 -
0.60) and crown cover (Tang etal.,2019: 0.9670-0.796), we opted to use 0.8 as wefound that it yielded nore
conservativeresults comparedto a variable GCF. It also avoided introducing additional paranetersintoour
analysis.

Next, to accountforthe difference in size betweenthe MODIS VCF pixel (250 mx 250 m) and the smallerfield
plotsize (100mx 100 m), we calculated the possible percenttree cover an area thesize ofa TROBIT field plot
could have, given the MODIS VVCF percent tree cover fora MODIS-sized pixel. This was done for two extreme
scenarios: “enforced clunping,” where all thetree cover for the given MODIS VCF value is forcibly ‘ clunped’
on one side ofthe pixel, or “unenforced clunping,” where ¢ clunping’ is not enforced; andtree cover is
distributed randomly withinthe pixel (Fig. A32). The clunpingscenarios introduce possible variations in percent
coverdueto theareaandlocation mismatch betweena TROBIT field plotand a MODIS pixel. A probability
distribution was generated foreach MODIS VCF pixel by calculating percenttree cover values for 1000
sanples (100mx 100 m) randomly placedwithinthe 250 mx 250 m MODIS VCF pixel.

ForlLandsat TCC, where the Landsat TCC pixels (30mx30m) are snallerthan the TROBIT field sites, we
calculated a TCC percent tree cover to match the TROBIT field site size by summing the percenttree cover
withinthe TCC pixel part found inside the TROBIT field site andthen dividing the sumby the TROBIT site

area. As TROBIT site orientationwas not recorded, we randomized the anglebetweenthe TROBIT site and

TCC pixel grid for each ofthe 1000 sanples when generating the probability distribution. “ Enforced clunmping”

was performed as per MODIS VCE (Fig 2), with the direction ofclunping randomized.
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Figure 1. Visual representation of the effects of enforcing overlap withina (100 m x 100 m) TROBIT site with a given
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We thereby-compared both MODIS VCF and Landsat TCC with TROBIT under four diferent scenarios: 1) unenfrced
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overlap and clunping; 2) enforce overlapand unenforced clunping; 3) unenforced overlapandenforced

Formatted: Font: Times New Roman, Bold, Not
Expanded by / Condensed by

clunping; 4) enforced overlap and clunping. Corparisons were conducted by fitting the following logit

function:
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logitUCE)y—=C, A xlog(C{1 —C=)—logit(Pixel) = C, + 4 x log(C*'/(1— C*)_(Equeton)
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issimilarto astandard linear regression oflogit transformed data, accounting for maximum and minimum
boundsof0 - 100 % tree cover, withz.,#.7 , 7, allowing fora non-symmetric transformation oftree cover. To
account for the probability density ofeach point, we inferred the paraneters in Equation 1 usinga Total Least
Squares Bayesian Inference technique using a Metropolis-Hastings Markov Chain Monte Carlo step. Priors
were uninformed butphysically bounded (i.e<4%;#>0.4,7,,7, > 0)to assune an increasing relationship between
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MODIS VCF / Landsat TCC and
describing our conditional

distribution (Gelman etal., 2013). Each corrbinationwas run over 10 chains, with 1000 warm-up iterationsand
10,000 sanpling iterations. Optimisation was performed using the rstan2.19.2 (Stan Development Team 2019)
package in R3.5.2 (R Core Team 2018). Our optimizationaccounts for potential errorsin TROBIT cover,
which includes those caused by the allometric construction ofthe CAl, providedthat theerrors are unbiased and
remain roughly consistent across sites (Gelman etal., 2013). Asthe TROBIT plots haverelatively small total
errors associated with the allometric relationships (Table B1, Torello-Raventos et al., 2013), systematic errors
are unlikelyto affect ourresults.

Eigure 2. Left: Example of the effectsof unenforced and enforced clumping in a 250 m x 250 m MODIS VCF pixel
with 50 % tree cover. Clumping all the cover (green) to one side of the pixel (left bottom) affects the average canopy
covervalue ofa100 mx 100 m-sized TROBIT site (black boxes). Right: Example of the effects of unenforced and
enforced clumping on 30 m x 30 m Landsat TCC pixelswith a mix of tree covers (green) and non-tree cover (brown).

White dotted linesare TCC pixel boundaries. Clumping all the cover to one side of the pixel (right bottom) affects the

average canopy cover value of a 100 mx 100 m-sized TROBIT site (black boxes).
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2.4 Mapping MODI S VCF Uncertainty Across The Tropics

We evaluated theinpact ofthe MODIS \CFbiases infened fomihis-corectionthese regression equationsacross thetropics
by inverting our calculation ofMODIS VCF bias (Fig. A4A2) as follows: first, theinverse (i.e=. solving for C) of
Eguatienequation 1 was applied to MODIS VCFvaluesater conversion to a 100 mx100 npixel size grid (natchingthe
field site area); thenthis correctedcalibrated value was translated back to theoriginal 250 mx250 m\VCF pixel size. As

the inverse ofEquation 1 has noanalytical solution, we foundthe rounded percent value ofC that minimises the

absolute difference betweenthe left-and right-hand side ofthe equation. For conputational feasibility, we
constucted ngps ofthe tiopicswith estecieekcalibiated MODIS VR values (Fg.2/A3) by iandonty sanpling5 iterationsthaivere randeralysarapedl
from each of our 10 optimisation chains (50 in total) and masking out pixels with cover types not considered as
‘forest’ or ‘savanna’-in the500mMODIS Land Cover Type (MCD12Q1 - collection 6) (Sulla-Menashe and

Friedl,2018).

Wethen usedihe 500 MODIS Lard Caver Fype (MOD12Q1-edllesiens) poductioidentiy the aeasof frest and savadl axsstexyisite
MODIS VCF product. MCD12Q1 iswidely used by the global land surface modelling conmunity (e.g-. Sellar et

al.,2019; Wiltshire et al., 2020) and describes land cover in terms 0f17 global land cover classes as perthe
International Geosphere--Biosphere Progranme (IGBP, Table 3 in Sulla-Menasheand Friedl, 2018). The product
is based on the same spectroradioneter (MODIS) and tenporal resolution as the VCF product. Referring to the
definition of* savanna’ of Veenendaal et al. (2015), the following land cover classes were chosento represent
“savanna’: Closed Shrubland, Open Shrubland, Woody Savanna, Savanna, and Grassland, while  forest’
enconpasses: Evergreen NeedleleafForests, Evergreen BroadleafForests, Deciduous NeedleleafForests,
Deciduous BroadleafForests, and Mixed Forests. We subset MCD12Q1 to the tropical zone between +/-30°
North andtook themedian class for the 2006 to 2009 period, matching the field data collection period.

Foranore detailed land-cover-specific evaluation, weresaraplecetedidihessiedeekalineed 250mVODISMFEeistB apbel values
freach corresponding 500 megietaneearmbireditwitiihe MOD12Q1 preckepbel tooonstiuctiand coverspedifc MODIS VO tee cover
frequency distributions (Fig. ASA4). Our tree cover eerectoncalibration by cover type-{Fg-3) or the four clunping/ovedap
regressioncombinations was then calculated by multiplying each cover type MODIS \V/CF frequency

distribution (Fig. A5A4) with curves representingthe nedian, 5 %, and 95 % confidence lines ofthe eerectioncalibration

equationensenbles.
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Figure 3. MODIS VCF percent tree cover versus percent tree cover fromTROBIT field data, taking into account
uncertainties associated with tree cover spatial distributions within a MODIS pixeland/or field pletsite. The 4
combinations are: (1) no overlap and no clumping, where tree canopiesare randomly distributed within both pixel
and site; (2) no overlap and maximum clumping, where tree canopiesare clustered in one areaof the pixel, and
randomly distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly
distributed within the pixel, but overlap substantially within the field site; and (4) with overlap and maximum
clumping, where tree canopiesare clustered to one side within a pixel, and overlap substantially within the site. The
bolded dashed line in black shows the 1:1 relationship. The solid lines represent the median of the respective
regressions (green for forest; orange for savanna; blackfor forest and savanna combined}y—ae), and the thin lines
represent the 5 and 95 % confidence interval of their respective regression lines. The vertical error bars represent
uncertainty introduced by clumping; the horizontal error bars represent the uncertainty introduced by overlap.

3)as opposedto areas identified as savannas (inorange, Fig. +3). In savanna sites, MODIS VVCF significantly and
consistently underestimates tree cover regardless ofthe amount of overlapand clunping. Significant
underestimation (at 95 %confidence) occurs when in-situ tree cover exceeds +8—19--21% (withoutenforced

clunping) or 9—16-11-12% (withenforced clunping). In forestsites, MODIS \ICF does not show thesane pattemof

systematic underestimation. Divergencedoes occur at high covers, depending on the enforcement ofoverlap or { Formatted: Font color: Black
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interval) whenneither overlap nor clunping is enforced, and overestimates where tree cover exceeds 9678 % (at 5

% confidenceinterval) whenboth overlapand clunping are enforced.
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Figure 4. Landsat TCC percent tree cover versuspercent tree cover fromTROBIT field data, taking into account
uncertaintiesassociated with tree cover spatial distributions within a TCC pixeland/or fieldsite. The 4 combinations
are: (1) no overlap and no clumping, where tree canopiesare randomly distributed within both pixelsand site; (2) no
overlap and maximum clumping, where tree canopiesare clustered in one area of the pixels, and randomly
distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly distributed
within the pixels, but overlap substantially within the field site; and (4) with overlap and maximum clumping, where
tree canopiesare clustered to one side within the pixels, and overlap substantially within the site. The bolded dashed
line in black shows the 1:1 relationship. The solid lines represent the median of the respective regressions (greenfor
forest; orange for savanna; blackfor forest and savanna combined), and the thin lines represent the 5 and 95 %
confidence interval of their respective regression lines. The vertical error bars represent uncertainty introduced by
clumping; the horizontalerror barsrepresent the uncertainty introduced by overlap.

Similar patterns canbe observed with Landsat TCC (black line, Fig.4). There is a significant underestination of

tree coverin the lower coverranges up to 59%whenthere is enforced overlap, and up to 82%whenoverlap is

notenforced. In savannasites (orange line, Fig. 4) the underestimation (at 95%confidence) is significant and
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consistentfor covers below 75 - 80 % (without enforced overlap) or below 52 - 60% (with enforced overlap). In

forest sites (greenline, Fig. 4) there isno systematic difference.

3.2 Global estimates of post-calibration changein tropical tree cover

wWaRAe; ) singa sarecierzha T besntecnhinedbetatsaaTedstik
curve, Fig. 1)-We-eiebnettse3) instead of using the savanna-onlysites rasavannaspedifc esiecioncalibiation Oange auve Fig.£3)

This is becausethere were few TROBIT sites representing savanna with MODIS VCF tree cover values

exceeding 40%, and global land cover maps disagreeon thedistribution ofsavannas withinthe forest-savanna
ecotone (Heroldetal.,2008).

Fyre205hicdisraaas5(Inte s A ik dndintean
direction (positive or negative ee#eenen)—aeressau-callbratlon leading toan increase or decrease in tree cover, re;,mectlvelv) acrosalfour
scenarios. (Middle) Uncertainty range of the post-calibration change intree cover, calculated asthe 90" percentile

(reximm oftre four cerariosin Fi A3) nin 10 percertie (niimumofite four cerarbsepiigh) Badkebsent TesiE sresheze®
Reojorsach redbdrepiriyfrdsne o ennapuertiyAgsaekkaas daspmevIcES Cradasnaisnasoiandd) Ectiesgiondecfarbniie
firitecaurberuncertainty range of field-sites-used-as—+eferenseeach pixel with the pixel’s geographicalditance o the chsed TROBIT sie sainpled)

(Fig. 2A3),and the regions where all four scenarios agree on the direction ofchange (positive and negative) are
substantial- (Fig.5). However, there are sone differences caused by the uncertainty introduced by different
extents ofoverlap and clunping. While we see asignificantincreasein tree coveracross all clunping-overlap
combinations in many regions oftropical savannas and grasslands (Pennington etal., 2018), such asin the
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forest-savanna nosaics thatsurround Congolian rainforests, we donotsee the same pattern inthe Cerrado of
Brazil. This is likely because the African forest-savanna regions fall withinthe range ofMODIS VCF values

that consistently undergo a positive calibration (~30-50 %, see Fig. A2), whilethe Cerrado ofBrazil does not.

analysiswhen our calibrationis broadly applied across thehighly variable tropical forest-savanna ecotone. By
multiplyingthe uncertainty range ofour calibrations with the geographical distance to the closest sanpled
TROBIT site, we identified priority regions for further field surveying ( Fig. 5 bottom). We found Southeast
Asia, Central Anerica,and Mexico are areas where additional in-situ observations would greatly help improve

confidence. Fielddata fromthe northwestern region of South Anerica, the southeastofthe African continent,
and Madagascar wouldalsohelp.

As our calibrations were based on a limited nunber ofsitesin a limited number ofregions, itis importantto
notethat thenaps showni it i i

decrease in the Sahel post-calibration in multiplescenarios, which runs counter to theresults of Brandt et al.

(2020) whofoundthattree cover was underestimated in this region. This disparity may be due to our lack of

field sitesin these more arid regions, further highlighting the importance of more in-situdata for more accurate

and precise calibration. Therefore, our calibrations are nost useful in identifying areas where MODIS VVCF

estimates may be more or lessreliable.

When lookingat our calibration in more detail, we seethat MODIS VCF significantly underestinates tree cover
inall the IGBP land cover classes that we considered, regardless ofoverlap or clunping (95 %confidence

interval)(Fig. 6). The most substantial and significant underestimation is in the classes ‘woody savannas” and
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ADiscussion

While MODIS \VCF is apowerful andaccessible tool to map tree cover, our field data-based calibrations
indicate that the latestMOD IS VVCF collection 6 is missing a lot ofwoody cover, evenwhenuncertainty

introduced bysite canopy overlap and clunpingwithinthe MODIS VCF pixel are accounted for. The Landsat
TCC product, which may be viewedas an alternative witha higher s patial resolution, behavesin asimilar

manner. Ourmap (Fig.5, top) highlights that this potential underestimation ofwoody coveris mainly occurring

in tropicalsavannas. Moreover, thehighest underestimation in the savanna classes occurs when there is no

enforced overlap (Fig A3) (i.e. when there isa uniformrandomdistribution oftrees) which is thescenario that

most likely reflects the TROBIT savanna plots. This is evidenced by work done by Veenendaal et al. (2015)

where TROBIT plots were tested for conplete spatial randonmess and only minor indications ofoverlapwere
found. Woodysavannas, as an exanple, may have their tree cover underestimated by up to 32 %(95 %
confidence) whenneither clunpingnoroverlapis enforced (grey tones, Fig. 6). If our results are representative

of the tropics, then overall, MODIS VVCF may be underestimating tropical tree cover by between7 -29 % for

unenforced clumping and overlapor0 - 21 % for when either clunping or overlap are enforced (5 -95 %

confidence).

1nad e e ave been identified in validati
previous MODIS VCE collections (Grossetal..2018; Yangand Crews, 2019) and Landsat TCCversion

<
coverranges forboth MODIS VCF and Landsat TCC. In fact Montesanoetal. (2016) showedan inproved

match between Landsat TCC and their lidar-derivedtree cover reference data when reducing the height

threshold from5 m to 2 m However, becauseofhow ourfield reference CAlis derived, we were not able to
conclusively link the5 mthresholdto our observed underestimation.
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Figure 26. Percent changein tree cover afterte: ot poscalboration (Cocknie: o enforced clnping or overbp (beck; erforced

clumping and no enforced overlap (blue); no enforced clumping and enforced overlap (red); enforced clumping and
overlap (pinK) in the ‘forest’ supercategoryand the 5 savanna classes. Palest tone indicates positive change, mid-tone
indicatesnegative change, and the darlest tone indicates net change. Error barsdenote the 5-95% confidence
interval; if the error bar extends past the x-axis, the post-cerrectioncalibration change isnot considered significant.

difference between TROBITand MODISVCF we would have expected anincreasing underestimation in thelower

heightranges. Instead; we founda low R?and a mixture of underand overestimations in heights between 0 and
10 m (Fig. ABADL). This suggests that the inclusion oftrees below 5 mheightin the TROBIT inventory does not

fully explain the observed underestimation.

subordinate strata composition (and canopy cover thereof) varies widely depending on factors including

ecosystemtype andaltitude (Rutien-et-ak-2015) (Rutten et al., 2015), more research needstobedonewitheie insituheight deta,

[

;

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m
alwaysapply in MODIS VCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and

‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes
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is1-2 m For the ‘ savannas’ class, MODIS VCF yields a percent tree cover range thatmatches closely with the
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5 m minimum for MODIS VVCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and *savannas’ containtrees taller than 5 ng MODIS VCF is
distinguishingtrees belowthe 5 mthreshold; or, some corrbinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheet al.,2019). Forexanple, the accuracy for * closed shrublands’ is particularly low. Itis mainly
conflised with ‘ openshitlanes shublands”,  woodysavarRas savannes and * savannas savannas . The najoiity ofthe * openshiublands” class
commission erroris with the ‘ grasslands’ class; and there is confusionto a lesser extent between ‘ open
shrdblane;shubland’. ‘woodysavannas” and  savanRas-savannas’. Also, the ¢ croplandhatLialvegetation nosaics dassisofen
mapped as ‘closed shrdbland; shrubland’ . ‘ woody SavanrfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at

inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported improvenent in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013) are inherentandstill presentwithin this version of MODIS VVCF. Similar results for
MODISVCF and Landsat TCCalso suggest that by training TCC with VCF tree cover thesebiases have been
propagated intothe finer-scale product. Models calibrated using MODIS VVCF (Brandtetal.,2017; Lasslop et
al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2628)2021) also risk inheritingthesebiasesand shouldtherefore be
validated using other sources ofdata.

We suggest that, while MODIS VCF givesand landsat TCC give a good overview oftree cover ona global scale,
itbothshouldbe e calibraiedbelore itisusedasaseierenes ertaining eatacaltiosly insavenna s SeHeen Hedensaarsakinetets
long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODISVCF and Landsat TCCin savannasin particular (Gaughan et al.,2013; Grossetal.,2018; Kumaretal.,
2019) enphasisesthe importance of continuous independent validationand re-calibration of the-pradet these products. The
ecosystemfunctions ofsavannas can vary drastically with justa slight difference in tree cover (Gaughan etal.,
2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe biorme, whichin
turn affects how the landis managed.

VCF to estimate tree coverin agricultural land. As thistree cover is likely to have been underestimated

substantially, the derived available land space for replanting may be less than projected, with therestoration { Formatted: Font color: Black

potential overestimated. However, our results also indicate an underestimated tree cover in woodier savannas Formatted: Border: Top: (No border), Bottom: (No

border), Left: (No border), Right:(No border), Between :

and forests. Accounting for this, therestoration potential could actually be greater thananticipated, asbecause the
(No border), Tab stops: 3.13", Centered + 6.27", Right

34

<




canying capacity ofa unit ofland #ray/couidbe gresterthanpreviouslythought FHhe MOBIS \EearedienCilibationcould alsoresultina
more uniformcover distribution across regions, producinga more gradual transition between low-cover
savannas and high-cover forests. This could haveimplications for work that, for exanple, uses MODIS \VCF to
study forest-savannadynamics and bi-stability (Lasslopetal.,2018; Wuytsetal.,2017; Xu etal.,2016).

shouldbecalibrated for use inthe target region. However, calibrating MOBIS\/CFEon a largescale using fielddataasa
reference do-presentpresents several challenges. Firstly, different in-situ measurement techniques tend to measure
different types oftree cover (e.g-. Fialaetal.,2006; Korhonenet al., 2006; Rautiainenet al., 2005) and each will
require aspecific conversion method to enabledirect conparisonwith MODIS VCF- or Landsat TCC. For
exanple. Montesanoetal. (2016) ‘s conparison did not acknowledge VCF’ s and thus TCC’ s “within

canopy gaps.” whichmay explain their observed underestination in covers above 80%. In ourcase, to
account for gaps between tree crowns, we applied the

and resulting tree cover could vary widely on a plot-by-plotbasis (LIoyd et al., 2008). With further in-situ data
that describe tropical vegetation type-specific GCF variation, we may be able to incorporate site-specific GCFs
into ouranalysis.

errors (supplement Bin Torello-Raventoset al., 2013) are small and show no systematic bias and are therefore

the accuracy ofrenptely-sensed products like MODIS VCF and Landsat TCC (Hansenetal.,2003; Huete et al.,
1997; Snith et al., 2002ak-1997:-Sith-etal-2002).). Daadaedeisingtheseattheplot level wouldhelpidentify potentialoonbunding

factors affecting MOBIS-/CHperformance, and so help further constrain uncertainties.

reconmended (Grossetal.,2018; Laryand Lait, 2006, Montesano et al. 2016), thoughwithout a large-scale
effort to re-calibrate MODIS VVCF and products trained using VCFE like Landsat TCC, the questionofhow
appropriate MODIS VCF is for use in both forestsand savannas in the tropics will remain. By highlighting the

extent to which MODIS VCF struggles to estimate tree cover in tropical forestsand savannas, we hope to
informthe future use ofthis productteand inprove its useability.

within-Feld site and feld site-pixel variation are accountedfor durng-validationin calibration.\\ealso bundihatusing MODIS M-

for training likely propagates thesebiases. even in the finer-scale Landsat TCC. As MODIS VCF is a
productthatis commonly usedin awidevariety ofecological research including vegetation

estimating restoration potential, and identifying forest-savanna bimodality, we stress that more independent
work on validating and re-calibrating is required before its tree cover estimates can be relied upon in the tropics.
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Appendix

Figure Al. Location of sampling sites in Africa, Australia, and South America fromthe TROBIT Project(based on
Fig. 2, Torello-Raventoset al., 2013) shown on MODIS VCF (DiMiceli, 2017). Of the 63 field sites, only the 48 sites
with available GPS coordinateswere selected- (https://www.forestplots.net).
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_countries (Bovaland Dixon, 2012)), and are predicted to be home to halfof the world’s population by 2050
(State of the Tropics, 2020). Tropical savannas are therefore highly vulnerable to anthropogenic change. In the
face ofa growingpopulation, land fragmentation, and changing climate, a savanna’s ability to maintain robust
ecosystemfunctionsisdirectly linked to theamount ofwoody cover present (Sankaranetal.,2006). Asaresult,
the abilityto accurately monitor the state, dynamics, andwoody covertrends oftropical savannas is a vital part
of understandinghowandwhy savannas are changing inthe tropics (Harrisetal.,2012; Mileset al., 2006),
while alsoimproving modelled climate projections and vegetation dynamics for this conplexbione.

Inthis study, wevalidate-the-aecdipeyolvaluse MODISVO-Qolledion 6intiopical savannesand faresishiest aessby conpaiingthe VI s
tree cover percentagest-the-produettoconespondingfield data. Sinlarly. we evaluate Landsat TCC (version 4) toexploreif

when VCF is usedas training, VCF biases are propagated. We then, for MOD S VVCF, characterise theobserved

bias inwoody covers across both savannaand forestecosystens andapply our esfrectionscalibrationacross the tropics to

highlight the regions rost likelyte-be-afected by theseinacouradiesi. Ve fnish by disaussingthe MOBISVCpreckelinplicaions the
uncoveredbiases may have on tropical vegetationand terrestrial biogeochemical modelling.

2 Methods

2.1 EO Products and Field data

We used the MODIS \CF Collection 6 product (250mspatial resolution-of-256-m, DiMiceli, 2017) with tree cover values
averagedacross the years 2006 through t02009 toreflect the range ofthe field data collection period. MODIS
VCFE was downloaded using the nodis rpackage (Hijmans, 2017) in R3.5.2 (R Core Team_2018). We usedthe
2005and201030mLandsat TCC version 4 product (https:/Icluc.und.edu/metadata/global -30m-landsat-tree-
canopy-version-4), and worked withthe2005 and 2010 average values. The product was downloaded manually
from https://e4ft101.cr.usgs.gov/MEASURES/GFCC30TC.003/.

The in-situ field data were sourced fromthe ¢ TROpical Biomes -Fransttion’In Transition’ project (TROBIT)
fvvigeoglesdsacui/ TROBIT, TorelloRaventosetal, 201.3) andanoessedvia theForestplois net detabese:
(Lopez-Gonzalez etal., 2011; Lopez-Gonzalez et al., 2009). The data we used include the corner locations and

the Canopy Area Index (CAI) values for 17 forest and 31 savanna sites distributed across Australia, Brazil,
Bolivia, Caneroon,and Ghana(Fig. Al and Table A1, Fig.2 in Torello-Raventos et al., 2013). The TROBIT
field canpaigns were carried out over a 3—-year period, rom2006 to 2009, and thefield plots used in this study
are 1 hectare in sizeexceptfor BFI-01 (0.5 ha), BFI-02 (0.5 ha), BFI-03 (0.5 ha), CTC-01 (0.93 ha), and \VCR-
01 (0.6 ha).

Allthe sites fall within the tropics, thatis, within23.5 degrees north and south ofthe equator, and were selected
in regions where savannasand forestswere in close proxirrity and exist-withinecotones or ¢ zones oftersion-tension”. As
such, the sites sanpled showa large variation in physiognomy and edaphic and climatic conditions (Table S1,

Veenendaaletal.,2015).
i i ( Formatted: Font color: Black
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The classification ofthe TROBIT plotssites as either ‘ forest’ or ‘savanna’ is based on the parameters described in
Torello-Raventos et al. (2013) and Veenendaal et al. (2015). A “ savanna’ is a natural land coverthatisnota
forest, bare ground, orabody ofwater. ‘ Forest’ isdefined as woody vegetation with an average tree heightof
orexceeding 6 mand a canopy area index (CAI) value ofat least0.3 for ‘ open forests” and 0.7 for  foresis brests’. In
addition, floristicdifferences (i.e-;. dominance of* savanna’ species) are used to differentiate forests fromtaller-
growing savannas that have similar CAls andtree heights (seeFig. 9, Torello-Raventos et al., 2013).

There is some anbiguity in how ‘savannas’ and ‘ grasslands’ are defined. Some modelling-based research treat
the two biomes as different (Whitley et al.,2017), while studies based on plant functional traits group them
together (Solofondranohatraet al., 2018; Whiteet al., 2000). As there is some concern that MODIS VCF will
struggleto pickup woody cover in areas with really sparse vegetation, in this paper we decided to treat

¢ grasslands’ as part ofthe savanna domein.

2.2 Converting In-Situ Canopy Arealndexto MODIS VCF / Landsat TCC percenttree cover

CAl is defined as the sumofthe projected areas ofindividual tree crowns divided by the ground area. In the
TROBIT project (Torello-Raventos et al. (2013) and Veenendal et al. (2015)), plot-wide CAl is made up ofthe

sumof the upper-stratum mid-stratum, and subordinate-stratumcrown areas.
determined by thetree’s dbh (upper-stratunt dbh >10 cm mid-stratunt

subordinate-stratunt dbh <2.5 cm height>1.5m). About50treesper

plot-specific allonetric relations between stemdianeter and crownarea (supplement B of Torello Raventos et
al—., 20133}-). These werethenapplied to thewhole plotto establish plot-level CAl. Forthe allonetric
relationships, tree crowns were treated as circles; andtheindividual tree projected crownarea was determined
usingthe average ofcrownradii measured along the four cardinal points (i.e=. fromthe centre ofthe stemto the

distance furthestfrom the stem).

CAl valuesdonotaccountforwithin-site tree canopy distribution patterns and the overlap between individual
tree canopies. We accountfor this by convertingeach CAl valueinto a probability distribution function
incorporating the following two extreme scenarios: “enforced overlap;>”, where the location probability of
individual canopies increases linearly from0 to 1 acrossasite; and“unenforced overlap;>”. where individual
canopies follow a uniformrandomdistribution pattern and canopy overlap is notpurposefully introduced (Fig.
A21). We repeated this 1000 times per CAl measurement to determine the probability distribution ofexpected CAI
for each field plot.

Unlike CAl, which isthefractionofground covered by tree crowns, the percenttree cover valuefrom MODIS
VCF (and so Landsat TCC) is defined as “the portion ofthe skylight orthogonal to the surface which is
intercepted by trees” (Hansenetal. 2002). To make MODIS VCFiee-eeverand Landsat TCC conparable to treecover
derived fomTROBIT plot CAls, wedivided the-MOBISErthese product values by 0.8 as suggested by Hansen et al. 2002).

This is also thestandard approachinnost nodelling studies that-tse-MOBISusing VCF (eg- Lasslopet al., 2020;Kelleyetd, { Formatted: Font color: Black

2013; Burtonetal.,2019). The 0.8 value canbe thought ofas a gap correction factor (GCF) that accounts for
within-canopy gaps. Although the GCF has been shownto vary with vegetation type (Lloydetal.,2008; 0.34 -
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0.60) and crown cover (Tang etal.,2019: 0.9670-0.796), we opted to use 0.8 as wefound that it yielded nore
conservativeresults conmparedto a variable GCF. It also avoided introducing additional parametersintoour
analysis.

Next, to accountforthe difference in size betweenthe MODIS VCF pixel (250 mx 250 m) and the smallerfield
plotsize (100mx 100 m), we calculated the possible percenttree cover an area thesize ofa TROBIT field plot
could have, given the MODIS VVCF percent tree cover fora MODIS-sized pixel. This was done for two extreme
scenarios: “enforced clumping,” where all thetree cover for the given MODIS VCF value is forcibly ‘clumped’
on one side ofthe pixel, or “unenforced clumping,” where ¢ clunping’ is not enforced; and tree coveris
distributed randomly withinthe pixel (Fig. A32). The clunpingscenarios introduce possible variations in percent
coverdue to theareaandlocation mismatch betweena TROBIT field plotand a MODIS pixel. A probability
distribution was generated foreach MODIS VCF pixel by calculating percenttree cover values for 1000
sanples (100mx 100 m) randomly placedwithinthe 250 mx 250 m MODIS VVCF pixel.

ForLandsat TCC, where the Landsat TCC pixels (30mx30m) are snellerthan the TROBIT field sites, we
calculated a TCC percent tree cover to match the TROBIT field site size by summing the percenttree cover
withinthe TCC pixel part found inside the TROBIT field site and then dividing the sumby the TROBIT site
area. As TROBIT site orientationwas not recorded, we randomized the angle between the TROBIT site and

TCC pixel grid for each ofthe1000sanples when generating the probability distribution. “Enforced clunmping”

was performed as per MODIS VCF (Fig 2), with the direction ofclunping randomized.
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Figure 1. Visual representation of the effects of enforcing overlap withina (100 m x 100 m) TROBIT site with a given
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We thereby-compared both MODIS VCF and Landsat TCC with TROBIT under four diferent scenarios: 1) unenfrced
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overlap and clunping; 2) enforce overlapand unenforced clunping; 3) unenforced overlapandenforced
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clunping; 4) enforced overlap and clunping. Corparisons were conducted by fitting the following logit

function:
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logitUCE)y—=C, A xlog(C{1 —C=)—logit(Pixel) = C, + 4 x log(C*'/(1— C*)_(Equeton)
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Where Gu,—A,—E.l,—FgC,),A,T]j‘[j are optlmsed parametersand ¥QEP|er and Car.eth_e MQDIS\,CF/ ITandsat TCC pixel [ Formatted: Font: Times New Roman. Bold, Not
(post-conversionas described in section2.2) and TROBIT site probability distributions, respectively. This Expanded by / Condensed by

issimilarto astandard linear regression oflogit transformed data, accounting for maximum and minimum
boundsof0 - 100 % tree cover, withz.,#.7 , 7, allowing fora non-symmetric transformation oftree cover. To
account for the probability density ofeach point, we inferred the paraneters in Equation 1 usinga Total Least
Squares Bayesian Inference technique using a Metropolis-Hastings Markov Chain Monte Carlo step. Priors
were uninformed butphysically bounded (i.e<4%;#>0.4,7,,7, > 0)to assune an increasing relationship between
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MODIS VCF / Landsat TCC and
describing our conditional

distribution (Gelman etal., 2013). Each corrbinationwas run over 10 chains, with 1000 warm-up iterationsand
10,000 sanpling iterations. Optimisation was performed using the rstan2.19.2 (Stan Development Team 2019)
package in R3.5.2 (R Core Team 2018). Our optimizationaccounts for potential errorsin TROBIT cover,
which includes those caused by the allometric construction ofthe CAl, providedthat theerrors are unbiased and
remain roughly consistent across sites (Gelman etal., 2013). Asthe TROBIT plots haverelatively small total
errors associated with the allometric relationships (Table B1, Torello-Raventos et al., 2013), systematic errors
are unlikelyto affect ourresults.

Eigure 2. Left: Example of the effectsof unenforced and enforced clumping in a 250 m x 250 m MODIS VCF pixel
with 50 % tree cover. Clumping all the cover (green) to one side of the pixel (left bottom) affects the average canopy
covervalue ofa100 mx 100 m-sized TROBIT site (black boxes). Right: Example of the effects of unenforced and
enforced clumping on 30 m x 30 m Landsat TCC pixelswith a mix of tree covers (green) and non-tree cover (brown).

White dotted linesare TCC pixel boundaries. Clumping all the cover to one side of the pixel (right bottom) affects the

average canopy cover value of a 100 mx 100 m-sized TROBIT site (black boxes).
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2.4 Mapping MODI S VCF Uncertainty Across The Tropics

We evaluated theinpact ofthe MODIS \CFbiases infened fomihis-corectionthese regression equationsacross thetropics
by inverting our calculation ofMODIS VCF bias (Fig. A4A2) as follows: first, theinverse (i.e=. solving for C) of
Eguatienequation 1 was applied to MODIS VCFvaluesater conversion to a 100 mx100 npixel size grid (natchingthe
field site area); thenthis correctedcalibrated value was translated back to theoriginal 250 mx250 m\VCF pixel size. As

the inverse ofEquation 1 has noanalytical solution, we foundthe rounded percent value ofC that minimises the

absolute difference betweenthe left-and right-hand side ofthe equation. For conputational feasibility, we
constucted ngps ofthe tiopicswith estecieekcalibiated MODIS VR values (Fg.2/A3) by iandonty sanpling5 iterationsthaivere randeralysarapedl
from each of our 10 optimisation chains (50 in total) and masking out pixels with cover types not considered as
‘forest’ or ‘savanna’-in the500mMODIS Land Cover Type (MCD12Q1 - collection 6) (Sulla-Menashe and

Friedl,2018).

Wethen usedihe 500 MODIS Lard Caver Fype (MOD12Q1-edllesiens) poductioidentiy the aeasof frest and savadl axsstexyisite
MODIS VCF product. MCD12Q1 iswidely used by the global land surface modelling conmunity (e.g-. Sellar et

al.,2019; Wiltshire et al., 2020) and describes land cover in terms 0f17 global land cover classes as perthe
International Geosphere--Biosphere Progranme (IGBP, Table 3 in Sulla-Menasheand Friedl, 2018). The product
is based on the same spectroradioneter (MODIS) and tenporal resolution as the VCF product. Referring to the
definition of* savanna’ of Veenendaal et al. (2015), the following land cover classes were chosento represent
“savanna’: Closed Shrubland, Open Shrubland, Woody Savanna, Savanna, and Grassland, while  forest’
enconpasses: Evergreen NeedleleafForests, Evergreen BroadleafForests, Deciduous NeedleleafForests,
Deciduous BroadleafForests, and Mixed Forests. We subset MCD12Q1 to the tropical zone between +/-30°
North andtook themedian class for the 2006 to 2009 period, matching the field data collection period.

Foranore detailed land-cover-specific evaluation, weresaraplecetedidihessiedeekalineed 250mVODISMFEeistB apbel values
freach corresponding 500 megietaneearmbireditwitiihe MOD12Q1 preckepbel tooonstiuctiand coverspedifc MODIS VO tee cover
frequency distributions (Fig. ASA4). Our tree cover eerectoncalibration by cover type-{Fg-3) or the four clunping/ovedap
regressioncombinations was then calculated by multiplying each cover type MODIS \V/CF frequency

distribution (Fig. A5A4) with curves representingthe nedian, 5 %, and 95 % confidence lines ofthe eerectioncalibration

equationensenbles.

3 Results ( Formatted: Font: Times New Roman, 10 pt ]
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Figure 3. MODIS VCF percent tree cover versus percent tree cover fromTROBIT field data, taking into account
uncertainties associated with tree cover spatial distributions within a MODIS pixeland/or field pletsite. The 4
combinations are: (1) no overlap and no clumping, where tree canopiesare randomly distributed within both pixel
and site; (2) no overlap and maximum clumping, where tree canopiesare clustered in one areaof the pixel, and
randomly distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly
distributed within the pixel, but overlap substantially within the field site; and (4) with overlap and maximum
clumping, where tree canopiesare clustered to one side within a pixel, and overlap substantially within the site. The
bolded dashed line in black shows the 1:1 relationship. The solid lines represent the median of the respective
regressions (green for forest; orange for savanna; blackfor forest and savanna combined}y—ae), and the thin lines
represent the 5 and 95 % confidence interval of their respective regression lines. The vertical error bars represent
uncertainty introduced by clumping; the horizontal error bars represent the uncertainty introduced by overlap.

3)as opposedto areas identified as savannas (inorange, Fig. +3). In savanna sites, MODIS VVCF significantly and
consistently underestimates tree cover regardless ofthe amount of overlapand clunping. Significant
underestimation (at 95 %confidence) occurs when in-situ tree cover exceeds +8—19--21% (withoutenforced

clunping) or 9—16-11-12% (withenforced clunping). In forestsites, MODIS \ICF does not show thesane pattemof

systematic underestimation. Divergencedoes occur at high covers, depending on the enforcement ofoverlap or { Formatted: Font color: Black

clumping. MODIS \CF everestiratesunderestinates tree cover where tree cover exceeds 7884 % (at the 95 % confidence Formatted: Border: Top: (No border), Bottom: (No
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interval) whenneither overlap nor clunping is enforced, and overestimates where tree cover exceeds 9678 % (at 5

% confidenceinterval) whenboth overlapand clunping are enforced.
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Figure 4. Landsat TCC percent tree cover versuspercent tree cover fromTROBIT field data, taking into account
uncertaintiesassociated with tree cover spatial distributions within a TCC pixeland/or fieldsite. The 4 combinations
are: (1) no overlap and no clumping, where tree canopiesare randomly distributed within both pixelsand site; (2) no
overlap and maximum clumping, where tree canopiesare clustered in one area of the pixels, and randomly
distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly distributed
within the pixels, but overlap substantially within the field site; and (4) with overlap and maximum clumping, where
tree canopiesare clustered to one side within the pixels, and overlap substantially within the site. The bolded dashed
line in black shows the 1:1 relationship. The solid lines represent the median of the respective regressions (greenfor
forest; orange for savanna; blackfor forest and savanna combined), and the thin lines represent the 5 and 95 %
confidence interval of their respective regression lines. The vertical error bars represent uncertainty introduced by
clumping; the horizontalerror barsrepresent the uncertainty introduced by overlap.

Similar patterns canbe observed with Landsat TCC (black line, Fig.4). There is a significant underestination of

tree coverin the lower coverranges up to 59%whenthere is enforced overlap, and up to 82%whenoverlap is

notenforced. In savannasites (orange line, Fig. 4) the underestimation (at 95%confidence) is significant and
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consistentfor covers below 75 - 80 % (without enforced overlap) or below 52 - 60% (with enforced overlap). In

forest sites (greenline, Fig. 4) there isno systematic difference.

3.2 Global estimates of post-calibration changein tropical tree cover

wWaRAe; ) singa sarecierzha T besntecnhinedbetatsaaTedstik
curve, Fig. 1)-We-eiebnettse3) instead of using the savanna-onlysites rasavannaspedifc esiecioncalibiation Oange auve Fig.£3)

This is becausethere were few TROBIT sites representing savanna with MODIS VCF tree cover values

exceeding 40%, and global land cover maps disagreeon thedistribution ofsavannas withinthe forest-savanna
ecotone (Heroldetal.,2008).

Fyre205hicdisraaas5(Inte s A ik dndintean
direction (positive or negative ee#eenen)—aeressau-callbratlon leading toan increase or decrease in tree cover, re;,mectlvelv) acrosalfour
scenarios. (Middle) Uncertainty range of the post-calibration change intree cover, calculated asthe 90" percentile

(reximm oftre four cerariosin Fi A3) nin 10 percertie (niimumofite four cerarbsepiigh) Badkebsent TesiE sresheze®
Reojorsach redbdrepiriyfrdsne o ennapuertiyAgsaekkaas daspmevIcES Cradasnaisnasoiandd) Ectiesgiondecfarbniie
firitecaurberuncertainty range of field-sites-used-as—+eferenseeach pixel with the pixel’s geographicalditance o the chsed TROBIT sie sainpled)

(Fig. 2A3),and the regions where all four scenarios agree on the direction ofchange (positive and negative) are
substantial- (Fig.5). However, there are sone differences caused by the uncertainty introduced by different
extents ofoverlap and clunping. While we see asignificantincreasein tree coveracross all clunping-overlap
combinations in many regions oftropical savannas and grasslands (Pennington etal., 2018), such asin the
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forest-savanna nosaics thatsurround Congolian rainforests, we donotsee the same pattern inthe Cerrado of
Brazil. This is likely because the African forest-savanna regions fall withinthe range ofMODIS VCF values

that consistently undergo a positive calibration (~30-50 %, see Fig. A2), whilethe Cerrado ofBrazil does not.

analysiswhen our calibrationis broadly applied across thehighly variable tropical forest-savanna ecotone. By
multiplyingthe uncertainty range ofour calibrations with the geographical distance to the closest sanpled
TROBIT site, we identified priority regions for further field surveying ( Fig. 5 bottom). We found Southeast
Asia, Central Anerica,and Mexico are areas where additional in-situ observations would greatly help improve

confidence. Fielddata fromthe northwestern region of South Anerica, the southeastofthe African continent,
and Madagascar wouldalsohelp.

As our calibrations were based on a limited nunber ofsitesin a limited number ofregions, itis importantto
notethat thenaps showni it i i

decrease in the Sahel post-calibration in multiplescenarios, which runs counter to theresults of Brandt et al.

(2020) whofoundthattree cover was underestimated in this region. This disparity may be due to our lack of

field sitesin these more arid regions, further highlighting the importance of more in-situdata for more accurate

and precise calibration. Therefore, our calibrations are nost useful in identifying areas where MODIS VVCF

estimates may be more or lessreliable.

When lookingat our calibration in more detail, we seethat MODIS VCF significantly underestinates tree cover
inall the IGBP land cover classes that we considered, regardless ofoverlap or clunping (95 %confidence

interval)(Fig. 6). The most substantial and significant underestimation is in the classes ‘woody savannas” and
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Eig. A4), while the peak incoverdistribution for woody savannas (26 - 67 %, Fig. A4) aligns with the cover

range that undergoes the greatest change ( Fig. 6) in the other clunpingand overlap scenarios. [ Formatted: Font: Times New Roman, 10 pt
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‘Openshrublands’ only show a small underestimation oftree cover, despite its woody cover definition (10 -60
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We found significant increases intree cover for * forests’ in every calibration s cenario, though net change isnot ( Formatted: Font: Times New Roman, 10 pt
significant (95 %confidence) when overlapis enforced. This canbe explained by the presence ofboth negative - Formatted: Font: Times New Roman, 10 pt

and positive calibrations in the higher ranges oftree cover when overlapis enforced, Similarly, the netchange is .
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ADiscussion

While MODIS \VCF is apowerful andaccessible tool to map tree cover, our field data-based calibrations
indicate that the latestMOD IS VVCF collection 6 is missing a lot ofwoody cover, evenwhenuncertainty

introduced bysite canopy overlap and clunpingwithinthe MODIS VCF pixel are accounted for. The Landsat
TCC product, which may be viewedas an alternative witha higher s patial resolution, behavesin asimilar

manner. Ourmap (Fig.5, top) highlights that this potential underestimation ofwoody coveris mainly occurring

in tropicalsavannas. Moreover, thehighest underestimation in the savanna classes occurs when there is no

enforced overlap (Fig A3) (i.e. when there isa uniformrandomdistribution oftrees) which is thescenario that

most likely reflects the TROBIT savanna plots. This is evidenced by work done by Veenendaal et al. (2015)

where TROBIT plots were tested for conplete spatial randonmess and only minor indications ofoverlapwere
found. Woodysavannas, as an exanple, may have their tree cover underestimated by up to 32 %(95 %
confidence) whenneither clunpingnoroverlapis enforced (grey tones, Fig. 6). If our results are representative

of the tropics, then overall, MODIS VVCF may be underestimating tropical tree cover by between7 -29 % for

unenforced clumping and overlapor0 - 21 % for when either clunping or overlap are enforced (5 -95 %

confidence).

1nad e e ave been identified in validati
previous MODIS VCE collections (Grossetal..2018; Yangand Crews, 2019) and Landsat TCCversion

<
coverranges forboth MODIS VCF and Landsat TCC. In fact Montesanoetal. (2016) showedan inproved

match between Landsat TCC and their lidar-derivedtree cover reference data when reducing the height

threshold from5 m to 2 m However, becauseofhow ourfield reference CAlis derived, we were not able to
conclusively link the5 mthresholdto our observed underestimation.
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Figure 26. Percent changein tree cover afterte: ot poscalboration (Cocknie: o enforced clnping or overbp (beck; erforced

clumping and no enforced overlap (blue); no enforced clumping and enforced overlap (red); enforced clumping and
overlap (pinK) in the ‘forest’ supercategoryand the 5 savanna classes. Palest tone indicates positive change, mid-tone
indicatesnegative change, and the darlest tone indicates net change. Error barsdenote the 5-95% confidence
interval; if the error bar extends past the x-axis, the post-cerrectioncalibration change isnot considered significant.

difference between TROBITand MODISVCF we would have expected anincreasing underestimation in thelower

heightranges. Instead; we founda low R?and a mixture of underand overestimations in heights between 0 and

10 m (Fig. ABADL). This suggests that the inclusion oftrees below 5 mheightin the TROBIT inventory does not

fully explain the observed underestimation.

subordinate strata composition (and canopy cover thereof) varies widely depending on factors including

ecosystemtype andaltitude (Rutien-et-ak-2015) (Rutten et al., 2015), more research needstobedonewitheie insituheight deta,

[

;

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m
alwaysapply in MODIS VCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and

‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes
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is1-2 m For the ‘ savannas’ class, MODIS VCF yields a percent tree cover range thatmatches closely with the
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5 m minimum for MODIS VVCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and *savannas’ containtrees taller than 5 ng MODIS VCF is
distinguishingtrees belowthe 5 mthreshold; or, some corrbinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheet al.,2019). Forexanple, the accuracy for * closed shrublands’ is particularly low. Itis mainly
conflised with ‘ openshitlanes shublands”,  woodysavarRas savannes and * savannas savannas . The najoiity ofthe * openshiublands” class
commission erroris with the ‘ grasslands’ class; and there is confusionto a lesser extent between ‘ open
shrdblane;shubland’. ‘woodysavannas” and  savanRas-savannas’. Also, the ¢ croplandhatLialvegetation nosaics dassisofen
mapped as ‘closed shrdbland; shrubland’ . ‘ woody SavanrfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at

inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported improvenent in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013) are inherentandstill presentwithin this version of MODIS VVCF. Similar results for
MODISVCF and Landsat TCCalso suggest that by training TCC with VCF tree cover thesebiases have been
propagated intothe finer-scale product. Models calibrated using MODIS VVCF (Brandtetal.,2017; Lasslop et
al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2628)2021) also risk inheritingthesebiasesand shouldtherefore be
validated using other sources ofdata.

We suggest that, while MODIS VCF givesand landsat TCC give a good overview oftree cover ona global scale,
itbothshouldbe e calibraiedbelore itisusedasaseierenes ertaining eatacaltiosly insavenna s SeHeen Hedensaarsakinetets
long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODISVCF and Landsat TCCin savannasin particular (Gaughan et al.,2013; Grossetal.,2018; Kumaretal.,
2019) enphasisesthe importance of continuous independent validationand re-calibration of the-pradet these products. The
ecosystemfunctions ofsavannas can vary drastically with justa slight difference in tree cover (Gaughan etal.,
2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe biorme, whichin
turn affects how the landis managed.

VCF to estimate tree coverin agricultural land. As thistree cover is likely to have been underestimated

substantially, the derived available land space for replanting may be less than projected, with therestoration { Formatted: Font color: Black
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canying capacity ofa unit ofland #ray/couidbe gresterthanpreviouslythought FHhe MOBIS \EearedienCilibationcould alsoresultina
more uniformcover distribution across regions, producinga more gradual transition between low-cover
savannas and high-cover forests. This could haveimplications for work that, for exanple, uses MODIS \VCF to
study forest-savannadynamics and bi-stability (Lasslopetal.,2018; Wuytsetal.,2017; Xu etal.,2016).

shouldbecalibrated for use inthe target region. However, calibrating MOBIS\/CFEon a largescale using fielddataasa
reference do-presentpresents several challenges. Firstly, different in-situ measurement techniques tend to measure
different types oftree cover (e.g-. Fialaetal.,2006; Korhonenet al., 2006; Rautiainenet al., 2005) and each will
require aspecific conversion method to enabledirect conparisonwith MODIS VCF- or Landsat TCC. For
exanple. Montesanoetal. (2016) ‘s conparison did not acknowledge VCF’ s and thus TCC’ s “within

canopy gaps.” whichmay explain their observed underestination in covers above 80%. In ourcase, to
account for gaps between tree crowns, we applied the

and resulting tree cover could vary widely on a plot-by-plotbasis (LIoyd et al., 2008). With further in-situ data
that describe tropical vegetation type-specific GCF variation, we may be able to incorporate site-specific GCFs
into ouranalysis.

errors (supplement Bin Torello-Raventoset al., 2013) are small and show no systematic bias and are therefore

the accuracy ofrenptely-sensed products like MODIS VCF and Landsat TCC (Hansenetal.,2003; Huete et al.,
1997; Snith et al., 2002ak-1997:-Sith-etal-2002).). Daadaedeisingtheseattheplot level wouldhelpidentify potentialoonbunding

factors affecting MOBIS-/CHperformance, and so help further constrain uncertainties.

reconmended (Grossetal.,2018; Laryand Lait, 2006, Montesano et al. 2016), thoughwithout a large-scale
effort to re-calibrate MODIS VVCF and products trained using VCFE like Landsat TCC, the questionofhow
appropriate MODIS VCF is for use in both forestsand savannas in the tropics will remain. By highlighting the

extent to which MODIS VCF struggles to estimate tree cover in tropical forestsand savannas, we hope to
informthe future use ofthis productteand inprove its useability.

within-Feld site and feld site-pixel variation are accountedfor durng-validationin calibration.\\ealso bundihatusing MODIS M-

for training likely propagates thesebiases. even in the finer-scale Landsat TCC. As MODIS VCF is a
productthatis commonly usedin awidevariety ofecological research including vegetation

estimating restoration potential, and identifying forest-savanna bimodality, we stress that more independent
work on validating and re-calibrating is required before its tree cover estimates can be relied upon in the tropics.
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Appendix

Figure Al. Location of sampling sites in Africa, Australia, and South America fromthe TROBIT Project(based on
Fig. 2, Torello-Raventoset al., 2013) shown on MODIS VCF (DiMiceli, 2017). Of the 63 field sites, only the 48 sites
with available GPS coordinateswere selected- (https://www.forestplots.net).
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Allthe sites fall within the tropics, thatis, within23.5 degrees north and south ofthe equator, and were selected

in regions wheresavannas and forests were in close proximity and existwithinecotones.or  zones,of
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2.2 Converting In-Situ Canopy Area lndexto MODISVCF /Landsat TCC percenttree cover

LAl is defined as the sumofthe projected areas ofindividual tree crowns divided by the ground area,In the
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TROBIT project (Torello-Raventos et al. (2013) and Veenendal gt al. (2015)), plot-wide CAl is,madeupofthe,

sumof theupper-stratum mid-stratum, and subordinate-stratumcrown,areas.

Menbership,to astratumis determined by thetree’s dbh (upper-stratunt dbh > 10 cm mid-stratunt

2.5cm< dbh <10 cm and subordinate-stratunt dbh <2.5 cm _height>1.5 m). About 5Qtrees per

/{ Formatted

58

300/30) B 30 0 (O I 3 G G O

J[ Formatted




Formatted: Header




_stratumper plot were measured to derive plot-specific allometric relations betweenstemdiameterand crown
area (supplement Bof Torello Raventos et al-—., 2013}})). These were then applied tothe whole plot to establish
plot-level CAl. _Forthe allometric relationships, tree crowns were treated as circles; and the individual tree
projected crownarea was determined usingtheaverage ofcrown radii measured along the four cardinal points

(i.e=. from the centre ofthe stemto the distance furthest fromthe stem).

CAl valuesdonotaccountforwithin-site tree canopy distribution patterns and the overlap between individual
tree canopies. We accountfor this by convertingeach CAl valueinto a probability distribution function
incorporating the following two extreme scenarios: *“enforced overlap;>”. where the location probability of
individual canopies increases linearly from0 to 1 acrossasite; and“unenforced overlap;”. where individual
canopies follow a uniformrandomdistribution pattern and canopy overlap is notpurposefully introduced (Fig.
A21). We repeated this 1000 times per CAl measurement to determine the probability distribution ofexpected CAl

for each field plot.

Unlike CAl, which isthefractionofground covered by tree crowns, the percenttree cover valuefrom MODIS
VCF (and so Landsat TCC) is defined as “the portion ofthe skylight orthogonal to the surface which is
intercepted by trees” (Hansen etal. 2002). To make MODIS VCFiee-ceverand Landsat TCC conparable to treecover
derived fomTROBIT plot CAls, wedivided the-MOBISErthese product values by 0.8 as suggested by Hansen et al. 2002).
This is also thestandard approachinnost nodelling studies tattse-MOBISusing VCF (eg- Lasslopet al., 2020;Kelleyeta,
2013; Burtonetal.,2019). The 0.8 value can be thought ofas a gap correction factor (GCF) that accounts for
within-canopy gaps. Although the GCF has been shownto vary with vegetation type (Lloydetal.,2008; 0.34 -
0.60) and crown cover (Tang etal.,2019: 0.9670-0.796), we opted to use 0.8 as wefound that it yielded nore
conservativeresults conparedto a variable GCF. It also avoided introducing additional parameters intoour

analysis.

Next, to accountfor the difference in size betweenthe MODIS VVCF pixel (250 mx 250 m) and the smaller field
plotsize (100mx 100 m), we calculatedthepossible percenttree coveran area thesize ofa TROBIT field plot
could have, given the MODIS VCF percent tree cover fora MODIS-sized pixel. This was done for two extreme
scenarios: “enforced clunping,” where all thetree cover for the given MODIS VCF value is forcibly ‘ clunped’
on one side ofthe pixel, or “unenforced clunping,” where ¢ clunping’ is not enforced; andtree cover is
distributed randomly withinthe pixel (Fig. A32). The clunpingscenarios introduce possible variations in percent
coverdueto theareaandlocation mismatch betweena TROBIT field plotand a MODIS pixel. A probability
distribution was generated foreach MODIS V/CF pixel by calculating percenttree cover values for 1000
sanples (100mx 100 m) randomly placed withinthe 250 mx 250 m MODIS V/CF pixel.

For Landsat TCC, where the Landsat TCC pixels (30mx30m) are smallerthan the TROBIT field sites, we
calculated a TCC percent tree coverto match the TROBIT field site size by summing the percenttree cover
withinthe TCC pixel part found inside the TROBIT field site andthen dividing the sumby the TROBIT site

area. As TROBIT site orientation was not recorded, we randomized the angle between the TROBIT site and { Formatted: Font color: Black
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TCC pixel grid for each ofthe1000sanples when generating the probability distribution. “Enforced clumping”

was performed as per MODIS VCF (Fig 2), with the direction ofclunping randomized.
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Figure 1. Visual representation of the effects of enforcing overlap withina (100 m x 100 m) TROBIT site with a given
Canopy Area Index (CAIl) Le verlapi individual crowns follow a uniform random,
istributi i : e ise e e e ability ofaca bei e ore
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2.3 Calculating Uncertainty Under Different Overlap-Clumping Scenarios
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Where £5-4,%1-%:C,, A, T,,7, are optimised paranmeters and /CEPixel and C are the MODIS VCF / Landsat TCC pixel
(post-conversionas described in section2.2) and TROBIT site probability distributions, respectively. This

is similarto astandard linear regression oflogit transformed data, accounting for maximum and mininum

bounds of0 - 100 % tree cover, with =27, 7, allowing fora non-symmetric transformation oftree cover. To

. . . . . . i { Formatted: Fontcolor: Black
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Squares Bayesian Inference technique usinga Metropolis-Hastings Markov Chain Monte Carlo step. Priors
were uninformed butphysically bounded (i.e<4#2>0.4,7,,7, > 0)to assune an increasing relationship between
MODISVCF / Landsat TCC and

describing our conditional

distribution (Gelman et al., 2013). Each combinationwas run over 10 chains, with 1000 warm-up iterations and
10,000 sanpling iterations. Optimisation was performed using the rstan2.19.2 (Stan Development Team 2019)
package in R3.5.2 (R Core Team, 2018). Ouroptimizationaccounts for potential errorsin TROBIT cover,
which includes those caused by the allometric construction ofthe CAl, providedthat theerrors are unbiased and
remain roughly consistent across sites (Gelman et al.,2013). Asthe TROBIT plots haverelatively small total
errors associated withthe allonetric relationships (Table B1, Torello--Raventos et al., 2013), systematic errors

are unlikelyto affect ourresults.

Figure 2. Left: Example of the effects of unenforced and enforced clumping in a 250 m x 250 m MODIS VCF pixel
with 50 % tree cover. Clumping all the cover (green) to one side of the pixel (left bottom) affects the average canopy

covervalue ofa 100 mx 100 m-sized TROBIT site (black boxes). Right: Example of the effects of unenforced and
enforced clumping on 30 m x 30 m Landsat TCC pixelswith a mix of tree covers (green) and non-tree cover (brown). { Formatted: Font color: Black
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2.4 Mapping MODI S VCF Uncertainty Across The Tropics

We evaluated theinpact ofthe MODIS VCFhbiases infened fomehis-eerectiontheseregression equationsacross thetropics
by invertingour calculationofMODIS VVCF bias (Fig. A4A2) as follows: first, theinverse (i.e. solving for C) of
Eguatienequation 1 was applied to MODIS VCFvaluesatter conversion to a 100 mx100 npixel size grid (matchingthe
field site area); then this eerrectedcalibrated value was translated back to theoriginal 250 mx250 m\VCF pixel size. As

the inverse ofEquation 1 has noanalytical solution, we foundthe rounded percent value ofC that minimises the

absolute difference betweenthe left-and right-hand side ofthe equation. For conputational feasibility, we
constiucted ngpsofihe topicswith esrecteeialinaed MODISVOFvalues (Fg: 2A3) by iendonty sanpling 5 iterations thatvere fancleralysarrded
from each of our 10 optimisation chains (50 in total) and masking out pixels with cover types not considered as
‘forest’ or ‘savanna’-.in the500mMODIS Land Cover Type (MCD12Q1 - collection 6) (Sulla-Menashe and

Friedl, 2018).

Wethen usedihe S0 MOBIS Land Caver Fype (MID12Q1-csllecions) poductipidentfy the aees of: frest’ and  savane axosstetpisinte
MODIS VCF product. MCD12Q1 iswidely used by the global land surface modelling community (e.g-;. Sellar et
al.,2019; Wiltshire et al., 2020) and describes land cover in terns 0f17 global land cover classes as perthe

International Geosphere--Biosphere Programmme (IGBP, Table 3 in Sulla-Menasheand Friedl, 2018). The product
is basedon the same spectroradiometer (MOD|S) and tenporal resolution as the VCF product. Referring to the
definition of* savanna’ of Veenendaal et al. (2015), the following land cover classes were chosento represent
savanna’: Closed Shrubland, Open Shrubland, Woody Savanna, Savanna, and Grassland, while  forest’
enconpasses: Evergreen NeedleleafForests, Evergreen BroadleafForests, Deciduous NeedleleafForests,
Deciduous BroadleafForests, and Mixed Forests. We subset MCD 12Q1 to the tropical zone between +/-30°
North andtook themedian class for the 2006 to 2009 period, matching the field data collection period.

Foranore detailed land-cover-specific evaluation, welesarplecexededihecaredieckalibad 250mMVIODIS VORpielsiB apbel values
foreach conesponding 500 meietaneearbineditwitiihe MOD12Q1 preckepbel toconstiuctiand coverspedific MODIS VO tiee cover
frequency distributions (Fig. A5A4). Our tree cover eerectioncalibration by cover type-{Hg-3) for the four clunping/ovelzp
regressioncombinations was then calculated by multiplying each cover type MODIS V/CF frequency

distribution (Fig. A5A4) with curves representingthe nedian, 5 %, and 95 % confidence lines of the eerectioncalibration
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side increasing the degree ofcanopy overlap - Fig. 1 right). but may underestimate tree cover whenoverlap is

notenforced (i.e. tree canopies are spaced randomly within thesite - Fig. 1 left).
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Figure 3. MODIS VCF percent tree cover versus percent tree cover fromTROBIT field data, taking into account
uncertaintiesassociated with tree cover spatial distributions within a MODIS pixeland/or field ptetsite. The 4
combinations are: (1) no overlap and no clumping, where tree canopies are randomly distributed within both pixel
and site; (2) no overlap and maximum clumping, where tree canopiesare clustered in one areaof the pixel, and
randomly distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly
distributed within the pixel, but overlap substantially within the field site; and (4) with overlap and maximum
clumping, where tree canopiesare clustered to one side within a pixel, and overlap substantially within the site. The
bolded dashed line in black shows the 1:1 relationship. The solid lines represent the median of the respective
regressions (green for forest; orange for savanna; blackfor forest and savanna combinedy—ae), and the thin lines
represent the 5 and 95 % confidence interval of their respective regression lines. The vertical error bars represent
uncertainty introduced by clumping; the horizontal error bars represent the uncertainty introduced by overlap.

3)as opposedto areas identified as savannas (inorange, Fig. 23). In savanna sites, MODIS VCF significantly and

consistently underestimates tree cover regardless ofthe amount of overlapand clunping. Significant

underestimation (at 95 %confidence) occurs when in-situ tree cover exceeds +8—19--21% (withoutenforced ( Formatted: Font color: Black
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clunping) or 9—26-11-12% (withenforced clunping). In forestsites, MODIS MCF does not show thesare pattemof
systematic underestimation. Divergence does occur at high covers, depending on the enforcement ofoverlap or

clunping. MODIS \CF everestimatesunderestinates tree cover where tree cover exceeds 7884 % (at the 95 % confidence
interval) when neither overlap nor clunpingis enforced, and overestimates where tree cover exceeds 9978 % (at 5

% confidenceinterval) whenboth overlapand clunping are enforced.
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Fiqure 4. Landsat TCC percent tree cover versuspercent tree cover fromTROBIT field data, taking into account
uncertainties associated with tree cover spatial distributions within a TCC pixeland/or fieldsite. The 4 combinations
are: (1) nooverlap and no clumping, where tree canopiesare randomly distributed within both pixelsand site; (2) no
overlap and maximum clumping, where tree canopiesare clustered in one area of the pixels, and randomly
distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly distributed
within the pixels, but overlap substantially within the field site; and (4) with overlap and maximum clumping, where
tree canopiesare clustered to one side within the pixels, and overlap substantially within the site. The bolded dashed
line in black shows the 1:1 relationship. The solid lines represent the median of the respective regressions (qreen for

forest; orange for savanna; blackfor forest and savanna combined), and the thin lines represent the 5 and 95 %
confidence interval of their respective regression lines. The vertical error bars represent uncertainty introduced by
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Similar patterns canbe observedwith Landsat TCC (black line, Fig.4). There is a significant underestimation of

tree coverin the lower coverranges up to 59%whenthere is enforced overlap, and up to 82%whenoverlap is

notenforced. In savannasites (orange line, Fig. 4) the underestimation (at 95%confidence) is significant and

consistentforcovers below 75 - 80 % (without enforced overlap) orbelow 52 - 60% (with enforced overlap). In

forest sites (greenline, Fig. 4) there isno systematic difference.

3.2 Global estimates of post-calibration changein tropical tree cover

curve, Fig. 1)-\We-giebnetuse3) instead of using the savanna-onlysites brasavannaspedifc esiiecioncaliiation (range cunve, Fig. 13)

This is becausethere were few TROBIT sites representing savanna with MODIS \/CF tree cover values
exceeding 40%, and global land cover maps disagreeon thedistribution ofsavannas within the forest-savanna
ecotone (Heroldetal.,2008).

direction (positive or r‘egatlve ee#eenen)—aeﬂessau»cahbratlon leading toan increas or decreas in tree cover re_a)gctwe ly) acrosalfour

scenarios. (Middle) Uncertainty range of the post-calibration change intree cover calculated asthe 90" percentile
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substantial- (Fig.5). However, there are some differences caused by the uncertainty introduced by different
extents ofoverlap and clunmping. While we see asignificantincreasein tree coveracross all clunping-overlap
combinations in many regions oftropical savannas and grasslands (Pennington et al., 2018), such asin the
forest-savanna mosaics thatsurround Congolian rainforests, we donotsee the same pattern inthe Cerrado of
Brazil. This is likely because the African forest-savanna regions fall withinthe range ofMODIS VCF values

that consistently undergo a positive calibration (~30-50 %, see Fig. A2), whilethe Cerrado ofBrazil does not.

analysiswhen our calibrationis broadly applied across thehighly variable tropical forest-savanna ecotone. By

multiplyingthe uncertainty range ofour calibrations with the geographical distanceto the closest sanpled
TROBIT site, we identified priority regions for furtherfield surveying (Fig. 5 bottom). We found Southeast
Asia, Central Anmerica, and Mexico are areas where additional in-situ observations would greatly helpinprove

confidence. Fielddata fromthe northwestern region of South Anerica, the southeastofthe African continent,
and Madagascar wouldalsohelp.

As our calibrations were based on a limited nunber ofsitesin a limited number ofregions, itis importantto

decrease in the Sahel post-calibration in multiple scenarios, which runs counter to the results ofBrandt et al.

(2020) whofoundthattree cover was underestimated in this region. This disparity may be due to ourlack of

field sitesin these more arid regions, further highlighting theinportance of more in-situdata for nore accurate

and precise calibration. Therefore, our calibrations are nost useful inidentifying areas where MODIS VCF

estimates may be more or lessreliable.

When lookingat our calibration in more detail, we seethat MODIS VCF significantly underestimates tree cover

inall the IGBP land cover classes that we considered, regardless ofoverlap or clunping (95 %confidence

—
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We found significant increases intree cover for ‘ forests’ in every calibration scenario, though net change isnot

significant (95 %confidence) when overlapis enforced. This canbe explained by the presence ofboth negative

and positive calibrations in the higher ranges oftree cover when overlap is enforced, Similarly, the netchange is

ADiscussion

While MODIS VVCF is apowerful andaccessible tool to map tree cover, our field data-based calibrations

indicate that the latestMOD S VVCF collection 6 is missing a lot ofwoody cover, evenwhenuncertainty

introduced by ssite canopy overlap and clunpingwithinthe MODIS VVCF pixel are accounted for. The Landsat

TCC product, which may be viewedas an alternative witha higher spatial resolution, behavesin asimilar

manner. Ourmap (Fig.5, top) highlights that this potential underestimation ofwoody coveris mainly occurring

in tropical savannas. Moreover, thehighest underestimationin the savanna classes occurs when there isno
enforced overlap (Fig A3) (i.e.when there isa uniformrandomdistribution oftrees) which is thescenariothat

nost likely reflects the TROBIT savanna plots. This is evidenced by work done by Veenendaal et al. (2015),

where TROBIT plots were tested for conplete spatial randonmess and only minor indications ofoverlap were

found. Woody savannas, as an exanple, may have their tree cover underestimated by up to 32 %(95 %
confidence) whenneither clunpingnoroverlapisenforced (grey tones, Fig. 6). If our results are representative
of the tropics, then overall, MODIS VVCF may be underestimating tropical tree cover by between7 - 29 % for

unenforced clumping and overlapor0 - 21 % for when either clunping oroverlap are enforced (5 -95 %

confidence).

etal 2003) WhlletheTROBITCAI |nc|ude§_au1m§ﬂuhjmnmm_db_hgﬂ5_cm_ﬁMMW|ma
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coverranges forboth MODIS VVCF and Landsat TCC. In fact Montesanoetal. (2016) showedan inproved

match between Landsat TCC and their lidar-derivedtree cover reference data when reducing the height
threshold from5 m to 2 m However, becauseofhow ourfield reference CAlis derived, we were not able to

conclusivelylink the5 mthresholdto our observed underestimation.
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Figure 26. Percent changein tree cover afterte: ot poscalboration (Cocknie: o enforced clnping or overbp (beck; erforced

clumping and no enforced overlap (blue); no enforced clumping and enforced overlap (red); enforced clumping and
overlap (pinK) in the ‘forest’ supercategoryand the 5 savanna classes. Palest tone indicates positive change, mid-tone
indicatesnegative change, and the darlest tone indicates net change. Error barsdenote the 5-95% confidence
interval; if the error bar extends past the x-axis, the post-cerrectioncalibration change isnot considered significant.

difference between TROBITand MODISVCF we would have expected anincreasing underestimation in thelower

heightranges. Instead; we founda low R?and a mixture of underand overestimations in heights between 0 and
10 m (Fig. ABADL). This suggests that the inclusion oftrees below 5 mheightin the TROBIT inventory does not

fully explain the observed underestimation.

subordinate strata composition (and canopy cover thereof) varies widely depending on factors including

ecosystemtype andaltitude (Rutien-et-ak-2015) (Rutten et al., 2015), more research needstobedonewitheie insituheight deta,

[

;

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m
alwaysapply in MODIS VCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and

‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes
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is1-2 m For the ‘ savannas’ class, MODIS VCF yields a percent tree cover range thatmatches closely with the
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5 m minimum for MODIS VVCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and *savannas’ containtrees taller than 5 ng MODIS VCF is
distinguishingtrees belowthe 5 mthreshold; or, some corrbinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheet al.,2019). Forexanple, the accuracy for * closed shrublands’ is particularly low. Itis mainly
conflised with ‘ openshitlanes shublands”,  woodysavarRas savannes and * savannas savannas . The najoiity ofthe * openshiublands” class
commission erroris with the ‘ grasslands’ class; and there is confusionto a lesser extent between ‘ open
shrdblane;shubland’. ‘woodysavannas” and  savanRas-savannas’. Also, the ¢ croplandhatLialvegetation nosaics dassisofen
mapped as ‘closed shrdbland; shrubland’ . ‘ woody SavanrfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at

inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported improvenent in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013) are inherentandstill presentwithin this version of MODIS VVCF. Similar results for
MODISVCF and Landsat TCCalso suggest that by training TCC with VCF tree cover thesebiases have been
propagated intothe finer-scale product. Models calibrated using MODIS VVCF (Brandtetal.,2017; Lasslop et
al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2628)2021) also risk inheritingthesebiasesand shouldtherefore be
validated using other sources ofdata.

We suggest that, while MODIS VCF givesand landsat TCC give a good overview oftree cover ona global scale,
itbothshouldbe e calibraiedbelore itisusedasaseierenes ertaining eatacaltiosly insavenna s SeHeen Hedensaarsakinetets
long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODISVCF and Landsat TCCin savannasin particular (Gaughan et al.,2013; Grossetal.,2018; Kumaretal.,
2019) enphasisesthe importance of continuous independent validationand re-calibration of the-pradet these products. The
ecosystemfunctions ofsavannas can vary drastically with justa slight difference in tree cover (Gaughan etal.,
2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe biorme, whichin
turn affects how the landis managed.

VCF to estimate tree coverin agricultural land. As thistree cover is likely to have been underestimated

substantially, the derived available land space for replanting may be less than projected, with therestoration { Formatted: Font color: Black

potential overestimated. However, our results also indicate an underestimated tree cover in woodier savannas Formatted: Border: Top: (No border), Bottom: (No

border), Left: (No border), Right:(No border), Between :

and forests. Accounting for this, therestoration potential could actually be greater thananticipated, asbecause the
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canying capacity ofa unit ofland #ray/couidbe gresterthanpreviouslythought FHhe MOBIS \EearedienCilibationcould alsoresultina
more uniformcover distribution across regions, producinga more gradual transition between low-cover
savannas and high-cover forests. This could haveimplications for work that, for exanple, uses MODIS \VCF to
study forest-savannadynamics and bi-stability (Lasslopetal.,2018; Wuytsetal.,2017; Xu etal.,2016).

shouldbecalibrated for use inthe target region. However, calibrating MOBIS\/CFEon a largescale using fielddataasa
reference do-presentpresents several challenges. Firstly, different in-situ measurement techniques tend to measure
different types oftree cover (e.g-. Fialaetal.,2006; Korhonenet al., 2006; Rautiainenet al., 2005) and each will
require aspecific conversion method to enabledirect conparisonwith MODIS VCF- or Landsat TCC. For
exanple. Montesanoetal. (2016) ‘s conparison did not acknowledge VCF’ s and thus TCC’ s “within

canopy gaps.” whichmay explain their observed underestination in covers above 80%. In ourcase, to
account for gaps between tree crowns, we applied the

and resulting tree cover could vary widely on a plot-by-plotbasis (LIoyd et al., 2008). With further in-situ data
that describe tropical vegetation type-specific GCF variation, we may be able to incorporate site-specific GCFs
into ouranalysis.

errors (supplement Bin Torello-Raventoset al., 2013) are small and show no systematic bias and are therefore

the accuracy ofrenptely-sensed products like MODIS VCF and Landsat TCC (Hansenetal.,2003; Huete et al.,
1997; Snith et al., 2002ak-1997:-Sith-etal-2002).). Daadaedeisingtheseattheplot level wouldhelpidentify potentialoonbunding

factors affecting MOBIS-/CHperformance, and so help further constrain uncertainties.

reconmended (Grossetal.,2018; Laryand Lait, 2006, Montesano et al. 2016), thoughwithout a large-scale
effort to re-calibrate MODIS VVCF and products trained using VCFE like Landsat TCC, the questionofhow
appropriate MODIS VCF is for use in both forestsand savannas in the tropics will remain. By highlighting the

extent to which MODIS VCF struggles to estimate tree cover in tropical forestsand savannas, we hope to
informthe future use ofthis productteand inprove its useability.

within-Feld site and feld site-pixel variation are accountedfor durng-validationin calibration.\\ealso bundihatusing MODIS M-

for training likely propagates thesebiases. even in the finer-scale Landsat TCC. As MODIS VCF is a
productthatis commonly usedin awidevariety ofecological research including vegetation

estimating restoration potential, and identifying forest-savanna bimodality, we stress that more independent
work on validating and re-calibrating is required before its tree cover estimates can be relied upon in the tropics.
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Appendix

Figure Al. Location of sampling sites in Africa, Australia, and South America fromthe TROBIT Project(based on
Fig. 2, Torello-Raventoset al., 2013) shown on MODIS VCF (DiMiceli, 2017). Of the 63 field sites, only the 48 sites
with available GPS coordinateswere selected- (https://www.forestplots.net).
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Next, to accountfor the difference in size betweenthe MODIS VCF pixel (250 mx 250 m) and the smallerfield
plotsize (100mx 100 m), we calculatedthepossible percenttree coveran area thesize ofa TROBIT field plot
could have, given the MODIS VVCF percent tree cover fora MODIS-sized pixel. This was done for two extreme
scenarios: “enforced clumping,” where all thetree cover for the given MODIS VCF value is forcibly ‘ clunped’
on one side ofthe pixel, or “unenforced clunping,” where ‘ clunping’ is not enforced; and tree coveris
distributed randomly withinthe pixel (Fig. A32). The clunpingscenarios introduce possible variations in percent
coverdueto theareaandlocation mismatch betweena TROBIT field plotand a MODIS pixel. A probability
distribution was generated foreach MODIS \/CF pixel by calculating percenttree cover values for 1000
sanples (100mx 100 m) randomly placed withinthe 250 mx 250 m MODIS VCF pixel.

ForLandsatTCC, where the Landsat TCC pixels (30mx30m) are smaller than the TROBIT field sites, we

calculated a TCC percent tree coverto match the TROBIT field site size by summing the percenttree cover
withinthe TCC pixel part found inside the TROBIT field site and then dividing the sumby the TROBIT site
area. As TROBIT site orientationwas not recorded, we randomized the angle betweenthe TROBIT site and

TCC pixel grid for each ofthe1000 sanples when generating the probability distribution. “Enforced clunping”

was performed as per MODIS VCF (Fig 2), with the directionofclunping randomized.
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2.3 Calculating Uncertainty Under Different Overlap-Clumping Scenarios

We thereby-conpared both MODIS VCF and Landsat TCC with TROBIT under four diflerent scenarios: 1) unenforced
overlap and clunping; 2) enforce overlapand unenforced clunping; 3) unenforced overlapandenforced
clunping; 4) enforced overlap and clunping. Conparisons were conducted by fitting the following logit
function:

logitdVCEy =€) 4+ A X log{C+/{1 =C=) logit(Pixel) =C, + A X log(C*!/(1— C*?)_(Equetionl)

Where Co-4,=1-7:C,, A, 7,7, are optimised paraneters and VVCEPixel and C are the MODIS VCF / Landsat TCC pixel
(post-conversionas described in section 2.2) and TROBIT site probability distributions, respectively. This

is similarto a standard linear regression oflogit transformed data, accounting for maximum and mininum
bounds of0 - 100 % tree cover, with .=, 7, allowing fora non-synmetric transformation oftree cover. To
account for the probability density ofeach point, we inferred the parameters in Equation 1 usinga Total Least
Squares Bayesian Inference technique usinga Metropolis-Hastings Markov Chain Monte Carlo step. Priors
were uninformed butphysically bounded (i.e-4#:#>0.4,7,,7, > 0)to assune an increasing relationship between
MODISVCF /Landsat TCC and

describingour conditional

distribution (Gelman et al., 2013). Each corrbinationwas run over 10 chains, with 1000 warm-up iterationsand
10,000 sanpling iterations. Optimisation was performed using the rstan2.19.2 (Stan Development Team 2019)
package in R3.5.2 (R Core Team 2018). Our optimizationaccounts for potential errorsin TROBIT cover,
which includes those caused by the allometric construction ofthe CAl, providedthat theerrors are unbiased and
remain roughly consistent acrosssites (Gelman et al., 2013). Asthe TROBIT plots haverelatively small total
errors associated withthe allometric relationships (Table B1, Torello—-Raventos et al., 2013), systematic errors
are unlikelyto affect our results.
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Eigure 2. Left: Example of the effectsof unenforced and enforced clumping in a 250 m x 250 m MODIS VCF pixel
with 50 % tree cover. Clumping all the cover (green) to one side of the pixel (left bottom) affects the average canopy
covervalue ofa100 mx 100 m-sized TROBIT site (black boxes). Right: Example of the effects of unenforced and
enforced clumping on 30 m x 30 m Landsat TCC pixelswith a mix of tree covers (green) and non-tree cover (brown).
White dotted linesare TCC pixel boundaries. Clumping all the cover to one side of the pixel (right bottom) affects the
average canopy cover value ofa 100 mx 100 m-sized TROBIT site (black boxes).

2.4 Mapping MODI S VCF Uncertainty Across The Tropics

We evaluated theinpact ofthe MODIS \CFbiases infenred fomthis-corectionthese regression equationsacross thetropics
by invertingour calculation ofMODIS VVCF bias (Fig. A4A2) as follows: first, theinverse (i.e. solving for C) of
Eguatienequation 1 was applied to MODIS VCFvaluesafter conversion to a 100 mx100 mpixel size grid (matchingthe
field site area); thenthis correctedcalibrated value was translated back to theoriginal 250 mx250 m\VCF pixel size. As

the inverse ofEquation 1 has noanalytical solution, we foundthe rounded percent value ofC that minimises the
absolute difference betweenthe left-and right-hand side ofthe equation. For conputational feasibility, we

constucted napsofihe topicswith esvecteealiveed MODISVCRvalues (g, 2A3) by iencony sipling S ieetions haiwere mrdrnlysarpee]

from each of our 10 optimisation chains (50 in total) and masking out pixels with cover types not considered as { Formatted: Font color: Black

‘forest’ or ‘savanna’-in the500mMODIS Land Cover Type (MCD12Q1 - collection 6) (Sulla-Menashe and
Friedl, 2018).

/| Formatted: Border: Top: (No border), Bottom:(No
border), Left: (No border), Right:(No border), Between :
(No border), Tab stops: 3.13", Centered + 6.27", Right

78

|




W\ethen usedihe SO0 MOBIS Land Caver Fype (MD12Q1-eslleciens) poductidentfy the aiess of* frest and savanrel awssteyisinte
MODIS VCF product. MCD12Q1 is widely used by the global land surface modelling community (e.g-. Sellar et
al.,2019; Wiltshire et al., 2020) and describes land cover in terms 0f17 global land cover classes as perthe
International Geosphere--Biosphere Programme (IGBP, Table 3 in Sulla-Menasheand Friedl, 2018). The product
is based on the same spectroradioneter (MODIS) and tenporal resolution as the VCF product. Referring to the
definition of* savanna’ of Veenendaal et al. (2015), the following land cover classes were chosento represent
“savanna’: Closed Shrubland, Open Shrubland, Woody Savanna, Savanna, and Grassland, while  forest’
enconpasses: Evergreen NeedleleafForests, Evergreen BroadleafForests, Deciduous NeedleleafForests,
Deciduous BroadleafForests, and Mixed Forests. We subset MCD 12Q1 to the tropical zone between +/-30°
North andtook themedian class for the 2006 to 2009 period, matching the field data collection period.

Foranore detailed land-cover-specific evaluation, welesarplecextededihecaredieckalibaed 250mVIODIS MORpielsiB apbel values
freach coresponding 500 megietaneearmbineditwitiihe MOD12Q1 preckepbel tooonstiuctiand coverspedifc MODIS VO tee cover
frequency distributions (Fig. ASA4). Our tree cover eerectoncalibration by cover type-{Fg-2) or the four clunping/ovedap
regressioncombinations was then calculated by multiplying each cover type MODIS V/CF frequency

distribution (Fig. A5A4) with curves representingthe nedian, 5 %, and 95 % confidence lines ofthe eerectioncalibration

equationensenbles.

3 Results

significantly disagreewith TROBIT field data. and e iiistead be Gverestiititin tise cover (50 Ysconfiderics

significantly fomTROBIT when there isenforced overlap (i.e. whentree canopies are clustering towards one
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Figure 3. MODIS VCF percent tree cover versus percent tree cover fromTROBIT field data, taking into account
uncertainties associated with tree cover spatial distributions within a MODIS pixeland/or field pletsite. The 4
combinations are: (1) no overlap and no clumping, where tree canopiesare randomly distributed within both pixel
and site; (2) no overlap and maximum clumping, where tree canopiesare clustered in one areaof the pixel, and
randomly distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly
distributed within the pixel, but overlap substantially within the field site; and (4) with overlap and maximum
clumping, where tree canopiesare clustered to one side within a pixel, and overlap substantially within the site. The
bolded dashed line in black shows the 1:1 relationship. The solid lines represent the median of the respective
regressions (green for forest; orange for savanna; blackfor forest and savanna combined}y—ae), and the thin lines
represent the 5 and 95 % confidence interval of their respective regression lines. The vertical error bars represent
uncertainty introduced by clumping; the horizontal error bars represent the uncertainty introduced by overlap.

3)as opposedto areas identified as savannas (inorange, Fig. +3). In savanna sites, MODIS VVCF significantly and
consistently underestimates tree cover regardless ofthe amount of overlapand clunping. Significant
underestimation (at 95 %confidence) occurs when in-situ tree cover exceeds +8—19--21% (withoutenforced

clunping) or 9—16-11-12% (withenforced clunping). In forestsites, MODIS \ICF does not show thesane pattemof

systematic underestimation. Divergencedoes occur at high covers, depending on the enforcement ofoverlap or { Formatted: Font color: Black

clumping. MODIS \CF everestiratesunderestinates tree cover where tree cover exceeds 7884 % (at the 95 % confidence Formatted: Border: Top: (No border), Bottom: (No
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interval) whenneither overlap nor clunping is enforced, and overestimates where tree cover exceeds 9678 % (at 5

% confidenceinterval) whenboth overlapand clunping are enforced.
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Figure 4. Landsat TCC percent tree cover versuspercent tree cover fromTROBIT field data, taking into account
uncertaintiesassociated with tree cover spatial distributions within a TCC pixeland/or fieldsite. The 4 combinations
are: (1) no overlap and no clumping, where tree canopiesare randomly distributed within both pixelsand site; (2) no
overlap and maximum clumping, where tree canopiesare clustered in one area of the pixels, and randomly
distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly distributed
within the pixels, but overlap substantially within the field site; and (4) with overlap and maximum clumping, where
tree canopiesare clustered to one side within the pixels, and overlap substantially within the site. The bolded dashed
line in black shows the 1:1 relationship. The solid lines represent the median of the respective regressions (greenfor
forest; orange for savanna; blackfor forest and savanna combined), and the thin lines represent the 5 and 95 %
confidence interval of their respective regression lines. The vertical error bars represent uncertainty introduced by
clumping; the horizontalerror barsrepresent the uncertainty introduced by overlap.

Similar patterns canbe observed with Landsat TCC (black line, Fig.4). There is a significant underestination of

tree coverin the lower coverranges up to 59%whenthere is enforced overlap, and up to 82%whenoverlap is

notenforced. In savannasites (orange line, Fig. 4) the underestimation (at 95%confidence) is significant and
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consistentfor covers below 75 - 80 % (without enforced overlap) or below 52 - 60% (with enforced overlap). In

forest sites (greenline, Fig. 4) there isno systematic difference.

3.2 Global estimates of post-calibration changein tropical tree cover

wWaRAe; ) singa sarecierzha T besntecnhinedbetatsaaTedstik
curve, Fig. 1)-We-eiebnettse3) instead of using the savanna-onlysites rasavannaspedifc esiecioncalibiation Oange auve Fig.£3)

This is becausethere were few TROBIT sites representing savanna with MODIS VCF tree cover values

exceeding 40%, and global land cover maps disagreeon thedistribution ofsavannas withinthe forest-savanna
ecotone (Heroldetal.,2008).

Fyre205hicdisraaas5(Inte s A ik dndintean
direction (positive or negative ee#eenen)—aeressau-callbratlon leading toan increase or decrease in tree cover, re;,mectlvelv) acrosalfour
scenarios. (Middle) Uncertainty range of the post-calibration change intree cover, calculated asthe 90" percentile

(reximm oftre four cerariosin Fi A3) nin 10 percertie (niimumofite four cerarbsepiigh) Badkebsent TesiE sresheze®
Reojorsach redbdrepiriyfrdsne o ennapuertiyAgsaekkaas daspmevIcES Cradasnaisnasoiandd) Ectiesgiondecfarbniie
firitecaurberuncertainty range of field-sites-used-as—+eferenseeach pixel with the pixel’s geographicalditance o the chsed TROBIT sie sainpled)

(Fig. 2A3),and the regions where all four scenarios agree on the direction ofchange (positive and negative) are
substantial- (Fig.5). However, there are sone differences caused by the uncertainty introduced by different
extents ofoverlap and clunping. While we see asignificantincreasein tree coveracross all clunping-overlap
combinations in many regions oftropical savannas and grasslands (Pennington etal., 2018), such asin the
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forest-savanna nosaics thatsurround Congolian rainforests, we donotsee the same pattern inthe Cerrado of
Brazil. This is likely because the African forest-savanna regions fall withinthe range ofMODIS VCF values

that consistently undergo a positive calibration (~30-50 %, see Fig. A2), whilethe Cerrado ofBrazil does not.

analysiswhen our calibrationis broadly applied across thehighly variable tropical forest-savanna ecotone. By
multiplyingthe uncertainty range ofour calibrations with the geographical distance to the closest sanpled
TROBIT site, we identified priority regions for further field surveying ( Fig. 5 bottom). We found Southeast
Asia, Central Anerica,and Mexico are areas where additional in-situ observations would greatly help improve

confidence. Fielddata fromthe northwestern region of South Anerica, the southeastofthe African continent,
and Madagascar wouldalsohelp.

As our calibrations were based on a limited nunber ofsitesin a limited number ofregions, itis importantto
notethat thenaps showni it i i

decrease in the Sahel post-calibration in multiplescenarios, which runs counter to theresults of Brandt et al.

(2020) whofoundthattree cover was underestimated in this region. This disparity may be due to our lack of

field sitesin these more arid regions, further highlighting the importance of more in-situdata for more accurate

and precise calibration. Therefore, our calibrations are nost useful in identifying areas where MODIS VVCF

estimates may be more or lessreliable.

When lookingat our calibration in more detail, we seethat MODIS VCF significantly underestinates tree cover
inall the IGBP land cover classes that we considered, regardless ofoverlap or clunping (95 %confidence

interval)(Fig. 6). The most substantial and significant underestimation is in the classes ‘woody savannas” and
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Eig. A4), while the peak incoverdistribution for woody savannas (26 - 67 %, Fig. A4) aligns with the cover

range that undergoes the greatest change ( Fig. 6) in the other clunpingand overlap scenarios. [ Formatted: Font: Times New Roman, 10 pt
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ADiscussion

While MODIS \VCF is apowerful andaccessible tool to map tree cover, our field data-based calibrations
indicate that the latestMOD IS VVCF collection 6 is missing a lot ofwoody cover, evenwhenuncertainty

introduced bysite canopy overlap and clunpingwithinthe MODIS VCF pixel are accounted for. The Landsat
TCC product, which may be viewedas an alternative witha higher s patial resolution, behavesin asimilar

manner. Ourmap (Fig.5, top) highlights that this potential underestimation ofwoody coveris mainly occurring

in tropicalsavannas. Moreover, thehighest underestimation in the savanna classes occurs when there is no

enforced overlap (Fig A3) (i.e. when there isa uniformrandomdistribution oftrees) which is thescenario that

most likely reflects the TROBIT savanna plots. This is evidenced by work done by Veenendaal et al. (2015)

where TROBIT plots were tested for conplete spatial randonmess and only minor indications ofoverlapwere
found. Woodysavannas, as an exanple, may have their tree cover underestimated by up to 32 %(95 %
confidence) whenneither clunpingnoroverlapis enforced (grey tones, Fig. 6). If our results are representative

of the tropics, then overall, MODIS VVCF may be underestimating tropical tree cover by between7 -29 % for

unenforced clumping and overlapor0 - 21 % for when either clunping or overlap are enforced (5 -95 %

confidence).

1nad e e ave been identified in validati
previous MODIS VCE collections (Grossetal..2018; Yangand Crews, 2019) and Landsat TCCversion

<
coverranges forboth MODIS VCF and Landsat TCC. In fact Montesanoetal. (2016) showedan inproved

match between Landsat TCC and their lidar-derivedtree cover reference data when reducing the height

threshold from5 m to 2 m However, becauseofhow ourfield reference CAlis derived, we were not able to
conclusively link the5 mthresholdto our observed underestimation.
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Figure 26. Percent changein tree cover afterte: ot poscalboration (Cocknie: o enforced clnping or overbp (beck; erforced
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overlap (pinK) in the ‘forest’ supercategoryand the 5 savanna classes. Palest tone indicates positive change, mid-tone
indicatesnegative change, and the darlest tone indicates net change. Error barsdenote the 5-95% confidence
interval; if the error bar extends past the x-axis, the post-cerrectioncalibration change isnot considered significant.

difference between TROBITand MODISVCF we would have expected anincreasing underestimation in thelower

heightranges. Instead; we founda low R?and a mixture of underand overestimations in heights between 0 and
10 m (Fig. ABADL). This suggests that the inclusion oftrees below 5 mheightin the TROBIT inventory does not

fully explain the observed underestimation.

subordinate strata composition (and canopy cover thereof) varies widely depending on factors including

ecosystemtype andaltitude (Rutien-et-ak-2015) (Rutten et al., 2015), more research needstobedonewitheie insituheight deta,

[

;

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m
alwaysapply in MODIS VCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and

‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes
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is1-2 m For the ‘ savannas’ class, MODIS VCF yields a percent tree cover range thatmatches closely with the
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5 m minimum for MODIS VVCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and *savannas’ containtrees taller than 5 ng MODIS VCF is
distinguishingtrees belowthe 5 mthreshold; or, some corrbinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheet al.,2019). Forexanple, the accuracy for * closed shrublands’ is particularly low. Itis mainly
conflised with ‘ openshitlanes shublands”,  woodysavarRas savannes and * savannas savannas . The najoiity ofthe * openshiublands” class
commission erroris with the ‘ grasslands’ class; and there is confusionto a lesser extent between ‘ open
shrdblane;shubland’. ‘woodysavannas” and  savanRas-savannas’. Also, the ¢ croplandhatLialvegetation nosaics dassisofen
mapped as ‘closed shrdbland; shrubland’ . ‘ woody SavanrfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at

inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported improvenent in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013) are inherentandstill presentwithin this version of MODIS VVCF. Similar results for
MODISVCF and Landsat TCCalso suggest that by training TCC with VCF tree cover thesebiases have been
propagated intothe finer-scale product. Models calibrated using MODIS VVCF (Brandtetal.,2017; Lasslop et
al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2628)2021) also risk inheritingthesebiasesand shouldtherefore be
validated using other sources ofdata.

We suggest that, while MODIS VCF givesand landsat TCC give a good overview oftree cover ona global scale,
itbothshouldbe e calibraiedbelore itisusedasaseierenes ertaining eatacaltiosly insavenna s SeHeen Hedensaarsakinetets
long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODISVCF and Landsat TCCin savannasin particular (Gaughan et al.,2013; Grossetal.,2018; Kumaretal.,
2019) enphasisesthe importance of continuous independent validationand re-calibration of the-pradet these products. The
ecosystemfunctions ofsavannas can vary drastically with justa slight difference in tree cover (Gaughan etal.,
2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe biorme, whichin
turn affects how the landis managed.

VCF to estimate tree coverin agricultural land. As thistree cover is likely to have been underestimated

substantially, the derived available land space for replanting may be less than projected, with therestoration { Formatted: Font color: Black

potential overestimated. However, our results also indicate an underestimated tree cover in woodier savannas Formatted: Border: Top: (No border), Bottom: (No
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canying capacity ofa unit ofland #ray/couidbe gresterthanpreviouslythought FHhe MOBIS \EearedienCilibationcould alsoresultina
more uniformcover distribution across regions, producinga more gradual transition between low-cover
savannas and high-cover forests. This could haveimplications for work that, for exanple, uses MODIS \VCF to
study forest-savannadynamics and bi-stability (Lasslopetal.,2018; Wuytsetal.,2017; Xu etal.,2016).

shouldbecalibrated for use inthe target region. However, calibrating MOBIS\/CFEon a largescale using fielddataasa
reference do-presentpresents several challenges. Firstly, different in-situ measurement techniques tend to measure
different types oftree cover (e.g-. Fialaetal.,2006; Korhonenet al., 2006; Rautiainenet al., 2005) and each will
require aspecific conversion method to enabledirect conparisonwith MODIS VCF- or Landsat TCC. For
exanple. Montesanoetal. (2016) ‘s conparison did not acknowledge VCF’ s and thus TCC’ s “within

canopy gaps.” whichmay explain their observed underestination in covers above 80%. In ourcase, to
account for gaps between tree crowns, we applied the

and resulting tree cover could vary widely on a plot-by-plotbasis (LIoyd et al., 2008). With further in-situ data
that describe tropical vegetation type-specific GCF variation, we may be able to incorporate site-specific GCFs
into ouranalysis.

errors (supplement Bin Torello-Raventoset al., 2013) are small and show no systematic bias and are therefore

the accuracy ofrenptely-sensed products like MODIS VCF and Landsat TCC (Hansenetal.,2003; Huete et al.,
1997; Snith et al., 2002ak-1997:-Sith-etal-2002).). Daadaedeisingtheseattheplot level wouldhelpidentify potentialoonbunding

factors affecting MOBIS-/CHperformance, and so help further constrain uncertainties.

reconmended (Grossetal.,2018; Laryand Lait, 2006, Montesano et al. 2016), thoughwithout a large-scale
effort to re-calibrate MODIS VVCF and products trained using VCFE like Landsat TCC, the questionofhow
appropriate MODIS VCF is for use in both forestsand savannas in the tropics will remain. By highlighting the

extent to which MODIS VCF struggles to estimate tree cover in tropical forestsand savannas, we hope to
informthe future use ofthis productteand inprove its useability.

within-Feld site and feld site-pixel variation are accountedfor durng-validationin calibration.\\ealso bundihatusing MODIS M-

for training likely propagates thesebiases. even in the finer-scale Landsat TCC. As MODIS VCF is a
productthatis commonly usedin awidevariety ofecological research including vegetation

estimating restoration potential, and identifying forest-savanna bimodality, we stress that more independent
work on validating and re-calibrating is required before its tree cover estimates can be relied upon in the tropics.
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Appendix

Figure Al. Location of sampling sites in Africa, Australia, and South America fromthe TROBIT Project(based on
Fig. 2, Torello-Raventoset al., 2013) shown on MODIS VCF (DiMiceli, 2017). Of the 63 field sites, only the 48 sites
with available GPS coordinateswere selected- (https://www.forestplots.net).
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Next, to accountfor the difference in size betweenthe MODIS VCF pixel (250 mx 250 m) and the smallerfield
plotsize (100mx 100 m), we calculatedthepossible percenttree coveran area thesize ofa TROBIT field plot
could have, given the MODIS VVCF percent tree cover fora MODIS-sized pixel. This was done for two extreme
scenarios: “enforced clumping,” where all thetree cover for the given MODIS VCF value is forcibly ‘ clunped’
on one side ofthe pixel, or “unenforced clunping,” where ‘ clunping’ is not enforced; and tree coveris
distributed randomly withinthe pixel (Fig. A32). The clunpingscenarios introduce possible variations in percent
coverdueto theareaandlocation mismatch betweena TROBIT field plotand a MODIS pixel. A probability
distribution was generated foreach MODIS \/CF pixel by calculating percenttree cover values for 1000
sanples (100mx 100 m) randomly placed withinthe 250 mx 250 m MODIS VCF pixel.

ForLandsatTCC, where the Landsat TCC pixels (30mx30m) are smaller than the TROBIT field sites, we

calculated a TCC percent tree coverto match the TROBIT field site size by summing the percenttree cover
withinthe TCC pixel part found inside the TROBIT field site and then dividing the sumby the TROBIT site
area. As TROBIT site orientationwas not recorded, we randomized the angle betweenthe TROBIT site and

TCC pixel grid for each ofthe1000 sanples when generating the probability distribution. “Enforced clunping”

was performed as per MODIS VCF (Fig 2), with the directionofclunping randomized.
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2.3 Calculating Uncertainty Under Different Overlap-Clumping Scenarios

We thereby-conpared both MODIS VCF and Landsat TCC with TROBIT under four diflerent scenarios: 1) unenforced
overlap and clunping; 2) enforce overlapand unenforced clunping; 3) unenforced overlapandenforced
clunping; 4) enforced overlap and clunping. Conparisons were conducted by fitting the following logit
function:

logitdVCEy =€) 4+ A X log{C+/{1 =C=) logit(Pixel) =C, + A X log(C*!/(1— C*?)_(Equetionl)

Where Co-4,=1-7:C,, A, 7,7, are optimised paraneters and VVCEPixel and C are the MODIS VCF / Landsat TCC pixel
(post-conversionas described in section 2.2) and TROBIT site probability distributions, respectively. This

is similarto a standard linear regression oflogit transformed data, accounting for maximum and mininum
bounds of0 - 100 % tree cover, with .=, 7, allowing fora non-synmetric transformation oftree cover. To
account for the probability density ofeach point, we inferred the parameters in Equation 1 usinga Total Least
Squares Bayesian Inference technique usinga Metropolis-Hastings Markov Chain Monte Carlo step. Priors
were uninformed butphysically bounded (i.e-4#:#>0.4,7,,7, > 0)to assune an increasing relationship between
MODISVCF /Landsat TCC and

describingour conditional

distribution (Gelman et al., 2013). Each corrbinationwas run over 10 chains, with 1000 warm-up iterationsand
10,000 sanpling iterations. Optimisation was performed using the rstan2.19.2 (Stan Development Team 2019)
package in R3.5.2 (R Core Team 2018). Our optimizationaccounts for potential errorsin TROBIT cover,
which includes those caused by the allometric construction ofthe CAl, providedthat theerrors are unbiased and
remain roughly consistent acrosssites (Gelman et al., 2013). Asthe TROBIT plots haverelatively small total
errors associated withthe allometric relationships (Table B1, Torello—-Raventos et al., 2013), systematic errors
are unlikelyto affect our results.
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Eigure 2. Left: Example of the effectsof unenforced and enforced clumping in a 250 m x 250 m MODIS VCF pixel
with 50 % tree cover. Clumping all the cover (green) to one side of the pixel (left bottom) affects the average canopy
covervalue ofa100 mx 100 m-sized TROBIT site (black boxes). Right: Example of the effects of unenforced and
enforced clumping on 30 m x 30 m Landsat TCC pixelswith a mix of tree covers (green) and non-tree cover (brown).
White dotted linesare TCC pixel boundaries. Clumping all the cover to one side of the pixel (right bottom) affects the
average canopy cover value ofa 100 mx 100 m-sized TROBIT site (black boxes).

2.4 Mapping MODI S VCF Uncertainty Across The Tropics

We evaluated theinpact ofthe MODIS \CFbiases infenred fomthis-corectionthese regression equationsacross thetropics
by invertingour calculation ofMODIS VVCF bias (Fig. A4A2) as follows: first, theinverse (i.e. solving for C) of
Eguatienequation 1 was applied to MODIS VCFvaluesafter conversion to a 100 mx100 mpixel size grid (matchingthe
field site area); thenthis correctedcalibrated value was translated back to theoriginal 250 mx250 m\VCF pixel size. As

the inverse ofEquation 1 has noanalytical solution, we foundthe rounded percent value ofC that minimises the
absolute difference betweenthe left-and right-hand side ofthe equation. For conputational feasibility, we

constucted napsofihe topicswith esvecteealiveed MODISVCRvalues (g, 2A3) by iencony sipling S ieetions haiwere mrdrnlysarpee]

from each of our 10 optimisation chains (50 in total) and masking out pixels with cover types not considered as { Formatted: Font color: Black

‘forest’ or ‘savanna’-in the500mMODIS Land Cover Type (MCD12Q1 - collection 6) (Sulla-Menashe and
Friedl, 2018).
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W\ethen usedihe SO0 MOBIS Land Caver Fype (MD12Q1-eslleciens) poductidentfy the aiess of* frest and savanrel awssteyisinte
MODIS VCF product. MCD12Q1 is widely used by the global land surface modelling community (e.g-. Sellar et
al.,2019; Wiltshire et al., 2020) and describes land cover in terms 0f17 global land cover classes as perthe
International Geosphere--Biosphere Programme (IGBP, Table 3 in Sulla-Menasheand Friedl, 2018). The product
is based on the same spectroradioneter (MODIS) and tenporal resolution as the VCF product. Referring to the
definition of* savanna’ of Veenendaal et al. (2015), the following land cover classes were chosento represent
“savanna’: Closed Shrubland, Open Shrubland, Woody Savanna, Savanna, and Grassland, while  forest’
enconpasses: Evergreen NeedleleafForests, Evergreen BroadleafForests, Deciduous NeedleleafForests,
Deciduous BroadleafForests, and Mixed Forests. We subset MCD 12Q1 to the tropical zone between +/-30°
North andtook themedian class for the 2006 to 2009 period, matching the field data collection period.

Foranore detailed land-cover-specific evaluation, welesarplecextededihecaredieckalibaed 250mVIODIS MORpielsiB apbel values
freach coresponding 500 megietaneearmbineditwitiihe MOD12Q1 preckepbel tooonstiuctiand coverspedifc MODIS VO tee cover
frequency distributions (Fig. ASA4). Our tree cover eerectoncalibration by cover type-{Fg-2) or the four clunping/ovedap
regressioncombinations was then calculated by multiplying each cover type MODIS V/CF frequency

distribution (Fig. A5A4) with curves representingthe nedian, 5 %, and 95 % confidence lines ofthe eerectioncalibration

equationensenbles.

3 Results

significantly disagreewith TROBIT field data. and e iiistead be Gverestiititin tise cover (50 Ysconfiderics

significantly fomTROBIT when there isenforced overlap (i.e. whentree canopies are clustering towards one

Formatted: Font: Times New Roman, 10 pt

Formatted: Font: Times New Roman, 10 pt, Not
Expanded by / Condensed by

side increasing the degree ofcanopy overlap - Fig. 1 right), but may underestimate tree cover whenoverlapis

Formatted: Font: Times New Roman, 10 pt

notenforced (i.e. tree canopies are spaced randomly within thesite - Fig. 1 left).

( Formatted: Font: Times New Roman, 10 pt
[ Formatted: Font: Times New Roman, 10 pt, Not

Expanded by / Condensed by

( Formatted: Font: Times New Roman, 10 pt

«J __ JC L JL L

( Formatted: Font color: Black

Formatted: Border: Top: (No border), Bottom:(No
border), Left: (No border), Right:(No border), Between :
(No border), Tab stops: 3.13", Centered + 6.27", Right




Unenforced clumping Enforced clumping

0 20 40 60 80 100 0 20 40 60 80 100
1 I 1 1 I 1 1 I 1 1 1 1
Q =)
s 4 =]
o L ©
G_W @
o}
=
2
o8 -8
o
@
o
et
897 -2
C
@
c
]
8 - &
=R - o
)
3~
~ < =}
i = —
ol 2 2
3
S .7 @
> Q
]
5
S8 7 -8
(=]
o
&
5% -9
82
{=
w
& - &
o 4 F o

0 20 40 60 80 100 0 20 40 60 80 100

Trobit cover (%)

® savanna ® forest

Figure 3. MODIS VCF percent tree cover versus percent tree cover fromTROBIT field data, taking into account
uncertainties associated with tree cover spatial distributions within a MODIS pixeland/or field pletsite. The 4
combinations are: (1) no overlap and no clumping, where tree canopiesare randomly distributed within both pixel
and site; (2) no overlap and maximum clumping, where tree canopiesare clustered in one areaof the pixel, and
randomly distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly
distributed within the pixel, but overlap substantially within the field site; and (4) with overlap and maximum
clumping, where tree canopiesare clustered to one side within a pixel, and overlap substantially within the site. The
bolded dashed line in black shows the 1:1 relationship. The solid lines represent the median of the respective
regressions (green for forest; orange for savanna; blackfor forest and savanna combined}y—ae), and the thin lines
represent the 5 and 95 % confidence interval of their respective regression lines. The vertical error bars represent
uncertainty introduced by clumping; the horizontal error bars represent the uncertainty introduced by overlap.

3)as opposedto areas identified as savannas (inorange, Fig. +3). In savanna sites, MODIS VVCF significantly and
consistently underestimates tree cover regardless ofthe amount of overlapand clunping. Significant
underestimation (at 95 %confidence) occurs when in-situ tree cover exceeds +8—19--21% (withoutenforced

clunping) or 9—16-11-12% (withenforced clunping). In forestsites, MODIS \ICF does not show thesane pattemof

systematic underestimation. Divergencedoes occur at high covers, depending on the enforcement ofoverlap or { Formatted: Font color: Black
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interval) whenneither overlap nor clunping is enforced, and overestimates where tree cover exceeds 9678 % (at 5

% confidenceinterval) whenboth overlapand clunping are enforced.
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Figure 4. Landsat TCC percent tree cover versuspercent tree cover fromTROBIT field data, taking into account
uncertaintiesassociated with tree cover spatial distributions within a TCC pixeland/or fieldsite. The 4 combinations
are: (1) no overlap and no clumping, where tree canopiesare randomly distributed within both pixelsand site; (2) no
overlap and maximum clumping, where tree canopiesare clustered in one area of the pixels, and randomly
distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly distributed
within the pixels, but overlap substantially within the field site; and (4) with overlap and maximum clumping, where
tree canopiesare clustered to one side within the pixels, and overlap substantially within the site. The bolded dashed
line in black shows the 1:1 relationship. The solid lines represent the median of the respective regressions (greenfor
forest; orange for savanna; blackfor forest and savanna combined), and the thin lines represent the 5 and 95 %
confidence interval of their respective regression lines. The vertical error bars represent uncertainty introduced by
clumping; the horizontalerror barsrepresent the uncertainty introduced by overlap.

Similar patterns canbe observed with Landsat TCC (black line, Fig.4). There is a significant underestination of

tree coverin the lower coverranges up to 59%whenthere is enforced overlap, and up to 82%whenoverlap is

notenforced. In savannasites (orange line, Fig. 4) the underestimation (at 95%confidence) is significant and
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consistentfor covers below 75 - 80 % (without enforced overlap) or below 52 - 60% (with enforced overlap). In

forest sites (greenline, Fig. 4) there isno systematic difference.

3.2 Global estimates of post-calibration changein tropical tree cover

wWaRAe; ) singa sarecierzha T besntecnhinedbetatsaaTedstik
curve, Fig. 1)-We-eiebnettse3) instead of using the savanna-onlysites rasavannaspedifc esiecioncalibiation Oange auve Fig.£3)

This is becausethere were few TROBIT sites representing savanna with MODIS VCF tree cover values

exceeding 40%, and global land cover maps disagreeon thedistribution ofsavannas withinthe forest-savanna
ecotone (Heroldetal.,2008).

Fyre205hicdisraaas5(Inte s A ik dndintean
direction (positive or negative ee#eenen)—aeressau-callbratlon leading toan increase or decrease in tree cover, re;,mectlvelv) acrosalfour
scenarios. (Middle) Uncertainty range of the post-calibration change intree cover, calculated asthe 90" percentile

(reximm oftre four cerariosin Fi A3) nin 10 percertie (niimumofite four cerarbsepiigh) Badkebsent TesiE sresheze®
Reojorsach redbdrepiriyfrdsne o ennapuertiyAgsaekkaas daspmevIcES Cradasnaisnasoiandd) Ectiesgiondecfarbniie
firitecaurberuncertainty range of field-sites-used-as—+eferenseeach pixel with the pixel’s geographicalditance o the chsed TROBIT sie sainpled)

(Fig. 2A3),and the regions where all four scenarios agree on the direction ofchange (positive and negative) are
substantial- (Fig.5). However, there are sone differences caused by the uncertainty introduced by different
extents ofoverlap and clunping. While we see asignificantincreasein tree coveracross all clunping-overlap
combinations in many regions oftropical savannas and grasslands (Pennington etal., 2018), such asin the
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forest-savanna nosaics thatsurround Congolian rainforests, we donotsee the same pattern inthe Cerrado of
Brazil. This is likely because the African forest-savanna regions fall withinthe range ofMODIS VCF values

that consistently undergo a positive calibration (~30-50 %, see Fig. A2), whilethe Cerrado ofBrazil does not.

analysiswhen our calibrationis broadly applied across thehighly variable tropical forest-savanna ecotone. By
multiplyingthe uncertainty range ofour calibrations with the geographical distance to the closest sanpled
TROBIT site, we identified priority regions for further field surveying ( Fig. 5 bottom). We found Southeast
Asia, Central Anerica,and Mexico are areas where additional in-situ observations would greatly help improve

confidence. Fielddata fromthe northwestern region of South Anerica, the southeastofthe African continent,
and Madagascar wouldalsohelp.

As our calibrations were based on a limited nunber ofsitesin a limited number ofregions, itis importantto
notethat thenaps showni it i i

decrease in the Sahel post-calibration in multiplescenarios, which runs counter to theresults of Brandt et al.

(2020) whofoundthattree cover was underestimated in this region. This disparity may be due to our lack of

field sitesin these more arid regions, further highlighting the importance of more in-situdata for more accurate

and precise calibration. Therefore, our calibrations are nost useful in identifying areas where MODIS VVCF

estimates may be more or lessreliable.

When lookingat our calibration in more detail, we seethat MODIS VCF significantly underestinates tree cover
inall the IGBP land cover classes that we considered, regardless ofoverlap or clunping (95 %confidence

interval)(Fig. 6). The most substantial and significant underestimation is in the classes ‘woody savannas” and
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ADiscussion

While MODIS \VCF is apowerful andaccessible tool to map tree cover, our field data-based calibrations
indicate that the latestMOD IS VVCF collection 6 is missing a lot ofwoody cover, evenwhenuncertainty

introduced bysite canopy overlap and clunpingwithinthe MODIS VCF pixel are accounted for. The Landsat
TCC product, which may be viewedas an alternative witha higher s patial resolution, behavesin asimilar

manner. Ourmap (Fig.5, top) highlights that this potential underestimation ofwoody coveris mainly occurring

in tropicalsavannas. Moreover, thehighest underestimation in the savanna classes occurs when there is no

enforced overlap (Fig A3) (i.e. when there isa uniformrandomdistribution oftrees) which is thescenario that

most likely reflects the TROBIT savanna plots. This is evidenced by work done by Veenendaal et al. (2015)

where TROBIT plots were tested for conplete spatial randonmess and only minor indications ofoverlapwere
found. Woodysavannas, as an exanple, may have their tree cover underestimated by up to 32 %(95 %
confidence) whenneither clunpingnoroverlapis enforced (grey tones, Fig. 6). If our results are representative

of the tropics, then overall, MODIS VVCF may be underestimating tropical tree cover by between7 -29 % for

unenforced clumping and overlapor0 - 21 % for when either clunping or overlap are enforced (5 -95 %

confidence).

1nad e e ave been identified in validati
previous MODIS VCE collections (Grossetal..2018; Yangand Crews, 2019) and Landsat TCCversion

<
coverranges forboth MODIS VCF and Landsat TCC. In fact Montesanoetal. (2016) showedan inproved

match between Landsat TCC and their lidar-derivedtree cover reference data when reducing the height

threshold from5 m to 2 m However, becauseofhow ourfield reference CAlis derived, we were not able to
conclusively link the5 mthresholdto our observed underestimation.
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Figure 26. Percent changein tree cover afterte: ot poscalboration (Cocknie: o enforced clnping or overbp (beck; erforced
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overlap (pinK) in the ‘forest’ supercategoryand the 5 savanna classes. Palest tone indicates positive change, mid-tone
indicatesnegative change, and the darlest tone indicates net change. Error barsdenote the 5-95% confidence
interval; if the error bar extends past the x-axis, the post-cerrectioncalibration change isnot considered significant.

difference between TROBITand MODISVCF we would have expected anincreasing underestimation in thelower

heightranges. Instead; we founda low R?and a mixture of underand overestimations in heights between 0 and

10 m (Fig. ABADL). This suggests that the inclusion oftrees below 5 mheightin the TROBIT inventory does not

fully explain the observed underestimation.

subordinate strata composition (and canopy cover thereof) varies widely depending on factors including

ecosystemtype andaltitude (Rutien-et-ak-2015) (Rutten et al., 2015), more research needstobedonewitheie insituheight deta,

[

;

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m
alwaysapply in MODIS VCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and

‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes
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is1-2 m For the ‘ savannas’ class, MODIS VCF yields a percent tree cover range thatmatches closely with the
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5 m minimum for MODIS VVCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and *savannas’ containtrees taller than 5 ng MODIS VCF is
distinguishingtrees belowthe 5 mthreshold; or, some corrbinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheet al.,2019). Forexanple, the accuracy for * closed shrublands’ is particularly low. Itis mainly
conflised with ‘ openshitlanes shublands”,  woodysavarRas savannes and * savannas savannas . The najoiity ofthe * openshiublands” class
commission erroris with the ‘ grasslands’ class; and there is confusionto a lesser extent between ‘ open
shrdblane;shubland’. ‘woodysavannas” and  savanRas-savannas’. Also, the ¢ croplandhatLialvegetation nosaics dassisofen
mapped as ‘closed shrdbland; shrubland’ . ‘ woody SavanrfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at

inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported improvenent in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013) are inherentandstill presentwithin this version of MODIS VVCF. Similar results for
MODISVCF and Landsat TCCalso suggest that by training TCC with VCF tree cover thesebiases have been
propagated intothe finer-scale product. Models calibrated using MODIS VVCF (Brandtetal.,2017; Lasslop et
al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2628)2021) also risk inheritingthesebiasesand shouldtherefore be
validated using other sources ofdata.

We suggest that, while MODIS VCF givesand landsat TCC give a good overview oftree cover ona global scale,
itbothshouldbe e calibraiedbelore itisusedasaseierenes ertaining eatacaltiosly insavenna s SeHeen Hedensaarsakinetets
long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODISVCF and Landsat TCCin savannasin particular (Gaughan et al.,2013; Grossetal.,2018; Kumaretal.,
2019) enphasisesthe importance of continuous independent validationand re-calibration of the-pradet these products. The
ecosystemfunctions ofsavannas can vary drastically with justa slight difference in tree cover (Gaughan etal.,
2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe biorme, whichin
turn affects how the landis managed.

VCF to estimate tree coverin agricultural land. As thistree cover is likely to have been underestimated

substantially, the derived available land space for replanting may be less than projected, with therestoration { Formatted: Font color: Black
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canying capacity ofa unit ofland #ray/couidbe gresterthanpreviouslythought FHhe MOBIS \EearedienCilibationcould alsoresultina
more uniformcover distribution across regions, producinga more gradual transition between low-cover
savannas and high-cover forests. This could haveimplications for work that, for exanple, uses MODIS \VCF to
study forest-savannadynamics and bi-stability (Lasslopetal.,2018; Wuytsetal.,2017; Xu etal.,2016).

shouldbecalibrated for use inthe target region. However, calibrating MOBIS\/CFEon a largescale using fielddataasa
reference do-presentpresents several challenges. Firstly, different in-situ measurement techniques tend to measure
different types oftree cover (e.g-. Fialaetal.,2006; Korhonenet al., 2006; Rautiainenet al., 2005) and each will
require aspecific conversion method to enabledirect conparisonwith MODIS VCF- or Landsat TCC. For
exanple. Montesanoetal. (2016) ‘s conparison did not acknowledge VCF’ s and thus TCC’ s “within

canopy gaps.” whichmay explain their observed underestination in covers above 80%. In ourcase, to
account for gaps between tree crowns, we applied the

and resulting tree cover could vary widely on a plot-by-plotbasis (LIoyd et al., 2008). With further in-situ data
that describe tropical vegetation type-specific GCF variation, we may be able to incorporate site-specific GCFs
into ouranalysis.

errors (supplement Bin Torello-Raventoset al., 2013) are small and show no systematic bias and are therefore

the accuracy ofrenptely-sensed products like MODIS VCF and Landsat TCC (Hansenetal.,2003; Huete et al.,
1997; Snith et al., 2002ak-1997:-Sith-etal-2002).). Daadaedeisingtheseattheplot level wouldhelpidentify potentialoonbunding

factors affecting MOBIS-/CHperformance, and so help further constrain uncertainties.

reconmended (Grossetal.,2018; Laryand Lait, 2006, Montesano et al. 2016), thoughwithout a large-scale
effort to re-calibrate MODIS VVCF and products trained using VCFE like Landsat TCC, the questionofhow
appropriate MODIS VCF is for use in both forestsand savannas in the tropics will remain. By highlighting the

extent to which MODIS VCF struggles to estimate tree cover in tropical forestsand savannas, we hope to
informthe future use ofthis productteand inprove its useability.

within-Feld site and feld site-pixel variation are accountedfor durng-validationin calibration.\\ealso bundihatusing MODIS M-

for training likely propagates thesebiases. even in the finer-scale Landsat TCC. As MODIS VCF is a
productthatis commonly usedin awidevariety ofecological research including vegetation

estimating restoration potential, and identifying forest-savanna bimodality, we stress that more independent
work on validating and re-calibrating is required before its tree cover estimates can be relied upon in the tropics.
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Appendix

Figure Al. Location of sampling sites in Africa, Australia, and South America fromthe TROBIT Project(based on
Fig. 2, Torello-Raventoset al., 2013) shown on MODIS VCF (DiMiceli, 2017). Of the 63 field sites, only the 48 sites
with available GPS coordinateswere selected- (https://www.forestplots.net).
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_probability ofobservations for a given paraneter combination by a nornmal distribution (Gelman etal.,2013).
Each combination was run over 10 chains, with 1000 warm-up iterations and 10,000 sanpling iterations.
Optimisationwas performed usingthe rstan2.19.2 (Stan Development Team 2019) packagein R3.5.2 (R Core
Team, 2018). Ouroptimizationaccounts for potential errors in TROBIT cover, whichincludes those caused by
the allonetric construction ofthe CAl, provided thatthe errors are unbiased and remain roughly consistent
acrosssites (Gelman et al., 2013). As the TROBIT plots haverelatively small total errors associated withthe
allonetric relationships (Table B1, Torello--Raventos et al., 2013), systematic errors are unlikely to affect our

results.

Eigure 2. Left: Example of the effectsof unenforced and enforced clumping in a 250 m x 250 m MODIS VCEF pixel
with 50 % tree cover. Clumping all the cover (green) to one side of the pixel (left bottom) affects the average canopy
covervalue ofa 100 mx 100 m-sized TROBIT site (black boxes). Right: Example of the effects of unenforced and
enforced clumping on 30 m x 30 m Landsat TCC pixelswith a mix of tree covers(green) and non-tree cover (brown).
White dotted linesare TCC pixel boundaries. Clumping all the cover to one side of the pixel (right bottom) affects the
average canopy cover value ofa 100 mx 100 m-sized TROBIT site (black boxes).
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We evaluated theinpact ofthe MODIS VCFbiases infened fomihis-eerectiontheseregression equationsacross thetropics
by invertingour calculation ofMODIS VVCF bias (Fig. A4A2) as follows: first, theinverse (i.e. solving for C) of
Eguatienequation 1 was applied to MODIS VCFvaluesatter conversion to a 100 mx100 npixel size grid (matchingthe
field site area); then this eerrectedcalibrated value was translated back to theoriginal 250 mx250 mVCF pixel size. As

the inverse ofEquation 1 has noanalytical solution, we foundthe rounded percent value of C that minimises the
absolute difference betweenthe left-and right-hand side ofthe equation. For computational feasibility, we
constiucted ngpsofthe topicswith esxecteeialinaed MODISVOFvalues (Fg: 2A3) by iendonty sanpling s itertions thatvere fanceralysarded
from each of our 10 optimisation chains (50 in total) and masking out pixels with cover types not considered as
‘forest’ or ‘savanna’-in the500mMODIS Land Cover Type (MCD12Q1 - collection 6) (Sulla-Menashe and

Friedl,2018).

Wethen usedthe SO0 MODIS Lane Cover TFype (MOD12Q1L-6sllecions)prodLitiDidentify heaessof: st and* savarrs axsstetyisie
MODIS VCF product. MCD12Q1 iswidely used by the global land surface modelling community (e.g-. Sellar et

al.,2019; Wiltshire et al.,2020) and describes land cover in terns of17 global land cover classes as perthe
International Geosphere--Biosphere Programme (IGBP, Table 3 in Sulla-Menasheand Friedl, 2018). The product
is based on the same spectroradiometer (MODIS) and tenporal resolution as the VCF product. Referring to the
definition of* savanna’ of Veenendaal et al. (2015), the following land cover classes were chosento represent
savanna’: Closed Shrubland, Open Shrubland, Woody Savanna, Savanna, and Grassland, while  forest’
enconpasses: Evergreen NeedleleafForests, Evergreen BroadleafForests, Deciduous NeedleleafForests,
Deciduous BroadleafForests, and Mixed Forests. We subset MCD12Q1 to the tropical zone between +/-30°
North andtook thenmedian class for the 2006 to 2009 period, matching the field data collection period.

Foranore detailed land-coversspecific evaluation, weiesaraplec tectdthecareciedalibeied 250mMVIODISMRpielsto-apbel values
foreach coresponding 500 mepietaneiearmbineditwitiire MOD12Q1 preckeipbel tooonstuctiand coverspedifc MODIS VO tiee cover
frequency distributions (Fig. A5A4). Our tree cover esrectioncalibration by cover type-{FHe-3) for the our clunping/ovelzgp
regression combinations was then calculated by multiplying each cover type MODIS VCF frequency
distribution (Fig. A5A4) with curves representingthe nedian, 5 %, and 95 % confidence lines ofthe eerectioncalibration
equationensenbles.

3 Results
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Figure 3. MODIS VCF percent tree cover versus percent tree cover fromTROBIT field data, taking into account
uncertainties associated with tree cover spatial distributions within a MODIS pixeland/or field pletsite. The 4
combinations are: (1) no overlap and no clumping, where tree canopiesare randomly distributed within both pixel
and site; (2) no overlap and maximum clumping, where tree canopiesare clustered in one areaof the pixel, and
randomly distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly
distributed within the pixel, but overlap substantially within the field site; and (4) with overlap and maximum
clumping, where tree canopiesare clustered to one side within a pixel, and overlap substantially within the site. The
bolded dashed line in black shows the 1:1 relationship. The solid lines represent the median of the respective
regressions (green for forest; orange for savanna; blackfor forest and savanna combined}y—ae), and the thin lines
represent the 5 and 95 % confidence interval of their respective regression lines. The vertical error bars represent
uncertainty introduced by clumping; the horizontal error bars represent the uncertainty introduced by overlap.

3)as opposedto areas identified as savannas (inorange, Fig. +3). In savanna sites, MODIS VVCF significantly and
consistently underestimates tree cover regardless ofthe amount of overlapand clunping. Significant
underestimation (at 95 %confidence) occurs when in-situ tree cover exceeds +8—19--21% (withoutenforced

clunping) or 9—16-11-12% (withenforced clunping). In forestsites, MODIS \ICF does not show thesane pattemof

systematic underestimation. Divergencedoes occur at high covers, depending on the enforcement ofoverlap or { Formatted: Font color: Black

clumping. MODIS \CF everestiratesunderestinates tree cover where tree cover exceeds 7884 % (at the 95 % confidence Formatted: Border: Top: (No border), Bottom: (No
border), Left: (No border), Right:(No border), Between :

(No border), Tab stops: 3.13", Centered + 6.27", Right

110




interval) whenneither overlap nor clunping is enforced, and overestimates where tree cover exceeds 9678 % (at 5

% confidenceinterval) whenboth overlapand clunping are enforced.
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Figure 4. Landsat TCC percent tree cover versuspercent tree cover fromTROBIT field data, taking into account
uncertaintiesassociated with tree cover spatial distributions within a TCC pixeland/or fieldsite. The 4 combinations
are: (1) no overlap and no clumping, where tree canopiesare randomly distributed within both pixelsand site; (2) no
overlap and maximum clumping, where tree canopiesare clustered in one area of the pixels, and randomly
distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly distributed
within the pixels, but overlap substantially within the field site; and (4) with overlap and maximum clumping, where
tree canopiesare clustered to one side within the pixels, and overlap substantially within the site. The bolded dashed
line in black shows the 1:1 relationship. The solid lines represent the median of the respective regressions (greenfor
forest; orange for savanna; blackfor forest and savanna combined), and the thin lines represent the 5 and 95 %
confidence interval of their respective regression lines. The vertical error bars represent uncertainty introduced by
clumping; the horizontalerror barsrepresent the uncertainty introduced by overlap.

Similar patterns canbe observed with Landsat TCC (black line, Fig.4). There is a significant underestination of

tree coverin the lower coverranges up to 59%whenthere is enforced overlap, and up to 82%whenoverlap is

notenforced. In savannasites (orange line, Fig. 4) the underestimation (at 95%confidence) is significant and
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consistentfor covers below 75 - 80 % (without enforced overlap) or below 52 - 60% (with enforced overlap). In

forest sites (greenline, Fig. 4) there isno systematic difference.

3.2 Global estimates of post-calibration changein tropical tree cover

wWaRAe; ) singa sarecierzha T besntecnhinedbetatsaaTedstik
curve, Fig. 1)-We-eiebnettse3) instead of using the savanna-onlysites rasavannaspedifc esiecioncalibiation Oange auve Fig.£3)

This is becausethere were few TROBIT sites representing savanna with MODIS VCF tree cover values

exceeding 40%, and global land cover maps disagreeon thedistribution ofsavannas withinthe forest-savanna
ecotone (Heroldetal.,2008).

Fyre205hicdisraaas5(Inte s A ik dndintean
direction (positive or negative ee#eenen)—aeressau-callbratlon leading toan increase or decrease in tree cover, re;,mectlvelv) acrosalfour
scenarios. (Middle) Uncertainty range of the post-calibration change intree cover, calculated asthe 90" percentile

(reximm oftre four cerariosin Fi A3) nin 10 percertie (niimumofite four cerarbsepiigh) Badkebsent TesiE sresheze®
Reojorsach redbdrepiriyfrdsne o ennapuertiyAgsaekkaas daspmevIcES Cradasnaisnasoiandd) Ectiesgiondecfarbniie
firitecaurberuncertainty range of field-sites-used-as—+eferenseeach pixel with the pixel’s geographicalditance o the chsed TROBIT sie sainpled)

(Fig. 2A3),and the regions where all four scenarios agree on the direction ofchange (positive and negative) are
substantial- (Fig.5). However, there are sone differences caused by the uncertainty introduced by different
extents ofoverlap and clunping. While we see asignificantincreasein tree coveracross all clunping-overlap
combinations in many regions oftropical savannas and grasslands (Pennington etal., 2018), such asin the

112

{ Formatted: Fontcolor: Black

Formatted: Border: Top: (No border), Bottom:(No
border), Left: (No border), Right:(No border), Between :
(No border), Tab stops: 3.13", Centered + 6.27", Right




forest-savanna nosaics thatsurround Congolian rainforests, we donotsee the same pattern inthe Cerrado of
Brazil. This is likely because the African forest-savanna regions fall withinthe range ofMODIS VCF values

that consistently undergo a positive calibration (~30-50 %, see Fig. A2), whilethe Cerrado ofBrazil does not.

analysiswhen our calibrationis broadly applied across thehighly variable tropical forest-savanna ecotone. By
multiplyingthe uncertainty range ofour calibrations with the geographical distance to the closest sanpled
TROBIT site, we identified priority regions for further field surveying ( Fig. 5 bottom). We found Southeast
Asia, Central Anerica,and Mexico are areas where additional in-situ observations would greatly help improve

confidence. Fielddata fromthe northwestern region of South Anerica, the southeastofthe African continent,
and Madagascar wouldalsohelp.

As our calibrations were based on a limited nunber ofsitesin a limited number ofregions, itis importantto
notethat thenaps showni it i i

decrease in the Sahel post-calibration in multiplescenarios, which runs counter to theresults of Brandt et al.

(2020) whofoundthattree cover was underestimated in this region. This disparity may be due to our lack of

field sitesin these more arid regions, further highlighting the importance of more in-situdata for more accurate

and precise calibration. Therefore, our calibrations are nost useful in identifying areas where MODIS VVCF

estimates may be more or lessreliable.

When lookingat our calibration in more detail, we seethat MODIS VCF significantly underestinates tree cover
inall the IGBP land cover classes that we considered, regardless ofoverlap or clunping (95 %confidence

interval)(Fig. 6). The most substantial and significant underestimation is in the classes ‘woody savannas” and
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ADiscussion

While MODIS \VCF is apowerful andaccessible tool to map tree cover, our field data-based calibrations
indicate that the latestMOD IS VVCF collection 6 is missing a lot ofwoody cover, evenwhenuncertainty

introduced bysite canopy overlap and clunpingwithinthe MODIS VCF pixel are accounted for. The Landsat
TCC product, which may be viewedas an alternative witha higher s patial resolution, behavesin asimilar

manner. Ourmap (Fig.5, top) highlights that this potential underestimation ofwoody coveris mainly occurring

in tropicalsavannas. Moreover, thehighest underestimation in the savanna classes occurs when there is no

enforced overlap (Fig A3) (i.e. when there isa uniformrandomdistribution oftrees) which is thescenario that

most likely reflects the TROBIT savanna plots. This is evidenced by work done by Veenendaal et al. (2015)

where TROBIT plots were tested for conplete spatial randonmess and only minor indications ofoverlapwere
found. Woodysavannas, as an exanple, may have their tree cover underestimated by up to 32 %(95 %
confidence) whenneither clunpingnoroverlapis enforced (grey tones, Fig. 6). If our results are representative

of the tropics, then overall, MODIS VVCF may be underestimating tropical tree cover by between7 -29 % for

unenforced clumping and overlapor0 - 21 % for when either clunping or overlap are enforced (5 -95 %

confidence).

1nad e e ave been identified in validati
previous MODIS VCE collections (Grossetal..2018; Yangand Crews, 2019) and Landsat TCCversion

<
coverranges forboth MODIS VCF and Landsat TCC. In fact Montesanoetal. (2016) showedan inproved

match between Landsat TCC and their lidar-derivedtree cover reference data when reducing the height

threshold from5 m to 2 m However, becauseofhow ourfield reference CAlis derived, we were not able to
conclusively link the5 mthresholdto our observed underestimation.
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overlap (pinK) in the ‘forest’ supercategoryand the 5 savanna classes. Palest tone indicates positive change, mid-tone
indicatesnegative change, and the darlest tone indicates net change. Error barsdenote the 5-95% confidence
interval; if the error bar extends past the x-axis, the post-cerrectioncalibration change isnot considered significant.

difference between TROBITand MODISVCF we would have expected anincreasing underestimation in thelower

heightranges. Instead; we founda low R?and a mixture of underand overestimations in heights between 0 and
10 m (Fig. ABADL). This suggests that the inclusion oftrees below 5 mheightin the TROBIT inventory does not

fully explain the observed underestimation.

subordinate strata composition (and canopy cover thereof) varies widely depending on factors including

ecosystemtype andaltitude (Rutien-et-ak-2015) (Rutten et al., 2015), more research needstobedonewitheie insituheight deta,

[

;

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m
alwaysapply in MODIS VCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and

‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes
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is1-2 m For the ‘ savannas’ class, MODIS VCF yields a percent tree cover range thatmatches closely with the
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5 m minimum for MODIS VVCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and *savannas’ containtrees taller than 5 ng MODIS VCF is
distinguishingtrees belowthe 5 mthreshold; or, some corrbinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheet al.,2019). Forexanple, the accuracy for * closed shrublands’ is particularly low. Itis mainly
conflised with ‘ openshitlanes shublands”,  woodysavarRas savannes and * savannas savannas . The najoiity ofthe * openshiublands” class
commission erroris with the ‘ grasslands’ class; and there is confusionto a lesser extent between ‘ open
shrdblane;shubland’. ‘woodysavannas” and  savanRas-savannas’. Also, the ¢ croplandhatLialvegetation nosaics dassisofen
mapped as ‘closed shrdbland; shrubland’ . ‘ woody SavanrfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at

inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported improvenent in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013) are inherentandstill presentwithin this version of MODIS VVCF. Similar results for
MODISVCF and Landsat TCCalso suggest that by training TCC with VCF tree cover thesebiases have been
propagated intothe finer-scale product. Models calibrated using MODIS VVCF (Brandtetal.,2017; Lasslop et
al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2628)2021) also risk inheritingthesebiasesand shouldtherefore be
validated using other sources ofdata.

We suggest that, while MODIS VCF givesand landsat TCC give a good overview oftree cover ona global scale,
itbothshouldbe e calibraiedbelore itisusedasaseierenes ertaining eatacaltiosly insavenna s SeHeen Hedensaarsakinetets
long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODISVCF and Landsat TCCin savannasin particular (Gaughan et al.,2013; Grossetal.,2018; Kumaretal.,
2019) enphasisesthe importance of continuous independent validationand re-calibration of the-pradet these products. The
ecosystemfunctions ofsavannas can vary drastically with justa slight difference in tree cover (Gaughan etal.,
2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe biorme, whichin
turn affects how the landis managed.

VCF to estimate tree coverin agricultural land. As thistree cover is likely to have been underestimated

substantially, the derived available land space for replanting may be less than projected, with therestoration { Formatted: Font color: Black

potential overestimated. However, our results also indicate an underestimated tree cover in woodier savannas Formatted: Border: Top: (No border), Bottom: (No
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canying capacity ofa unit ofland #ray/couidbe gresterthanpreviouslythought FHhe MOBIS \EearedienCilibationcould alsoresultina
more uniformcover distribution across regions, producinga more gradual transition between low-cover
savannas and high-cover forests. This could haveimplications for work that, for exanple, uses MODIS \VCF to
study forest-savannadynamics and bi-stability (Lasslopetal.,2018; Wuytsetal.,2017; Xu etal.,2016).

shouldbecalibrated for use inthe target region. However, calibrating MOBIS\/CFEon a largescale using fielddataasa
reference do-presentpresents several challenges. Firstly, different in-situ measurement techniques tend to measure
different types oftree cover (e.g-. Fialaetal.,2006; Korhonenet al., 2006; Rautiainenet al., 2005) and each will
require aspecific conversion method to enabledirect conparisonwith MODIS VCF- or Landsat TCC. For
exanple. Montesanoetal. (2016) ‘s conparison did not acknowledge VCF’ s and thus TCC’ s “within

canopy gaps.” whichmay explain their observed underestination in covers above 80%. In ourcase, to
account for gaps between tree crowns, we applied the

and resulting tree cover could vary widely on a plot-by-plotbasis (LIoyd et al., 2008). With further in-situ data
that describe tropical vegetation type-specific GCF variation, we may be able to incorporate site-specific GCFs
into ouranalysis.

errors (supplement Bin Torello-Raventoset al., 2013) are small and show no systematic bias and are therefore

the accuracy ofrenptely-sensed products like MODIS VCF and Landsat TCC (Hansenetal.,2003; Huete et al.,
1997; Snith et al., 2002ak-1997:-Sith-etal-2002).). Daadaedeisingtheseattheplot level wouldhelpidentify potentialoonbunding

factors affecting MOBIS-/CHperformance, and so help further constrain uncertainties.

reconmended (Grossetal.,2018; Laryand Lait, 2006, Montesano et al. 2016), thoughwithout a large-scale
effort to re-calibrate MODIS VVCF and products trained using VCFE like Landsat TCC, the questionofhow
appropriate MODIS VCF is for use in both forestsand savannas in the tropics will remain. By highlighting the

extent to which MODIS VCF struggles to estimate tree cover in tropical forestsand savannas, we hope to
informthe future use ofthis productteand inprove its useability.

within-Feld site and feld site-pixel variation are accountedfor durng-validationin calibration.\\ealso bundihatusing MODIS M-

for training likely propagates thesebiases. even in the finer-scale Landsat TCC. As MODIS VCF is a
productthatis commonly usedin awidevariety ofecological research including vegetation

estimating restoration potential, and identifying forest-savanna bimodality, we stress that more independent
work on validating and re-calibrating is required before its tree cover estimates can be relied upon in the tropics.
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Appendix

Figure Al. Location of sampling sites in Africa, Australia, and South America fromthe TROBIT Project(based on
Fig. 2, Torello-Raventoset al., 2013) shown on MODIS VCF (DiMiceli, 2017). Of the 63 field sites, only the 48 sites
with available GPS coordinateswere selected- (https://www.forestplots.net).
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Figure 2. Left: Example of the effectsof unenforced and enforced clumping in a 250 m x 250 m MODIS VCEF pixel
with 50 % tree cover. Clumping all the cover (green) to one side of the pixel (left bottom) affects the average canopy
covervalue ofa100 mx 100 m-sized TROBIT site (black boxes). Right: Example of the effects of unenforced and
enforced clumping on30 m x 30 m Landsat TCC pixelswith a mix of tree covers (green) and non-tree cover (brown).
White dotted linesare TCC pixel boundaries. Clumping all the cover to one side of the pixel (right bottom) affects the
average canopy cover value ofa 100 mx 100 m-sized TROBIT site (black boxes).

2.4 Mapping MODI S VCF Uncertainty Across The Tropics

We evaluated theinpact ofthe MODIS VCFbiases infned fomihiseerectiontheseregression equationsacross thetropics
by invertingour calculation ofMODIS VVCF bias (Fig. A4A2) as follows: first, theinverse (i.e. solving for C) of
Eguatienequation 1 was applied to MODIS VCFvaluesatter conversion to a 100 mx100 npixel size grid (matchingthe
field site area); then this esfrectedcalibrated value was translated back to theoriginal 250 mx250 mVCF pixel size. As
the inverse ofEquation 1 has noanalytical solution, we foundthe rounded percent value of C that minimises the

absolute difference betweenthe left-and right-hand side ofthe equation. For conmputational feasibility, we { Formatted: Font color: Black

constuded naps ofthe tiopicswith esiecieekalineted MODIS VR values (Fig. 2A3) by iandonty sanpling 5 iterationsthaivere ianeeralysaraped

from each of our 10 optimisation chains (50 in total) and masking out pixels with cover types not considered as
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‘forest’ or ‘savanna’-in the500mMODIS Land Cover Type (MCD12Q1 - collection 6) (Sulla-Menashe and
Friedl,2018).

W\ethen usedthe 500/ MOBIS Land Caver Fype (MD12Q1-esllecions)poductidentfy the aress of* frest and savarrel awsstepisinte
MODIS VCF product. MCD12Q1 is widely used by the global land surface nodelling community (e.g-. Sellar et
al.,2019; Wiltshire et al.,2020) and describes land cover in terns 0f17 global land cover classes as perthe
International Geosphere--Biosphere Progranme (IGBP, Table 3 in Sulla-Menasheand Friedl, 2018). The product
is based on the same spectroradiometer (MODIS) and tenporal resolution as the VCF product. Referring to the
definition of* savanna’ of Veenendaal et al. (2015), the following land cover classes were chosento represent
“savanna’: Closed Shrubland, Open Shrubland, Woody Savanna, Savanna, and Grassland, while ‘ forest’
enconpasses: Evergreen NeedleleafForests, Evergreen BroadleafForests, Deciduous NeedleleafForests,
Deciduous BroadleafForests, and Mixed Forests. We subset MCD12Q1 to the tropical zone between +/-30°
North andtook the nedian class for the 2006 to 2009 period, matching the field data collection period.

Foranore detailed land-cover-specific evaluation, weesaralecetedidihessiedeckalineed 250mVODISMFEelstB apbel values
freach corresponding 500 mepietaneearmbireditwitiire MOD12Q1 preckepbel tooonstiuctiand coverspedifc MODIS VO tiee cover
frequency distributions (Fig. A5A4). Our tree cover esrectioncalibration by cover type-{FHg-3) for the ur clunping/ovelzgp
regression combinations was then calculated by multiplying each cover type MODIS VVCF frequency
distribution (Fig. A5A4) with curves representingthe nedian, 5 %, and 95 % confidence lines ofthe esrectioncalibration
equationensenbles.

3 Results

significantly disagreewith TROBIT field data, and T iii§tead b varsstinhtinic trsa cover (50 Y6 Confidacs

significantly fom TROBIT when there isenforced overlap (i.e. whentree canopies are clustering towards one

| Formatted: Font: Times New Roman, 10 pt
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side increasing the degree ofcanopy overlap - Fig. 1 right). but may underestimate tree cover whenoverlap is

notenforced (i.e. tree canopies are spaced randomly within thesite - Fig. 1 left).
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Figure 3. MODIS VCF percent tree cover versus percent tree cover fromTROBIT field data, taking into account
uncertainties associated with tree cover spatial distributions within a MODIS pixeland/or field pletsite. The 4
combinations are: (1) no overlap and no clumping, where tree canopiesare randomly distributed within both pixel
and site; (2) no overlap and maximum clumping, where tree canopiesare clustered in one areaof the pixel, and
randomly distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly
distributed within the pixel, but overlap substantially within the field site; and (4) with overlap and maximum
clumping, where tree canopiesare clustered to one side within a pixel, and overlap substantially within the site. The
bolded dashed line in black shows the 1:1 relationship. The solid lines represent the median of the respective
regressions (green for forest; orange for savanna; blackfor forest and savanna combined}y—ae), and the thin lines
represent the 5 and 95 % confidence interval of their respective regression lines. The vertical error bars represent
uncertainty introduced by clumping; the horizontal error bars represent the uncertainty introduced by overlap.

3)as opposedto areas identified as savannas (inorange, Fig. +3). In savanna sites, MODIS VVCF significantly and
consistently underestimates tree cover regardless ofthe amount of overlapand clunping. Significant
underestimation (at 95 %confidence) occurs when in-situ tree cover exceeds +8—19--21% (withoutenforced

clunping) or 9—16-11-12% (withenforced clunping). In forestsites, MODIS \ICF does not show thesane pattemof

systematic underestimation. Divergencedoes occur at high covers, depending on the enforcement ofoverlap or { Formatted: Font color: Black

clumping. MODIS \CF everestiratesunderestinates tree cover where tree cover exceeds 7884 % (at the 95 % confidence Formatted: Border: Top: (No border), Bottom: (No
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interval) whenneither overlap nor clunping is enforced, and overestimates where tree cover exceeds 9678 % (at 5

% confidenceinterval) whenboth overlapand clunping are enforced.
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Figure 4. Landsat TCC percent tree cover versuspercent tree cover fromTROBIT field data, taking into account
uncertaintiesassociated with tree cover spatial distributions within a TCC pixeland/or fieldsite. The 4 combinations
are: (1) no overlap and no clumping, where tree canopiesare randomly distributed within both pixelsand site; (2) no
overlap and maximum clumping, where tree canopiesare clustered in one area of the pixels, and randomly
distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly distributed
within the pixels, but overlap substantially within the field site; and (4) with overlap and maximum clumping, where
tree canopiesare clustered to one side within the pixels, and overlap substantially within the site. The bolded dashed
line in black shows the 1:1 relationship. The solid lines represent the median of the respective regressions (greenfor
forest; orange for savanna; blackfor forest and savanna combined), and the thin lines represent the 5 and 95 %
confidence interval of their respective regression lines. The vertical error bars represent uncertainty introduced by
clumping; the horizontalerror barsrepresent the uncertainty introduced by overlap.

Similar patterns canbe observed with Landsat TCC (black line, Fig.4). There is a significant underestination of

tree coverin the lower coverranges up to 59%whenthere is enforced overlap, and up to 82%whenoverlap is

notenforced. In savannasites (orange line, Fig. 4) the underestimation (at 95%confidence) is significant and
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consistentfor covers below 75 - 80 % (without enforced overlap) or below 52 - 60% (with enforced overlap). In

forest sites (greenline, Fig. 4) there isno systematic difference.

3.2 Global estimates of post-calibration changein tropical tree cover

wWaRAe; ) singa sarecierzha T besntecnhinedbetatsaaTedstik
curve, Fig. 1)-We-eiebnettse3) instead of using the savanna-onlysites rasavannaspedifc esiecioncalibiation Oange auve Fig.£3)

This is becausethere were few TROBIT sites representing savanna with MODIS VCF tree cover values

exceeding 40%, and global land cover maps disagreeon thedistribution ofsavannas withinthe forest-savanna
ecotone (Heroldetal.,2008).

Fyre205hicdisraaas5(Inte s A ik dndintean
direction (positive or negative ee#eenen)—aeressau-callbratlon leading toan increase or decrease in tree cover, re;,mectlvelv) acrosalfour
scenarios. (Middle) Uncertainty range of the post-calibration change intree cover, calculated asthe 90" percentile

(reximm oftre four cerariosin Fi A3) nin 10 percertie (niimumofite four cerarbsepiigh) Badkebsent TesiE sresheze®
Reojorsach redbdrepiriyfrdsne o ennapuertiyAgsaekkaas daspmevIcES Cradasnaisnasoiandd) Ectiesgiondecfarbniie
firitecaurberuncertainty range of field-sites-used-as—+eferenseeach pixel with the pixel’s geographicalditance o the chsed TROBIT sie sainpled)

(Fig. 2A3),and the regions where all four scenarios agree on the direction ofchange (positive and negative) are
substantial- (Fig.5). However, there are sone differences caused by the uncertainty introduced by different
extents ofoverlap and clunping. While we see asignificantincreasein tree coveracross all clunping-overlap
combinations in many regions oftropical savannas and grasslands (Pennington etal., 2018), such asin the
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forest-savanna nosaics thatsurround Congolian rainforests, we donotsee the same pattern inthe Cerrado of
Brazil. This is likely because the African forest-savanna regions fall withinthe range ofMODIS VCF values

that consistently undergo a positive calibration (~30-50 %, see Fig. A2), whilethe Cerrado ofBrazil does not.

analysiswhen our calibrationis broadly applied across thehighly variable tropical forest-savanna ecotone. By
multiplyingthe uncertainty range ofour calibrations with the geographical distance to the closest sanpled
TROBIT site, we identified priority regions for further field surveying ( Fig. 5 bottom). We found Southeast
Asia, Central Anerica,and Mexico are areas where additional in-situ observations would greatly help improve

confidence. Fielddata fromthe northwestern region of South Anerica, the southeastofthe African continent,
and Madagascar wouldalsohelp.

As our calibrations were based on a limited nunber ofsitesin a limited number ofregions, itis importantto
notethat thenaps showni it i i

decrease in the Sahel post-calibration in multiplescenarios, which runs counter to theresults of Brandt et al.

(2020) whofoundthattree cover was underestimated in this region. This disparity may be due to our lack of

field sitesin these more arid regions, further highlighting the importance of more in-situdata for more accurate

and precise calibration. Therefore, our calibrations are nost useful in identifying areas where MODIS VVCF

estimates may be more or lessreliable.

When lookingat our calibration in more detail, we seethat MODIS VCF significantly underestinates tree cover
inall the IGBP land cover classes that we considered, regardless ofoverlap or clunping (95 %confidence

interval)(Fig. 6). The most substantial and significant underestimation is in the classes ‘woody savannas” and
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ADiscussion

While MODIS \VCF is apowerful andaccessible tool to map tree cover, our field data-based calibrations
indicate that the latestMOD IS VVCF collection 6 is missing a lot ofwoody cover, evenwhenuncertainty

introduced bysite canopy overlap and clunpingwithinthe MODIS VCF pixel are accounted for. The Landsat
TCC product, which may be viewedas an alternative witha higher s patial resolution, behavesin asimilar

manner. Ourmap (Fig.5, top) highlights that this potential underestimation ofwoody coveris mainly occurring

in tropicalsavannas. Moreover, thehighest underestimation in the savanna classes occurs when there is no

enforced overlap (Fig A3) (i.e. when there isa uniformrandomdistribution oftrees) which is thescenario that

most likely reflects the TROBIT savanna plots. This is evidenced by work done by Veenendaal et al. (2015)

where TROBIT plots were tested for conplete spatial randonmess and only minor indications ofoverlapwere
found. Woodysavannas, as an exanple, may have their tree cover underestimated by up to 32 %(95 %
confidence) whenneither clunpingnoroverlapis enforced (grey tones, Fig. 6). If our results are representative

of the tropics, then overall, MODIS VVCF may be underestimating tropical tree cover by between7 -29 % for

unenforced clumping and overlapor0 - 21 % for when either clunping or overlap are enforced (5 -95 %

confidence).

1nad e e ave been identified in validati
previous MODIS VCE collections (Grossetal..2018; Yangand Crews, 2019) and Landsat TCCversion

<
coverranges forboth MODIS VCF and Landsat TCC. In fact Montesanoetal. (2016) showedan inproved

match between Landsat TCC and their lidar-derivedtree cover reference data when reducing the height

threshold from5 m to 2 m However, becauseofhow ourfield reference CAlis derived, we were not able to
conclusively link the5 mthresholdto our observed underestimation.
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Figure 26. Percent changein tree cover afterte: ot poscalboration (Cocknie: o enforced clnping or overbp (beck; erforced

clumping and no enforced overlap (blue); no enforced clumping and enforced overlap (red); enforced clumping and
overlap (pinK) in the ‘forest’ supercategoryand the 5 savanna classes. Palest tone indicates positive change, mid-tone
indicatesnegative change, and the darlest tone indicates net change. Error barsdenote the 5-95% confidence
interval; if the error bar extends past the x-axis, the post-cerrectioncalibration change isnot considered significant.

difference between TROBITand MODISVCF we would have expected anincreasing underestimation in thelower

heightranges. Instead; we founda low R?and a mixture of underand overestimations in heights between 0 and

10 m (Fig. ABADL). This suggests that the inclusion oftrees below 5 mheightin the TROBIT inventory does not

fully explain the observed underestimation.

subordinate strata composition (and canopy cover thereof) varies widely depending on factors including

ecosystemtype andaltitude (Rutien-et-ak-2015) (Rutten et al., 2015), more research needstobedonewitheie insituheight deta,

[

;

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m
alwaysapply in MODIS VCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and

‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes
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is1-2 m For the ‘ savannas’ class, MODIS VCF yields a percent tree cover range thatmatches closely with the
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5 m minimum for MODIS VVCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and *savannas’ containtrees taller than 5 ng MODIS VCF is
distinguishingtrees belowthe 5 mthreshold; or, some corrbinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheet al.,2019). Forexanple, the accuracy for * closed shrublands’ is particularly low. Itis mainly
conflised with ‘ openshitlanes shublands”,  woodysavarRas savannes and * savannas savannas . The najoiity ofthe * openshiublands” class
commission erroris with the ‘ grasslands’ class; and there is confusionto a lesser extent between ‘ open
shrdblane;shubland’. ‘woodysavannas” and  savanRas-savannas’. Also, the ¢ croplandhatLialvegetation nosaics dassisofen
mapped as ‘closed shrdbland; shrubland’ . ‘ woody SavanrfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at

inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported improvenent in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013) are inherentandstill presentwithin this version of MODIS VVCF. Similar results for
MODISVCF and Landsat TCCalso suggest that by training TCC with VCF tree cover thesebiases have been
propagated intothe finer-scale product. Models calibrated using MODIS VVCF (Brandtetal.,2017; Lasslop et
al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2628)2021) also risk inheritingthesebiasesand shouldtherefore be
validated using other sources ofdata.

We suggest that, while MODIS VCF givesand landsat TCC give a good overview oftree cover ona global scale,
itbothshouldbe e calibraiedbelore itisusedasaseierenes ertaining eatacaltiosly insavenna s SeHeen Hedensaarsakinetets
long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODISVCF and Landsat TCCin savannasin particular (Gaughan et al.,2013; Grossetal.,2018; Kumaretal.,
2019) enphasisesthe importance of continuous independent validationand re-calibration of the-pradet these products. The
ecosystemfunctions ofsavannas can vary drastically with justa slight difference in tree cover (Gaughan etal.,
2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe biorme, whichin
turn affects how the landis managed.

VCF to estimate tree coverin agricultural land. As thistree cover is likely to have been underestimated

substantially, the derived available land space for replanting may be less than projected, with therestoration { Formatted: Font color: Black

potential overestimated. However, our results also indicate an underestimated tree cover in woodier savannas Formatted: Border: Top: (No border), Bottom: (No

border), Left: (No border), Right:(No border), Between :

and forests. Accounting for this, therestoration potential could actually be greater thananticipated, asbecause the
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canying capacity ofa unit ofland #ray/couidbe gresterthanpreviouslythought FHhe MOBIS \EearedienCilibationcould alsoresultina
more uniformcover distribution across regions, producinga more gradual transition between low-cover
savannas and high-cover forests. This could haveimplications for work that, for exanple, uses MODIS \VCF to
study forest-savannadynamics and bi-stability (Lasslopetal.,2018; Wuytsetal.,2017; Xu etal.,2016).

shouldbecalibrated for use inthe target region. However, calibrating MOBIS\/CFEon a largescale using fielddataasa
reference do-presentpresents several challenges. Firstly, different in-situ measurement techniques tend to measure
different types oftree cover (e.g-. Fialaetal.,2006; Korhonenet al., 2006; Rautiainenet al., 2005) and each will
require aspecific conversion method to enabledirect conparisonwith MODIS VCF- or Landsat TCC. For
exanple. Montesanoetal. (2016) ‘s conparison did not acknowledge VCF’ s and thus TCC’ s “within

canopy gaps.” whichmay explain their observed underestination in covers above 80%. In ourcase, to
account for gaps between tree crowns, we applied the

and resulting tree cover could vary widely on a plot-by-plotbasis (LIoyd et al., 2008). With further in-situ data
that describe tropical vegetation type-specific GCF variation, we may be able to incorporate site-specific GCFs
into ouranalysis.

errors (supplement Bin Torello-Raventoset al., 2013) are small and show no systematic bias and are therefore

the accuracy ofrenptely-sensed products like MODIS VCF and Landsat TCC (Hansenetal.,2003; Huete et al.,
1997; Snith et al., 2002ak-1997:-Sith-etal-2002).). Daadaedeisingtheseattheplot level wouldhelpidentify potentialoonbunding

factors affecting MOBIS-/CHperformance, and so help further constrain uncertainties.

reconmended (Grossetal.,2018; Laryand Lait, 2006, Montesano et al. 2016), thoughwithout a large-scale
effort to re-calibrate MODIS VVCF and products trained using VCFE like Landsat TCC, the questionofhow
appropriate MODIS VCF is for use in both forestsand savannas in the tropics will remain. By highlighting the

extent to which MODIS VCF struggles to estimate tree cover in tropical forestsand savannas, we hope to
informthe future use ofthis productteand inprove its useability.

within-Feld site and feld site-pixel variation are accountedfor durng-validationin calibration.\\ealso bundihatusing MODIS M-

for training likely propagates thesebiases. even in the finer-scale Landsat TCC. As MODIS VCF is a
productthatis commonly usedin awidevariety ofecological research including vegetation

estimating restoration potential, and identifying forest-savanna bimodality, we stress that more independent
work on validating and re-calibrating is required before its tree cover estimates can be relied upon in the tropics.
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Appendix

Figure Al. Location of sampling sites in Africa, Australia, and South America fromthe TROBIT Project(based on
Fig. 2, Torello-Raventoset al., 2013) shown on MODIS VCF (DiMiceli, 2017). Of the 63 field sites, only the 48 sites
with available GPS coordinateswere selected- (https://www.forestplots.net).
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Figure 2. Left: Example of the effectsof unenforced and enforced clumping in a 250 m x 250 m MODIS VCEF pixel
with 50 % tree cover. Clumping all the cover (green) to one side of the pixel (left bottom) affects the average canopy
covervalue ofa100 mx 100 m-sized TROBIT site (black boxes). Right: Example of the effects of unenforced and
enforced clumping on30 m x 30 m Landsat TCC pixelswith a mix of tree covers (green) and non-tree cover (brown).
White dotted linesare TCC pixel boundaries. Clumping all the cover to one side of the pixel (right bottom) affects the
average canopy cover value ofa 100 mx 100 m-sized TROBIT site (black boxes).

2.4 Mapping MODI S VCF Uncertainty Across The Tropics

We evaluated theinpact ofthe MODIS VCFbiases infned fomihiseerectiontheseregression equationsacross thetropics
by invertingour calculation ofMODIS VVCF bias (Fig. A4A2) as follows: first, theinverse (i.e. solving for C) of
Eguatienequation 1 was applied to MODIS VCFvaluesatter conversion to a 100 mx100 npixel size grid (matchingthe
field site area); then this esfrectedcalibrated value was translated back to theoriginal 250 mx250 mVCF pixel size. As
the inverse ofEquation 1 has noanalytical solution, we foundthe rounded percent value of C that minimises the
absolute difference betweenthe left-and right-hand side ofthe equation. For conmputational feasibility, we

constiucted ngpsofihe topicswith esxecteeialinated MODISVOFvalues (Fg: 2A3) by iendonty sanpling s iterations thatvere fanceralysarded

from each of our 10 optimisation chains (50 in total) and masking out pixels with cover types not considered as
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‘forest’ or ‘savanna’-in the500mMODIS Land Cover Type (MCD12Q1 - collection 6) (Sulla-Menashe and
Friedl,2018).

W\ethen usedthe 500/ MOBIS Land Caver Fype (MD12Q1-esllecions)poductidentfy the aress of* frest and savarrel awsstepisinte
MODIS VCF product. MCD12Q1 is widely used by the global land surface nodelling community (e.g-. Sellar et
al.,2019; Wiltshire et al.,2020) and describes land cover in terns 0f17 global land cover classes as perthe
International Geosphere--Biosphere Progranme (IGBP, Table 3 in Sulla-Menasheand Friedl, 2018). The product
is based on the same spectroradiometer (MODIS) and tenporal resolution as the VCF product. Referring to the
definition of* savanna’ of Veenendaal et al. (2015), the following land cover classes were chosento represent
“savanna’: Closed Shrubland, Open Shrubland, Woody Savanna, Savanna, and Grassland, while ‘ forest’
enconpasses: Evergreen NeedleleafForests, Evergreen BroadleafForests, Deciduous NeedleleafForests,
Deciduous BroadleafForests, and Mixed Forests. We subset MCD12Q1 to the tropical zone between +/-30°
North andtook the nedian class for the 2006 to 2009 period, matching the field data collection period.

Foranore detailed land-cover-specific evaluation, weesaralecetedidihessiedeckalineed 250mVODISMFEelstB apbel values
freach corresponding 500 mepietaneearmbireditwitiire MOD12Q1 preckepbel tooonstiuctiand coverspedifc MODIS VO tiee cover
frequency distributions (Fig. A5A4). Our tree cover esrectioncalibration by cover type-{FHg-3) for the ur clunping/ovelzgp
regression combinations was then calculated by multiplying each cover type MODIS VVCF frequency
distribution (Fig. A5A4) with curves representingthe nedian, 5 %, and 95 % confidence lines ofthe esrectioncalibration
equationensenbles.

3 Results

significantly disagreewith TROBIT field data, and T iii§tead b varsstinhtinic trsa cover (50 Y6 Confidacs

significantly fom TROBIT when there isenforced overlap (i.e. whentree canopies are clustering towards one

| Formatted: Font: Times New Roman, 10 pt
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side increasing the degree ofcanopy overlap - Fig. 1 right). but may underestimate tree cover whenoverlap is

notenforced (i.e. tree canopies are spaced randomly within thesite - Fig. 1 left).
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Figure 3. MODIS VCF percent tree cover versus percent tree cover fromTROBIT field data, taking into account
uncertainties associated with tree cover spatial distributions within a MODIS pixeland/or field pletsite. The 4
combinations are: (1) no overlap and no clumping, where tree canopiesare randomly distributed within both pixel
and site; (2) no overlap and maximum clumping, where tree canopiesare clustered in one areaof the pixel, and
randomly distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly
distributed within the pixel, but overlap substantially within the field site; and (4) with overlap and maximum
clumping, where tree canopiesare clustered to one side within a pixel, and overlap substantially within the site. The
bolded dashed line in black shows the 1:1 relationship. The solid lines represent the median of the respective
regressions (green for forest; orange for savanna; blackfor forest and savanna combined}y—ae), and the thin lines
represent the 5 and 95 % confidence interval of their respective regression lines. The vertical error bars represent
uncertainty introduced by clumping; the horizontal error bars represent the uncertainty introduced by overlap.

3)as opposedto areas identified as savannas (inorange, Fig. +3). In savanna sites, MODIS VVCF significantly and
consistently underestimates tree cover regardless ofthe amount of overlapand clunping. Significant
underestimation (at 95 %confidence) occurs when in-situ tree cover exceeds +8—19--21% (withoutenforced

clunping) or 9—16-11-12% (withenforced clunping). In forestsites, MODIS \ICF does not show thesane pattemof

systematic underestimation. Divergencedoes occur at high covers, depending on the enforcement ofoverlap or { Formatted: Font color: Black

clumping. MODIS \CF everestiratesunderestinates tree cover where tree cover exceeds 7884 % (at the 95 % confidence Formatted: Border: Top: (No border), Bottom: (No
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interval) whenneither overlap nor clunping is enforced, and overestimates where tree cover exceeds 9678 % (at 5

% confidenceinterval) whenboth overlapand clunping are enforced.
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Figure 4. Landsat TCC percent tree cover versuspercent tree cover fromTROBIT field data, taking into account
uncertaintiesassociated with tree cover spatial distributions within a TCC pixeland/or fieldsite. The 4 combinations
are: (1) nooverlap and no clumping, where tree canopiesare randomly distributed within both pixelsand site; (2) no
overlap and maximum clumping, where tree canopiesare clustered in one area of the pixels, and randomly
distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly distributed
within the pixels, but overlap substantially within the field site; and (4) with overlap and maximum clumping, where
tree canopiesare clustered to one side within the pixels, and overlap substantially within the site. The bolded dashed
line in black shows the 1:1 relationship. The solid lines represent the median of the respective regressions (greenfor
forest; orange for savanna; blackfor forest and savanna combined), and the thin lines represent the 5 and 95 %
confidence interval of their respective regression lines. The vertical error bars represent uncertainty introduced by
clumping; the horizontalerror barsrepresent the uncertainty introduced by overlap.

Similar patterns canbe observed with Landsat TCC (black line, Fig.4). There is a significant underestination of

tree coverin the lower coverranges up to 59%whenthere is enforced overlap, and up to 82%whenoverlap is

notenforced. In savannasites (orange line, Fig. 4) the underestimation (at 95%confidence) is significant and
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consistentfor covers below 75 - 80 % (without enforced overlap) or below 52 - 60% (with enforced overlap). In

forest sites (greenline, Fig. 4) there isno systematic difference.

3.2 Global estimates of post-calibration changein tropical tree cover

wWaRAe; ) singa sarecierzha T besntecnhinedbetatsaaTedstik
curve, Fig. 1)-We-eiebnettse3) instead of using the savanna-onlysites rasavannaspedifc esiecioncalibiation Oange auve Fig.£3)

This is becausethere were few TROBIT sites representing savanna with MODIS VCF tree cover values

exceeding 40%, and global land cover maps disagreeon thedistribution ofsavannas withinthe forest-savanna
ecotone (Heroldetal.,2008).

Fyre205hicdisraaas5(Inte s A ik dndintean
direction (positive or negative ee#eenen)—aeressau-callbratlon leading toan increase or decrease in tree cover, re;,mectlvelv) acrosalfour
scenarios. (Middle) Uncertainty range of the post-calibration change intree cover, calculated asthe 90" percentile

(reximm oftre four cerariosin Fi A3) nin 10 percertie (niimumofite four cerarbsepiigh) Badkebsent TesiE sresheze®
Reojorsach redbdrepiriyfrdsne o ennapuertiyAgsaekkaas daspmevIcES Cradasnaisnasoiandd) Ectiesgiondecfarbniie
firitecaurberuncertainty range of field-sites-used-as—+eferenseeach pixel with the pixel’s geographicalditance o the chsed TROBIT sie sainpled)

(Fig. 2A3),and the regions where all four scenarios agree on the direction ofchange (positive and negative) are
substantial- (Fig.5). However, there are sone differences caused by the uncertainty introduced by different
extents ofoverlap and clunping. While we see asignificantincreasein tree coveracross all clunping-overlap
combinations in many regions oftropical savannas and grasslands (Pennington etal., 2018), such asin the
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forest-savanna nosaics thatsurround Congolian rainforests, we donotsee the same pattern inthe Cerrado of
Brazil. This is likely because the African forest-savanna regions fall withinthe range ofMODIS VCF values

that consistently undergo a positive calibration (~30-50 %, see Fig. A2), whilethe Cerrado ofBrazil does not.

analysiswhen our calibrationis broadly applied across thehighly variable tropical forest-savanna ecotone. By
multiplyingthe uncertainty range ofour calibrations with the geographical distance to the closest sanpled
TROBIT site, we identified priority regions for further field surveying ( Fig. 5 bottom). We found Southeast
Asia, Central Anerica,and Mexico are areas where additional in-situ observations would greatly help improve

confidence. Fielddata fromthe northwestern region of South Anerica, the southeastofthe African continent,
and Madagascar wouldalsohelp.

As our calibrations were based on a limited nunber ofsitesin a limited number ofregions, itis importantto
notethat thenaps showni it i i

decrease in the Sahel post-calibration in multiplescenarios, which runs counter to theresults of Brandt et al.

(2020) whofoundthattree cover was underestimated in this region. This disparity may be due to our lack of

field sitesin these more arid regions, further highlighting the importance of more in-situdata for more accurate

and precise calibration. Therefore, our calibrations are nost useful in identifying areas where MODIS VVCF

estimates may be more or lessreliable.

When lookingat our calibration in more detail, we seethat MODIS VCF significantly underestinates tree cover
inall the IGBP land cover classes that we considered, regardless ofoverlap or clunping (95 %confidence

interval)(Fig. 6). The most substantial and significant underestimation is in the classes ‘woody savannas” and
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range that undergoes the greatest change ( Fig. 6) in the other clunpingand overlap scenarios. [ Formatted: Font: Times New Roman, 10 pt

)

‘Openshrublands’ only show a small underestimation oftree cover, despite its woody cover definition (10 -60

%) matching the range whereMODIS VCF nost underestinates tree cover (26 - 67 % cover). iSCrepancy ... [ Formatted: Font: Times New Roman, 10 pt

~| Formatted: Font: Times New Roman, 10 pt, Not
Expanded by / Condensed by

Formatted: Font: Times New Roman, 10 pt

are nore conservative.

Formatted: Font: Times New Roman, 10 pt, Not
Expanded by / Condensed by

We found significant increases intree cover for * forests’ in every calibration s cenario, though net change isnot ( Formatted: Font: Times New Roman, 10 pt
significant (95 %confidence) when overlapis enforced. This canbe explained by the presence ofboth negative - Formatted: Font: Times New Roman, 10 pt

and positive calibrations in the higher ranges oftree cover when overlapis enforced, Similarly, the netchange is .

{ Formatted: Font color: Black

L __JL L _J U

Formatted: Border: Top: (No border), Bottom:(No
border), Left: (No border), Right:(No border), Between :
(No border), Tab stops: 3.13", Centered + 6.27", Right

141

|




ADiscussion

While MODIS \VCF is apowerful andaccessible tool to map tree cover, our field data-based calibrations
indicate that the latestMOD IS VVCF collection 6 is missing a lot ofwoody cover, evenwhenuncertainty

introduced bysite canopy overlap and clunpingwithinthe MODIS VCF pixel are accounted for. The Landsat
TCC product, which may be viewedas an alternative witha higher s patial resolution, behavesin asimilar

manner. Ourmap (Fig.5, top) highlights that this potential underestimation ofwoody coveris mainly occurring

in tropicalsavannas. Moreover, thehighest underestimation in the savanna classes occurs when there is no

enforced overlap (Fig A3) (i.e. when there isa uniformrandomdistribution oftrees) which is thescenario that

most likely reflects the TROBIT savanna plots. This is evidenced by work done by Veenendaal et al. (2015)

where TROBIT plots were tested for conplete spatial randonmess and only minor indications ofoverlapwere
found. Woodysavannas, as an exanple, may have their tree cover underestimated by up to 32 %(95 %
confidence) whenneither clunpingnoroverlapis enforced (grey tones, Fig. 6). If our results are representative

of the tropics, then overall, MODIS VVCF may be underestimating tropical tree cover by between7 -29 % for

unenforced clumping and overlapor0 - 21 % for when either clunping or overlap are enforced (5 -95 %

confidence).

1nad e e ave been identified in validati
previous MODIS VCE collections (Grossetal..2018; Yangand Crews, 2019) and Landsat TCCversion

<
coverranges forboth MODIS VCF and Landsat TCC. In fact Montesanoetal. (2016) showedan inproved

match between Landsat TCC and their lidar-derivedtree cover reference data when reducing the height

threshold from5 m to 2 m However, becauseofhow ourfield reference CAlis derived, we were not able to
conclusively link the5 mthresholdto our observed underestimation.

142

[ Formatted: Font: Times New Roman, 10 pt, Bold

| Formatted: Font: Times New Roman, 10 pt, Bold, Not
Expanded by / Condensed by

{ Formatted: Font: Times New Roman, 10 pt, Bold

[ Formatted: Font: Times New Roman, 10 pt

—

| Formatted: Font: Times New Roman, 10 pt, Not
Expanded by / Condensed by

Z{ Formatted: Font: Times New Roman, 10 pt

[ Formatted: Font: Times New Roman, 10 pt

L

{ Formatted: Font color: Black

/| Formatted: Border: Top: (No border), Bottom:(No
border), Left: (No border), Right:(No border), Between :
(No border), Tab stops: 3.13", Centered + 6.27", Right

|



fa“@ fé‘&
» » Y » » S
& & P e P & & &
s 2 G S\ & @ s &
& oF & &° & & o -$°ds\ e
9 _ & L g
= Unenforced Enforced clumping + T <
clumping/overlap
87 - &
2 4 Fe
- PR Pl g B A S HRTRAR - -
3
)
g2 Le
<’ ‘
[
{=:
[ =4
23 4 -3
3] Enforced overlap Enforced clumping/
overlap
] A &
2 Fe
T
e Le
' S » & > » N
& E S S &“’\9&
Ll
o g S e
ES RS
Figure 26. Percent changein tree cover afterte: ot poscalboration (Cocknie: o enforced clnping or overbp (beck; erforced

clumping and no enforced overlap (blue); no enforced clumping and enforced overlap (red); enforced clumping and
overlap (pinK) in the ‘forest’ supercategoryand the 5 savanna classes. Palest tone indicates positive change, mid-tone
indicatesnegative change, and the darlest tone indicates net change. Error barsdenote the 5-95% confidence
interval; if the error bar extends past the x-axis, the post-cerrectioncalibration change isnot considered significant.

difference between TROBITand MODISVCF we would have expected anincreasing underestimation in thelower

heightranges. Instead; we founda low R?and a mixture of underand overestimations in heights between 0 and
10 m (Fig. ABADL). This suggests that the inclusion oftrees below 5 mheightin the TROBIT inventory does not

fully explain the observed underestimation.

subordinate strata composition (and canopy cover thereof) varies widely depending on factors including

ecosystemtype andaltitude (Rutien-et-ak-2015) (Rutten et al., 2015), more research needstobedonewitheie insituheight deta,

[

;

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m
alwaysapply in MODIS VCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and

‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes
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is1-2 m For the ‘ savannas’ class, MODIS VCF yields a percent tree cover range thatmatches closely with the
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5 m minimum for MODIS VVCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and *savannas’ containtrees taller than 5 ng MODIS VCF is
distinguishingtrees belowthe 5 mthreshold; or, some corrbinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheet al.,2019). Forexanple, the accuracy for * closed shrublands’ is particularly low. Itis mainly
conflised with ‘ openshitlanes shublands”,  woodysavarRas savannes and * savannas savannas . The najoiity ofthe * openshiublands” class
commission erroris with the ‘ grasslands’ class; and there is confusionto a lesser extent between ‘ open
shrdblane;shubland’. ‘woodysavannas” and  savanRas-savannas’. Also, the ¢ croplandhatLialvegetation nosaics dassisofen
mapped as ‘closed shrdbland; shrubland’ . ‘ woody SavanrfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at

inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported improvenent in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013) are inherentandstill presentwithin this version of MODIS VVCF. Similar results for
MODISVCF and Landsat TCCalso suggest that by training TCC with VCF tree cover thesebiases have been
propagated intothe finer-scale product. Models calibrated using MODIS VVCF (Brandtetal.,2017; Lasslop et
al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2628)2021) also risk inheritingthesebiasesand shouldtherefore be
validated using other sources ofdata.

We suggest that, while MODIS VCF givesand landsat TCC give a good overview oftree cover ona global scale,
itbothshouldbe e calibraiedbelore itisusedasaseierenes ertaining eatacaltiosly insavenna s SeHeen Hedensaarsakinetets
long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODISVCF and Landsat TCCin savannasin particular (Gaughan et al.,2013; Grossetal.,2018; Kumaretal.,
2019) enphasisesthe importance of continuous independent validationand re-calibration of the-pradet these products. The
ecosystemfunctions ofsavannas can vary drastically with justa slight difference in tree cover (Gaughan etal.,
2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe biorme, whichin
turn affects how the landis managed.

VCF to estimate tree coverin agricultural land. As thistree cover is likely to have been underestimated

substantially, the derived available land space for replanting may be less than projected, with therestoration { Formatted: Font color: Black

potential overestimated. However, our results also indicate an underestimated tree cover in woodier savannas Formatted: Border: Top: (No border), Bottom: (No
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canying capacity ofa unit ofland #ray/couidbe gresterthanpreviouslythought FHhe MOBIS \EearedienCilibationcould alsoresultina
more uniformcover distribution across regions, producinga more gradual transition between low-cover
savannas and high-cover forests. This could haveimplications for work that, for exanple, uses MODIS \VCF to
study forest-savannadynamics and bi-stability (Lasslopetal.,2018; Wuytsetal.,2017; Xu etal.,2016).

shouldbecalibrated for use inthe target region. However, calibrating MOBIS\/CFEon a largescale using fielddataasa
reference do-presentpresents several challenges. Firstly, different in-situ measurement techniques tend to measure
different types oftree cover (e.g-. Fialaetal.,2006; Korhonenet al., 2006; Rautiainenet al., 2005) and each will
require aspecific conversion method to enabledirect conparisonwith MODIS VCF- or Landsat TCC. For
exanple. Montesanoetal. (2016) ‘s conparison did not acknowledge VCF’ s and thus TCC’ s “within

canopy gaps.” whichmay explain their observed underestination in covers above 80%. In ourcase, to
account for gaps between tree crowns, we applied the

and resulting tree cover could vary widely on a plot-by-plotbasis (LIoyd et al., 2008). With further in-situ data
that describe tropical vegetation type-specific GCF variation, we may be able to incorporate site-specific GCFs
into ouranalysis.

errors (supplement Bin Torello-Raventoset al., 2013) are small and show no systematic bias and are therefore

the accuracy ofrenptely-sensed products like MODIS VCF and Landsat TCC (Hansenetal.,2003; Huete et al.,
1997; Snith et al., 2002ak-1997:-Sith-etal-2002).). Daadaedeisingtheseattheplot level wouldhelpidentify potentialoonbunding

factors affecting MOBIS-/CHperformance, and so help further constrain uncertainties.

reconmended (Grossetal.,2018; Laryand Lait, 2006, Montesano et al. 2016), thoughwithout a large-scale
effort to re-calibrate MODIS VVCF and products trained using VCFE like Landsat TCC, the questionofhow
appropriate MODIS VCF is for use in both forestsand savannas in the tropics will remain. By highlighting the

extent to which MODIS VCF struggles to estimate tree cover in tropical forestsand savannas, we hope to
informthe future use ofthis productteand inprove its useability.

within-Feld site and feld site-pixel variation are accountedfor durng-validationin calibration.\\ealso bundihatusing MODIS M-

for training likely propagates thesebiases. even in the finer-scale Landsat TCC. As MODIS VCF is a
productthatis commonly usedin awidevariety ofecological research including vegetation

estimating restoration potential, and identifying forest-savanna bimodality, we stress that more independent
work on validating and re-calibrating is required before its tree cover estimates can be relied upon in the tropics.
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Appendix

Figure Al. Location of sampling sites in Africa, Australia, and South America fromthe TROBIT Project(based on
Fig. 2, Torello-Raventoset al., 2013) shown on MODIS VCF (DiMiceli, 2017). Of the 63 field sites, only the 48 sites
with available GPS coordinateswere selected- (https://www.forestplots.net).
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W\ethen usedihe SO0 MOBIS Land Caver Fype (MD12Q1-eslleciens) poductidentfy the aiess of* frest and savanrel awssteyisinte
MODIS VCF product. MCD12Q1 is widely used by the global land surface modelling community (e.g-. Sellar et
al.,2019; Wiltshire et al., 2020) and describes land cover in terms 0f17 global land cover classes as perthe
International Geosphere--Biosphere Programme (IGBP, Table 3 in Sulla-Menasheand Friedl, 2018). The product
is based on the same spectroradioneter (MODIS) and tenporal resolution as the VCF product. Referring to the
definition of* savanna’ of Veenendaal et al. (2015), the following land cover classes were chosento represent
“savanna’: Closed Shrubland, Open Shrubland, Woody Savanna, Savanna, and Grassland, while  forest’
enconpasses: Evergreen NeedleleafForests, Evergreen BroadleafForests, Deciduous NeedleleafForests,
Deciduous BroadleafForests, and Mixed Forests. We subset MCD 12Q1 to the tropical zone between +/-30°
North andtook themedian class for the 2006 to 2009 period, matching the field data collection period.

Foranore detailed land-cover-specific evaluation, welesarplecextededihecaredieckalibaed 250mVIODIS MORpielsiB apbel values
freach coresponding 500 megietaneearmbineditwitiihe MOD12Q1 preckepbel tooonstiuctiand coverspedifc MODIS VO tee cover
frequency distributions (Fig. ASA4). Our tree cover eerectoncalibration by cover type-{Fg-2) or the four clunping/ovedap
regressioncombinations was then calculated by multiplying each cover type MODIS V/CF frequency

distribution (Fig. A5A4) with curves representingthe nedian, 5 %, and 95 % confidence lines ofthe eerectioncalibration

equationensenbles.

3 Results

significantly disagreewith TROBIT field data. and e iiistead be Gverestiititin tise cover (50 Ysconfiderics

significantly fomTROBIT when there isenforced overlap (i.e. whentree canopies are clustering towards one
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side increasing the degree ofcanopy overlap - Fig. 1 right), but may underestimate tree cover whenoverlapis
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notenforced (i.e. tree canopies are spaced randomly within thesite - Fig. 1 left).
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Figure 3. MODIS VCF percent tree cover versus percent tree cover fromTROBIT field data, taking into account
uncertainties associated with tree cover spatial distributions within a MODIS pixeland/or field pletsite. The 4
combinations are: (1) no overlap and no clumping, where tree canopiesare randomly distributed within both pixel
and site; (2) no overlap and maximum clumping, where tree canopiesare clustered in one areaof the pixel, and
randomly distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly
distributed within the pixel, but overlap substantially within the field site; and (4) with overlap and maximum
clumping, where tree canopiesare clustered to one side within a pixel, and overlap substantially within the site. The
bolded dashed line in black shows the 1:1 relationship. The solid lines represent the median of the respective
regressions (green for forest; orange for savanna; blackfor forest and savanna combined}y—ae), and the thin lines
represent the 5 and 95 % confidence interval of their respective regression lines. The vertical error bars represent
uncertainty introduced by clumping; the horizontal error bars represent the uncertainty introduced by overlap.

3)as opposedto areas identified as savannas (inorange, Fig. +3). In savanna sites, MODIS VVCF significantly and
consistently underestimates tree cover regardless ofthe amount of overlapand clunping. Significant
underestimation (at 95 %confidence) occurs when in-situ tree cover exceeds +8—19--21% (withoutenforced

clunping) or 9—16-11-12% (withenforced clunping). In forestsites, MODIS \ICF does not show thesane pattemof

systematic underestimation. Divergencedoes occur at high covers, depending on the enforcement ofoverlap or { Formatted: Font color: Black

clumping. MODIS \CF everestiratesunderestinates tree cover where tree cover exceeds 7884 % (at the 95 % confidence Formatted: Border: Top: (No border), Bottom: (No
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interval) whenneither overlap nor clunping is enforced, and overestimates where tree cover exceeds 9678 % (at 5

% confidenceinterval) whenboth overlapand clunping are enforced.
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Figure 4. Landsat TCC percent tree cover versuspercent tree cover fromTROBIT field data, taking into account
uncertaintiesassociated with tree cover spatial distributions within a TCC pixeland/or fieldsite. The 4 combinations
are: (1) no overlap and no clumping, where tree canopiesare randomly distributed within both pixelsand site; (2) no
overlap and maximum clumping, where tree canopiesare clustered in one area of the pixels, and randomly
distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly distributed
within the pixels, but overlap substantially within the field site; and (4) with overlap and maximum clumping, where
tree canopiesare clustered to one side within the pixels, and overlap substantially within the site. The bolded dashed
line in black shows the 1:1 relationship. The solid lines represent the median of the respective regressions (greenfor
forest; orange for savanna; blackfor forest and savanna combined), and the thin lines represent the 5 and 95 %
confidence interval of their respective regression lines. The vertical error bars represent uncertainty introduced by
clumping; the horizontalerror barsrepresent the uncertainty introduced by overlap.

Similar patterns canbe observed with Landsat TCC (black line, Fig.4). There is a significant underestination of

tree coverin the lower coverranges up to 59%whenthere is enforced overlap, and up to 82%whenoverlap is

notenforced. In savannasites (orange line, Fig. 4) the underestimation (at 95%confidence) is significant and
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consistentfor covers below 75 - 80 % (without enforced overlap) or below 52 - 60% (with enforced overlap). In

forest sites (greenline, Fig. 4) there isno systematic difference.

3.2 Global estimates of post-calibration changein tropical tree cover

wWaRAe; ) singa sarecierzha T besntecnhinedbetatsaaTedstik
curve, Fig. 1)-We-eiebnettse3) instead of using the savanna-onlysites rasavannaspedifc esiecioncalibiation Oange auve Fig.£3)

This is becausethere were few TROBIT sites representing savanna with MODIS VCF tree cover values

exceeding 40%, and global land cover maps disagreeon thedistribution ofsavannas withinthe forest-savanna
ecotone (Heroldetal.,2008).

Fyre205hicdisraaas5(Inte s A ik dndintean
direction (positive or negative ee#eenen)—aeressau-callbratlon leading toan increase or decrease in tree cover, re;,mectlvelv) acrosalfour
scenarios. (Middle) Uncertainty range of the post-calibration change intree cover, calculated asthe 90" percentile

(reximm oftre four cerariosin Fi A3) nin 10 percertie (niimumofite four cerarbsepiigh) Badkebsent TesiE sresheze®
Reojorsach redbdrepiriyfrdsne o ennapuertiyAgsaekkaas daspmevIcES Cradasnaisnasoiandd) Ectiesgiondecfarbniie
firitecaurberuncertainty range of field-sites-used-as—+eferenseeach pixel with the pixel’s geographicalditance o the chsed TROBIT sie sainpled)

(Fig. 2A3),and the regions where all four scenarios agree on the direction ofchange (positive and negative) are
substantial- (Fig.5). However, there are sone differences caused by the uncertainty introduced by different
extents ofoverlap and clunping. While we see asignificantincreasein tree coveracross all clunping-overlap
combinations in many regions oftropical savannas and grasslands (Pennington etal., 2018), such asin the
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forest-savanna nosaics thatsurround Congolian rainforests, we donotsee the same pattern inthe Cerrado of
Brazil. This is likely because the African forest-savanna regions fall withinthe range ofMODIS VCF values

that consistently undergo a positive calibration (~30-50 %, see Fig. A2), whilethe Cerrado ofBrazil does not.

analysiswhen our calibrationis broadly applied across thehighly variable tropical forest-savanna ecotone. By
multiplyingthe uncertainty range ofour calibrations with the geographical distance to the closest sanpled
TROBIT site, we identified priority regions for further field surveying ( Fig. 5 bottom). We found Southeast
Asia, Central Anerica,and Mexico are areas where additional in-situ observations would greatly help improve

confidence. Fielddata fromthe northwestern region of South Anerica, the southeastofthe African continent,
and Madagascar wouldalsohelp.

As our calibrations were based on a limited nunber ofsitesin a limited number ofregions, itis importantto
notethat thenaps showni it i i

decrease in the Sahel post-calibration in multiplescenarios, which runs counter to theresults of Brandt et al.

(2020) whofoundthattree cover was underestimated in this region. This disparity may be due to our lack of

field sitesin these more arid regions, further highlighting the importance of more in-situdata for more accurate

and precise calibration. Therefore, our calibrations are nost useful in identifying areas where MODIS VVCF

estimates may be more or lessreliable.

When lookingat our calibration in more detail, we seethat MODIS VCF significantly underestinates tree cover
inall the IGBP land cover classes that we considered, regardless ofoverlap or clunping (95 %confidence

interval)(Fig. 6). The most substantial and significant underestimation is in the classes ‘woody savannas” and
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ADiscussion

While MODIS \VCF is apowerful andaccessible tool to map tree cover, our field data-based calibrations
indicate that the latestMOD IS VVCF collection 6 is missing a lot ofwoody cover, evenwhenuncertainty

introduced bysite canopy overlap and clunpingwithinthe MODIS VCF pixel are accounted for. The Landsat
TCC product, which may be viewedas an alternative witha higher s patial resolution, behavesin asimilar

manner. Ourmap (Fig.5, top) highlights that this potential underestimation ofwoody coveris mainly occurring

in tropicalsavannas. Moreover, thehighest underestimation in the savanna classes occurs when there is no

enforced overlap (Fig A3) (i.e. when there isa uniformrandomdistribution oftrees) which is thescenario that

most likely reflects the TROBIT savanna plots. This is evidenced by work done by Veenendaal et al. (2015)

where TROBIT plots were tested for conplete spatial randonmess and only minor indications ofoverlapwere
found. Woodysavannas, as an exanple, may have their tree cover underestimated by up to 32 %(95 %
confidence) whenneither clunpingnoroverlapis enforced (grey tones, Fig. 6). If our results are representative

of the tropics, then overall, MODIS VVCF may be underestimating tropical tree cover by between7 -29 % for

unenforced clumping and overlapor0 - 21 % for when either clunping or overlap are enforced (5 -95 %

confidence).

1nad e e ave been identified in validati
previous MODIS VCE collections (Grossetal..2018; Yangand Crews, 2019) and Landsat TCCversion

<
coverranges forboth MODIS VCF and Landsat TCC. In fact Montesanoetal. (2016) showedan inproved

match between Landsat TCC and their lidar-derivedtree cover reference data when reducing the height

threshold from5 m to 2 m However, becauseofhow ourfield reference CAlis derived, we were not able to
conclusively link the5 mthresholdto our observed underestimation.
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Figure 26. Percent changein tree cover afterte: ot poscalboration (Cocknie: o enforced clnping or overbp (beck; erforced

clumping and no enforced overlap (blue); no enforced clumping and enforced overlap (red); enforced clumping and
overlap (pinK) in the ‘forest’ supercategoryand the 5 savanna classes. Palest tone indicates positive change, mid-tone
indicatesnegative change, and the darlest tone indicates net change. Error barsdenote the 5-95% confidence
interval; if the error bar extends past the x-axis, the post-cerrectioncalibration change isnot considered significant.

difference between TROBITand MODISVCF we would have expected anincreasing underestimation in thelower

heightranges. Instead; we founda low R?and a mixture of underand overestimations in heights between 0 and
10 m (Fig. ABADL). This suggests that the inclusion oftrees below 5 mheightin the TROBIT inventory does not

fully explain the observed underestimation.

subordinate strata composition (and canopy cover thereof) varies widely depending on factors including

ecosystemtype andaltitude (Rutien-et-ak-2015) (Rutten et al., 2015), more research needstobedonewitheie insituheight deta,

[

;

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m
alwaysapply in MODIS VCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and

‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes
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is1-2 m For the ‘ savannas’ class, MODIS VCF yields a percent tree cover range thatmatches closely with the
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5 m minimum for MODIS VVCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and *savannas’ containtrees taller than 5 ng MODIS VCF is
distinguishingtrees belowthe 5 mthreshold; or, some corrbinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheet al.,2019). Forexanple, the accuracy for * closed shrublands’ is particularly low. Itis mainly
conflised with ‘ openshitlanes shublands”,  woodysavarRas savannes and * savannas savannas . The najoiity ofthe * openshiublands” class
commission erroris with the ‘ grasslands’ class; and there is confusionto a lesser extent between ‘ open
shrdblane;shubland’. ‘woodysavannas” and  savanRas-savannas’. Also, the ¢ croplandhatLialvegetation nosaics dassisofen
mapped as ‘closed shrdbland; shrubland’ . ‘ woody SavanrfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at

inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported improvenent in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013) are inherentandstill presentwithin this version of MODIS VVCF. Similar results for
MODISVCF and Landsat TCCalso suggest that by training TCC with VCF tree cover thesebiases have been
propagated intothe finer-scale product. Models calibrated using MODIS VVCF (Brandtetal.,2017; Lasslop et
al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2628)2021) also risk inheritingthesebiasesand shouldtherefore be
validated using other sources ofdata.

We suggest that, while MODIS VCF givesand landsat TCC give a good overview oftree cover ona global scale,
itbothshouldbe e calibraiedbelore itisusedasaseierenes ertaining eatacaltiosly insavenna s SeHeen Hedensaarsakinetets
long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODISVCF and Landsat TCCin savannasin particular (Gaughan et al.,2013; Grossetal.,2018; Kumaretal.,
2019) enphasisesthe importance of continuous independent validationand re-calibration of the-pradet these products. The
ecosystemfunctions ofsavannas can vary drastically with justa slight difference in tree cover (Gaughan etal.,
2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe biorme, whichin
turn affects how the landis managed.

VCF to estimate tree coverin agricultural land. As thistree cover is likely to have been underestimated

substantially, the derived available land space for replanting may be less than projected, with therestoration { Formatted: Font color: Black

potential overestimated. However, our results also indicate an underestimated tree cover in woodier savannas Formatted: Border: Top: (No border), Bottom: (No
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canying capacity ofa unit ofland #ray/couidbe gresterthanpreviouslythought FHhe MOBIS \EearedienCilibationcould alsoresultina
more uniformcover distribution across regions, producinga more gradual transition between low-cover
savannas and high-cover forests. This could haveimplications for work that, for exanple, uses MODIS \VCF to
study forest-savannadynamics and bi-stability (Lasslopetal.,2018; Wuytsetal.,2017; Xu etal.,2016).

shouldbecalibrated for use inthe target region. However, calibrating MOBIS\/CFEon a largescale using fielddataasa
reference do-presentpresents several challenges. Firstly, different in-situ measurement techniques tend to measure
different types oftree cover (e.g-. Fialaetal.,2006; Korhonenet al., 2006; Rautiainenet al., 2005) and each will
require aspecific conversion method to enabledirect conparisonwith MODIS VCF- or Landsat TCC. For
exanple. Montesanoetal. (2016) ‘s conparison did not acknowledge VCF’ s and thus TCC’ s “within

canopy gaps.” whichmay explain their observed underestination in covers above 80%. In ourcase, to
account for gaps between tree crowns, we applied the

and resulting tree cover could vary widely on a plot-by-plotbasis (LIoyd et al., 2008). With further in-situ data
that describe tropical vegetation type-specific GCF variation, we may be able to incorporate site-specific GCFs
into ouranalysis.

errors (supplement Bin Torello-Raventoset al., 2013) are small and show no systematic bias and are therefore

the accuracy ofrenptely-sensed products like MODIS VCF and Landsat TCC (Hansenetal.,2003; Huete et al.,
1997; Snith et al., 2002ak-1997:-Sith-etal-2002).). Daadaedeisingtheseattheplot level wouldhelpidentify potentialoonbunding

factors affecting MOBIS-/CHperformance, and so help further constrain uncertainties.

reconmended (Grossetal.,2018; Laryand Lait, 2006, Montesano et al. 2016), thoughwithout a large-scale
effort to re-calibrate MODIS VVCF and products trained using VCFE like Landsat TCC, the questionofhow
appropriate MODIS VCF is for use in both forestsand savannas in the tropics will remain. By highlighting the

extent to which MODIS VCF struggles to estimate tree cover in tropical forestsand savannas, we hope to
informthe future use ofthis productteand inprove its useability.

within-Feld site and feld site-pixel variation are accountedfor durng-validationin calibration.\\ealso bundihatusing MODIS M-

for training likely propagates thesebiases. even in the finer-scale Landsat TCC. As MODIS VCF is a
productthatis commonly usedin awidevariety ofecological research including vegetation

estimating restoration potential, and identifying forest-savanna bimodality, we stress that more independent
work on validating and re-calibrating is required before its tree cover estimates can be relied upon in the tropics.
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Appendix

Figure Al. Location of sampling sites in Africa, Australia, and South America fromthe TROBIT Project(based on
Fig. 2, Torello-Raventoset al., 2013) shown on MODIS VCF (DiMiceli, 2017). Of the 63 field sites, only the 48 sites
with available GPS coordinateswere selected- (https://www.forestplots.net).
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W\ethen usedihe SO0 MOBIS Land Caver Fype (MD12Q1-eslleciens) poductidentfy the aiess of* frest and savanrel awssteyisinte
MODIS VCF product. MCD12Q1 is widely used by the global land surface modelling community (e.g-. Sellar et
al.,2019; Wiltshire et al., 2020) and describes land cover in terms 0f17 global land cover classes as perthe
International Geosphere--Biosphere Programme (IGBP, Table 3 in Sulla-Menasheand Friedl, 2018). The product
is based on the same spectroradioneter (MODIS) and tenporal resolution as the VCF product. Referring to the
definition of* savanna’ of Veenendaal et al. (2015), the following land cover classes were chosento represent
“savanna’: Closed Shrubland, Open Shrubland, Woody Savanna, Savanna, and Grassland, while  forest’
enconpasses: Evergreen NeedleleafForests, Evergreen BroadleafForests, Deciduous NeedleleafForests,
Deciduous BroadleafForests, and Mixed Forests. We subset MCD 12Q1 to the tropical zone between +/-30°
North andtook themedian class for the 2006 to 2009 period, matching the field data collection period.

Foranore detailed land-cover-specific evaluation, welesarplecextededihecaredieckalibaed 250mVIODIS MORpielsiB apbel values
freach coresponding 500 megietaneearmbineditwitiihe MOD12Q1 preckepbel tooonstiuctiand coverspedifc MODIS VO tee cover
frequency distributions (Fig. ASA4). Our tree cover eerectoncalibration by cover type-{Fg-2) or the four clunping/ovedap
regressioncombinations was then calculated by multiplying each cover type MODIS V/CF frequency

distribution (Fig. A5A4) with curves representingthe nedian, 5 %, and 95 % confidence lines ofthe eerectioncalibration

equationensenbles.

3 Results

significantly disagreewith TROBIT field data. and e iiistead be Gverestiititin tise cover (50 Ysconfiderics

significantly fomTROBIT when there isenforced overlap (i.e. whentree canopies are clustering towards one
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side increasing the degree ofcanopy overlap - Fig. 1 right), but may underestimate tree cover whenoverlapis
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notenforced (i.e. tree canopies are spaced randomly within thesite - Fig. 1 left).

163

( Formatted: Font: Times New Roman, 10 pt
[ Formatted: Font: Times New Roman, 10 pt, Not

Expanded by / Condensed by

( Formatted: Font: Times New Roman, 10 pt

«J __ JC L JL L

( Formatted: Font color: Black

Formatted: Border: Top: (No border), Bottom:(No
border), Left: (No border), Right:(No border), Between :
(No border), Tab stops: 3.13", Centered + 6.27", Right




Unenforced clumping Enforced clumping

0 20 40 60 80 100 0 20 40 60 80 100
1 I 1 1 I 1 1 I 1 1 1 1
Q =)
s 4 =]
o L ©
G_W @
o}
=
2
o8 -8
o
@
o
et
897 -2
C
@
c
]
8 - &
=R - o
)
3~
~ < =}
i = —
ol 2 2
3
S .7 @
> Q
]
5
S8 7 -8
(=]
o
&
5% -9
82
{=
w
& - &
o 4 F o

0 20 40 60 80 100 0 20 40 60 80 100

Trobit cover (%)

® savanna ® forest

Figure 3. MODIS VCF percent tree cover versus percent tree cover fromTROBIT field data, taking into account
uncertainties associated with tree cover spatial distributions within a MODIS pixeland/or field pletsite. The 4
combinations are: (1) no overlap and no clumping, where tree canopiesare randomly distributed within both pixel
and site; (2) no overlap and maximum clumping, where tree canopiesare clustered in one areaof the pixel, and
randomly distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly
distributed within the pixel, but overlap substantially within the field site; and (4) with overlap and maximum
clumping, where tree canopiesare clustered to one side within a pixel, and overlap substantially within the site. The
bolded dashed line in black shows the 1:1 relationship. The solid lines represent the median of the respective
regressions (green for forest; orange for savanna; blackfor forest and savanna combined}y—ae), and the thin lines
represent the 5 and 95 % confidence interval of their respective regression lines. The vertical error bars represent
uncertainty introduced by clumping; the horizontal error bars represent the uncertainty introduced by overlap.

3)as opposedto areas identified as savannas (inorange, Fig. +3). In savanna sites, MODIS VVCF significantly and
consistently underestimates tree cover regardless ofthe amount of overlapand clunping. Significant
underestimation (at 95 %confidence) occurs when in-situ tree cover exceeds +8—19--21% (withoutenforced

clunping) or 9—16-11-12% (withenforced clunping). In forestsites, MODIS \ICF does not show thesane pattemof

systematic underestimation. Divergencedoes occur at high covers, depending on the enforcement ofoverlap or { Formatted: Font color: Black

clumping. MODIS \CF everestiratesunderestinates tree cover where tree cover exceeds 7884 % (at the 95 % confidence Formatted: Border: Top: (No border), Bottom: (No
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interval) whenneither overlap nor clunping is enforced, and overestimates where tree cover exceeds 9678 % (at 5

% confidenceinterval) whenboth overlapand clunping are enforced.
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Figure 4. Landsat TCC percent tree cover versuspercent tree cover fromTROBIT field data, taking into account
uncertaintiesassociated with tree cover spatial distributions within a TCC pixeland/or fieldsite. The 4 combinations
are: (1) nooverlap and no clumping, where tree canopiesare randomly distributed within both pixelsand site; (2) no
overlap and maximum clumping, where tree canopiesare clustered in one area of the pixels, and randomly
distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly distributed
within the pixels, but overlap substantially within the field site; and (4) with overlap and maximum clumping, where
tree canopiesare clustered to one side within the pixels, and overlap substantially within the site. The bolded dashed
line in black shows the 1:1 relationship. The solid lines represent the median of the respective regressions (greenfor
forest; orange for savanna; blackfor forest and savanna combined), and the thin lines represent the 5 and 95 %
confidence interval of their respective regression lines. The vertical error bars represent uncertainty introduced by
clumping; the horizontalerror barsrepresent the uncertainty introduced by overlap.

Similar patterns canbe observed with Landsat TCC (black line, Fig.4). There is a significant underestination of

tree coverin the lower coverranges up to 59%whenthere is enforced overlap, and up to 82%whenoverlap is

notenforced. In savannasites (orange line, Fig. 4) the underestimation (at 95%confidence) is significant and
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consistentfor covers below 75 - 80 % (without enforced overlap) or below 52 - 60% (with enforced overlap). In

forest sites (greenline, Fig. 4) there isno systematic difference.

3.2 Global estimates of post-calibration changein tropical tree cover

wWaRAe; ) singa sarecierzha T besntecnhinedbetatsaaTedstik
curve, Fig. 1)-We-eiebnettse3) instead of using the savanna-onlysites rasavannaspedifc esiecioncalibiation Oange auve Fig.£3)

This is becausethere were few TROBIT sites representing savanna with MODIS VCF tree cover values

exceeding 40%, and global land cover maps disagreeon thedistribution ofsavannas withinthe forest-savanna
ecotone (Heroldetal.,2008).

Fyre205hicdisraaas5(Inte s A ik dndintean
direction (positive or negative ee#eenen)—aeressau-callbratlon leading toan increase or decrease in tree cover, re;,mectlvelv) acrosalfour
scenarios. (Middle) Uncertainty range of the post-calibration change intree cover, calculated asthe 90" percentile

(reximm oftre four cerariosin Fi A3) nin 10 percertie (niimumofite four cerarbsepiigh) Badkebsent TesiE sresheze®
Reojorsach redbdrepiriyfrdsne o ennapuertiyAgsaekkaas daspmevIcES Cradasnaisnasoiandd) Ectiesgiondecfarbniie
firitecaurberuncertainty range of field-sites-used-as—+eferenseeach pixel with the pixel’s geographicalditance o the chsed TROBIT sie sainpled)

(Fig. 2A3),and the regions where all four scenarios agree on the direction ofchange (positive and negative) are
substantial- (Fig.5). However, there are sone differences caused by the uncertainty introduced by different
extents ofoverlap and clunping. While we see asignificantincreasein tree coveracross all clunping-overlap
combinations in many regions oftropical savannas and grasslands (Pennington etal., 2018), such asin the
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forest-savanna nosaics thatsurround Congolian rainforests, we donotsee the same pattern inthe Cerrado of
Brazil. This is likely because the African forest-savanna regions fall withinthe range ofMODIS VCF values

that consistently undergo a positive calibration (~30-50 %, see Fig. A2), whilethe Cerrado ofBrazil does not.

analysiswhen our calibrationis broadly applied across thehighly variable tropical forest-savanna ecotone. By
multiplyingthe uncertainty range ofour calibrations with the geographical distance to the closest sanpled
TROBIT site, we identified priority regions for further field surveying ( Fig. 5 bottom). We found Southeast
Asia, Central Anerica,and Mexico are areas where additional in-situ observations would greatly help improve

confidence. Fielddata fromthe northwestern region of South Anerica, the southeastofthe African continent,
and Madagascar wouldalsohelp.

As our calibrations were based on a limited nunber ofsitesin a limited number ofregions, itis importantto
notethat thenaps showni it i i

decrease in the Sahel post-calibration in multiplescenarios, which runs counter to theresults of Brandt et al.

(2020) whofoundthattree cover was underestimated in this region. This disparity may be due to our lack of

field sitesin these more arid regions, further highlighting the importance of more in-situdata for more accurate

and precise calibration. Therefore, our calibrations are nost useful in identifying areas where MODIS VVCF

estimates may be more or lessreliable.

When lookingat our calibration in more detail, we seethat MODIS VCF significantly underestinates tree cover
inall the IGBP land cover classes that we considered, regardless ofoverlap or clunping (95 %confidence

interval)(Fig. 6). The most substantial and significant underestimation is in the classes ‘woody savannas” and
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ADiscussion

While MODIS \VCF is apowerful andaccessible tool to map tree cover, our field data-based calibrations
indicate that the latestMOD IS VVCF collection 6 is missing a lot ofwoody cover, evenwhenuncertainty

introduced bysite canopy overlap and clunpingwithinthe MODIS VCF pixel are accounted for. The Landsat
TCC product, which may be viewedas an alternative witha higher s patial resolution, behavesin asimilar

manner. Ourmap (Fig.5, top) highlights that this potential underestimation ofwoody coveris mainly occurring

in tropicalsavannas. Moreover, thehighest underestimation in the savanna classes occurs when there is no

enforced overlap (Fig A3) (i.e. when there isa uniformrandomdistribution oftrees) which is thescenario that

most likely reflects the TROBIT savanna plots. This is evidenced by work done by Veenendaal et al. (2015)

where TROBIT plots were tested for conplete spatial randonmess and only minor indications ofoverlapwere
found. Woodysavannas, as an exanple, may have their tree cover underestimated by up to 32 %(95 %
confidence) whenneither clunpingnoroverlapis enforced (grey tones, Fig. 6). If our results are representative

of the tropics, then overall, MODIS VVCF may be underestimating tropical tree cover by between7 -29 % for

unenforced clumping and overlapor0 - 21 % for when either clunping or overlap are enforced (5 -95 %

confidence).

1nad e e ave been identified in validati
previous MODIS VCE collections (Grossetal..2018; Yangand Crews, 2019) and Landsat TCCversion

<
coverranges forboth MODIS VCF and Landsat TCC. In fact Montesanoetal. (2016) showedan inproved

match between Landsat TCC and their lidar-derivedtree cover reference data when reducing the height

threshold from5 m to 2 m However, becauseofhow ourfield reference CAlis derived, we were not able to
conclusively link the5 mthresholdto our observed underestimation.
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Figure 26. Percent changein tree cover afterte: ot poscalboration (Cocknie: o enforced clnping or overbp (beck; erforced

clumping and no enforced overlap (blue); no enforced clumping and enforced overlap (red); enforced clumping and
overlap (pinK) in the ‘forest’ supercategoryand the 5 savanna classes. Palest tone indicates positive change, mid-tone
indicatesnegative change, and the darlest tone indicates net change. Error barsdenote the 5-95% confidence
interval; if the error bar extends past the x-axis, the post-cerrectioncalibration change isnot considered significant.

difference between TROBITand MODISVCF we would have expected anincreasing underestimation in thelower

heightranges. Instead; we founda low R?and a mixture of underand overestimations in heights between 0 and

10 m (Fig. ABADL). This suggests that the inclusion oftrees below 5 mheightin the TROBIT inventory does not

fully explain the observed underestimation.

subordinate strata composition (and canopy cover thereof) varies widely depending on factors including

ecosystemtype andaltitude (Rutien-et-ak-2015) (Rutten et al., 2015), more research needstobedonewitheie insituheight deta,

[

;

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m
alwaysapply in MODIS VCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and

‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes
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is1-2 m For the ‘ savannas’ class, MODIS VCF yields a percent tree cover range thatmatches closely with the
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5 m minimum for MODIS VVCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and *savannas’ containtrees taller than 5 ng MODIS VCF is
distinguishingtrees belowthe 5 mthreshold; or, some corrbinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheet al.,2019). Forexanple, the accuracy for * closed shrublands’ is particularly low. Itis mainly
conflised with ‘ openshitlanes shublands”,  woodysavarRas savannes and * savannas savannas . The najoiity ofthe * openshiublands” class
commission erroris with the ‘ grasslands’ class; and there is confusionto a lesser extent between ‘ open
shrdblane;shubland’. ‘woodysavannas” and  savanRas-savannas’. Also, the ¢ croplandhatLialvegetation nosaics dassisofen
mapped as ‘closed shrdbland; shrubland’ . ‘ woody SavanrfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at

inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported improvenent in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013) are inherentandstill presentwithin this version of MODIS VVCF. Similar results for
MODISVCF and Landsat TCCalso suggest that by training TCC with VCF tree cover thesebiases have been
propagated intothe finer-scale product. Models calibrated using MODIS VVCF (Brandtetal.,2017; Lasslop et
al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2628)2021) also risk inheritingthesebiasesand shouldtherefore be
validated using other sources ofdata.

We suggest that, while MODIS VCF givesand landsat TCC give a good overview oftree cover ona global scale,
itbothshouldbe e calibraiedbelore itisusedasaseierenes ertaining eatacaltiosly insavenna s SeHeen Hedensaarsakinetets
long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODISVCF and Landsat TCCin savannasin particular (Gaughan et al.,2013; Grossetal.,2018; Kumaretal.,
2019) enphasisesthe importance of continuous independent validationand re-calibration of the-pradet these products. The
ecosystemfunctions ofsavannas can vary drastically with justa slight difference in tree cover (Gaughan etal.,
2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe biorme, whichin
turn affects how the landis managed.

VCF to estimate tree coverin agricultural land. As thistree cover is likely to have been underestimated

substantially, the derived available land space for replanting may be less than projected, with therestoration { Formatted: Font color: Black
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canying capacity ofa unit ofland #ray/couidbe gresterthanpreviouslythought FHhe MOBIS \EearedienCilibationcould alsoresultina
more uniformcover distribution across regions, producinga more gradual transition between low-cover
savannas and high-cover forests. This could haveimplications for work that, for exanple, uses MODIS \VCF to
study forest-savannadynamics and bi-stability (Lasslopetal.,2018; Wuytsetal.,2017; Xu etal.,2016).

shouldbecalibrated for use inthe target region. However, calibrating MOBIS\/CFEon a largescale using fielddataasa
reference do-presentpresents several challenges. Firstly, different in-situ measurement techniques tend to measure
different types oftree cover (e.g-. Fialaetal.,2006; Korhonenet al., 2006; Rautiainenet al., 2005) and each will
require aspecific conversion method to enabledirect conparisonwith MODIS VCF- or Landsat TCC. For
exanple. Montesanoetal. (2016) ‘s conparison did not acknowledge VCF’ s and thus TCC’ s “within

canopy gaps.” whichmay explain their observed underestination in covers above 80%. In ourcase, to
account for gaps between tree crowns, we applied the

and resulting tree cover could vary widely on a plot-by-plotbasis (LIoyd et al., 2008). With further in-situ data
that describe tropical vegetation type-specific GCF variation, we may be able to incorporate site-specific GCFs
into ouranalysis.

errors (supplement Bin Torello-Raventoset al., 2013) are small and show no systematic bias and are therefore

the accuracy ofrenptely-sensed products like MODIS VCF and Landsat TCC (Hansenetal.,2003; Huete et al.,
1997; Snith et al., 2002ak-1997:-Sith-etal-2002).). Daadaedeisingtheseattheplot level wouldhelpidentify potentialoonbunding

factors affecting MOBIS-/CHperformance, and so help further constrain uncertainties.

reconmended (Grossetal.,2018; Laryand Lait, 2006, Montesano et al. 2016), thoughwithout a large-scale
effort to re-calibrate MODIS VVCF and products trained using VCFE like Landsat TCC, the questionofhow
appropriate MODIS VCF is for use in both forestsand savannas in the tropics will remain. By highlighting the

extent to which MODIS VCF struggles to estimate tree cover in tropical forestsand savannas, we hope to
informthe future use ofthis productteand inprove its useability.

within-Feld site and feld site-pixel variation are accountedfor durng-validationin calibration.\\ealso bundihatusing MODIS M-

for training likely propagates thesebiases. even in the finer-scale Landsat TCC. As MODIS VCF is a
productthatis commonly usedin awidevariety ofecological research including vegetation

estimating restoration potential, and identifying forest-savanna bimodality, we stress that more independent
work on validating and re-calibrating is required before its tree cover estimates can be relied upon in the tropics.
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Appendix

Figure Al. Location of sampling sites in Africa, Australia, and South America fromthe TROBIT Project(based on
Fig. 2, Torello-Raventoset al., 2013) shown on MODIS VCF (DiMiceli, 2017). Of the 63 field sites, only the 48 sites
with available GPS coordinateswere selected- (https://www.forestplots.net).
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TROBIT when there isenforced overlap (i.e. whentree canopies are clustering towards one side increasingthe

degree ofcanopyoverlap - Fig. 1 right), but may underestimate tree cover whenoverlap is notenforced (i.e. tree

canopiesare spacedrandomly withinthe site- Fig. 1 left).
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Figure 3. MODIS VCF percent tree cover versuspercent tree cover fromTROBIT field data, taking into account
uncertaintiesassociated with tree cover spatial distributions within a MODIS pixeland/or field pteisite. The 4
combinations are: (1) no overlap and no clumping, where tree canopiesare randomly distributed within both pixel
and site; (2) no overlap and maximum clumping, where tree canopiesare clustered in one areaof the pixel, and
randomly distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly
distributed within the pixel, but overlap substantially within the field site; and (4) with overlap and maximum
clumping, where tree canopiesare clustered to one side within a pixel, and overlap substantially within the site. The
bolded dashed line in black shows the 1:1 relationship. The solid lines represent the median of the respective
regressions (green for forest; orange for savanna; blackfor forest and savanna combinedy—5e), and the thin lines
represent the 5 and 95 % confidence interval of their respective regression lines. The vertical error bars represent
uncertainty introduced by clumpina; the horizontal error bars represent the uncertainty introduced by overlap.

3)as opposedto areas identified as savannas (inorange, Fig. £:3). In savanna sites, MODIS VCF significantly and { Formatted: Font color: Black
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consistently underestimates tree cover regardless ofthe anount of overlapand clunping. Significant
underestimation (at 95 %confidence) occurs when in-situ tree cover exceeds +8—19--21% (withoutenforced
clunping) or 9—16-11-12% (withenforced clunping). In forestsites, MODIS \ICF does not show thesane pattemof
systematic underestimation. Divergencedoes occur at high covers, depending on the enforcement ofoverlap or
clunping. MODIS \CF everestimatesunderestinates tree cover where tree cover exceeds #884 % (at the 95 % confidence
interval) whenneither overlap nor clunping s enforced, and overestimates where tree cover exceeds 9678 % (at 5

% confidenceinterval) whenboth overlapand clunping are enforced.
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Figure 4. Landsat TCC percenttree cover versuspercenttreecover fromTROBIT field data, taking into account
uncertainties associated with tree cover spatial distributions within a TCC pixeland/or fieldsite. The 4 combinations
are: (1) nooverlap and no clumping, where tree canopiesare randomly distributed within both pixels and site; (2) no
overlap and maximum clumping, where tree canopiesare clustered in one area of the pixels, and randomly
distributed throughout the field site ; (3) with overlap and no clumping, where tree canopiesare randomly distributed

within the pixels, but overlap substantially within the field site; and (4) with overlap and maximum clumping, where { Formatted: Font color: Black
tree canopiesare clustered to one side within the pixels, and overlap substantially within the site. The bolded dashed i = -

line in black shows the 1:1 relationship. The solid lines represent the median of the respective regressions (qreen for
forest; orange for savanna; blackfor forest and savanna combined), and the thin lines represent the 5 and 95 %
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confidence interval of their respective regression lines. The vertical error barsrepresent uncertainty introduced by
clumping; the horizontalerror barsrepresent the uncertainty introduced by overlap.

Similar patterns canbe observedwith Landsat TCC (black line, Fig.4). There is a significant underestimation of
tree coverin the lower coverranges up to 59%whenthere is enforced overlap, and up to 82%whenoverlap is

notenforced. In savannasites (orange line, Fig.4) the underestimation (at 95%confidence) is significant and

consistentfor covers below 75 -80 % (without enforced overlap) orbelow 52 - 60% (with enforced overlap). In

forest sites (greenline, Fig. 4) there isno systematic difference.

3.2 Global estimates of post-calibration changein tropical tree cover

curve, Fig. 1)-We-eiebnettse3) instead of using the savanna-onlysites rasavannaspedifc esiecioncalibiation oange auve Fig.£3)

This is becausethere were few TROBIT sites representing savanna with MODIS \/CF tree cover values

exceeding 40%, and global land cover maps disagreeon thedistribution ofsavannas within the forest-savanna
ecotone (Heroldetal.,2008).

direction (positive or regatlve ee#ee&en)—aeressdl—callbratlon leading toan increase or decreag in tree cover re_g)ictlvelv) acrosalfour
scenarios. (Middle) Uncertainty range of the post-calibration changeintree cover calculated asthe 90" percentile
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(Fig. 2A3),and the regions where all four scenarios agree on the direction ofchange (positive and negative) are
substantial- (Fig.5). However, there are sone differences caused by the uncertainty introduced by different
extents ofoverlap and clunping. While we see asignificantincreasein tree coveracross all clunping-overlap
combinations in many regions oftropical savannas and grasslands (Pennington et al.,2018), such asin the
forest-savanna nosaics thatsurround Congolian rainforests, we donotsee the same pattern inthe Cerrado of
Brazil. This is likely because the African forest-savanna regions fall withinthe range of MODIS VVCF values

that consistently undergo a positive calibration (~30-50 %, see Fig. A2), whilethe Cerrado ofBrazil doesnot.

analysis when our calibrationis broadly applied across thehighly variable tropical forest-savanna ecotone. By

multiplyingthe uncertainty range ofour calibrations with the geographical distanceto the closest sanpled
TROBIT site, we identified priority regions for furtherfield surveying (Fig. 5 bottom). We found Southeast
Asia, Central America, and Mexico are areas where additional in-situ observations would greatly help inprove

confidence. Fielddata fromthe northwestern region of South Anerica, the southeastofthe African continent
and Madagascar wouldalsohelp.

As our calibrations were based on a limited nunmber ofsitesin a limited nunmber ofregions, itis importantto
noethat thenaps showninFigrie 2 aie neteliniive-Jndead itdaddeumd b i i

decrease in the Sahel post-calibration in multiple scenarios, which runs counter to the results ofBrandt et al.

(2020) whofoundthattree cover was underestimated in this region. This disparity may be due to our lack of

field sitesin these more arid regions, further highlighting the importance ofnmore in-situdata for more accurate

and precise calibration. Therefore, our calibrations are nost useful in identifying areas where MODIS VVCF

estimates may be more or lessreliable.

When lookingat our calibration in more detail, we seethat MODIS VVCF significantly underestimates tree cover

inall the IGBP land cover classes that we considered, regardless ofoverlap or clunping (95 %confidence
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We found significant increases intree cover for ‘ forests’ in every calibration scenario, though net change isnot

significant (95 %confidence) when overlapis enforced. This canbe explained by the presence ofboth negative

and positive calibrations in the higher ranges oftree cover when overlap is enforced, Similarly, the netchange is

ADiscussion

While MODIS VVCF is apowerful andaccessible tool to map tree cover, our field data-based calibrations

indicate that the latestMOD S VVCF collection 6 is missing a lot ofwoody cover, evenwhenuncertainty

introduced by ssite canopy overlap and clunpingwithinthe MODIS VVCF pixel are accounted for. The Landsat

TCC product, which may be viewedas an alternative witha higher spatial resolution, behavesin asimilar

manner. Ourmap (Fig.5, top) highlights that this potential underestimation ofwoody coveris mainly occurring

in tropical savannas. Moreover, thehighest underestimationin the savanna classes occurs when there isno
enforced overlap (Fig A3) (i.e.when there isa uniformrandomdistribution oftrees) which is thescenariothat

nost likely reflects the TROBIT savanna plots. This is evidenced by work done by Veenendaal et al. (2015),

where TROBIT plots were tested for conplete spatial randonmess and only minor indications ofoverlap were

found. Woody savannas, as an exanple, may have their tree cover underestimated by up to 32 %(95 %
confidence) whenneither clunpingnoroverlapisenforced (grey tones, Fig. 6). If our results are representative
of the tropics, then overall, MODIS VVCF may be underestimating tropical tree cover by between7 - 29 % for

unenforced clumping and overlapor0 - 21 % for when either clunping oroverlap are enforced (5 -95 %

confidence).

etal 2003) WhlletheTROBITCAI |nc|ude§_au1m§ﬂuhjmnmm_db_hgﬂ5_cm_ﬁMMW|ma
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coverranges forboth MODIS VVCF and Landsat TCC. In fact Montesanoetal. (2016) showedan inproved

match between Landsat TCC and their lidar-derivedtree cover reference data when reducing the height
threshold from5 m to 2 m However, becauseofhow ourfield reference CAlis derived, we were not able to

conclusivelylink the5 mthresholdto our observed underestimation.
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Figure 26. Percent changein tree cover afterte: ot poscalboration (Cocknie: o enforced clnping or overbp (beck; erforced

clumping and no enforced overlap (blue); no enforced clumping and enforced overlap (red); enforced clumping and
overlap (pinK) in the ‘forest’ supercategoryand the 5 savanna classes. Palest tone indicates positive change, mid-tone
indicatesnegative change, and the darlest tone indicates net change. Error barsdenote the 5-95% confidence
interval; if the error bar extends past the x-axis, the post-cerrectioncalibration change isnot considered significant.

difference between TROBITand MODISVCF we would have expected anincreasing underestimation in thelower

heightranges. Instead; we founda low R?and a mixture of underand overestimations in heights between 0 and

10 m (Fig. ABADL). This suggests that the inclusion oftrees below 5 mheightin the TROBIT inventory does not

fully explain the observed underestimation.

subordinate strata composition (and canopy cover thereof) varies widely depending on factors including

ecosystemtype andaltitude (Rutien-et-ak-2015) (Rutten et al., 2015), more research needstobedonewitheie insituheight deta,

[

;

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m
alwaysapply in MODIS VCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and

‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes
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is1-2 m For the ‘ savannas’ class, MODIS VCF yields a percent tree cover range thatmatches closely with the
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5 m minimum for MODIS VVCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and *savannas’ containtrees taller than 5 ng MODIS VCF is
distinguishingtrees belowthe 5 mthreshold; or, some corrbinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheet al.,2019). Forexanple, the accuracy for * closed shrublands’ is particularly low. Itis mainly
conflised with ‘ openshitlanes shublands”,  woodysavarRas savannes and * savannas savannas . The najoiity ofthe * openshiublands” class
commission erroris with the ‘ grasslands’ class; and there is confusionto a lesser extent between ‘ open
shrdblane;shubland’. ‘woodysavannas” and  savanRas-savannas’. Also, the ¢ croplandhatLialvegetation nosaics dassisofen
mapped as ‘closed shrdbland; shrubland’ . ‘ woody SavanrfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at

inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported improvenent in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013) are inherentandstill presentwithin this version of MODIS VVCF. Similar results for
MODISVCF and Landsat TCCalso suggest that by training TCC with VCF tree cover thesebiases have been
propagated intothe finer-scale product. Models calibrated using MODIS VVCF (Brandtetal.,2017; Lasslop et
al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2628)2021) also risk inheritingthesebiasesand shouldtherefore be
validated using other sources ofdata.

We suggest that, while MODIS VCF givesand landsat TCC give a good overview oftree cover ona global scale,
itbothshouldbe e calibraiedbelore itisusedasaseierenes ertaining eatacaltiosly insavenna s SeHeen Hedensaarsakinetets
long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODISVCF and Landsat TCCin savannasin particular (Gaughan et al.,2013; Grossetal.,2018; Kumaretal.,
2019) enphasisesthe importance of continuous independent validationand re-calibration of the-pradet these products. The
ecosystemfunctions ofsavannas can vary drastically with justa slight difference in tree cover (Gaughan etal.,
2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe biorme, whichin
turn affects how the landis managed.

VCF to estimate tree coverin agricultural land. As thistree cover is likely to have been underestimated

substantially, the derived available land space for replanting may be less than projected, with therestoration { Formatted: Font color: Black

potential overestimated. However, our results also indicate an underestimated tree cover in woodier savannas Formatted: Border: Top: (No border), Bottom: (No
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canying capacity ofa unit ofland #ray/couidbe gresterthanpreviouslythought FHhe MOBIS \EearedienCilibationcould alsoresultina
more uniformcover distribution across regions, producinga more gradual transition between low-cover
savannas and high-cover forests. This could haveimplications for work that, for exanple, uses MODIS \VCF to
study forest-savannadynamics and bi-stability (Lasslopetal.,2018; Wuytsetal.,2017; Xu etal.,2016).

shouldbecalibrated for use inthe target region. However, calibrating MOBIS\/CFEon a largescale using fielddataasa
reference do-presentpresents several challenges. Firstly, different in-situ measurement techniques tend to measure
different types oftree cover (e.g-. Fialaetal.,2006; Korhonenet al., 2006; Rautiainenet al., 2005) and each will
require aspecific conversion method to enabledirect conparisonwith MODIS VCF- or Landsat TCC. For
exanple. Montesanoetal. (2016) ‘s conparison did not acknowledge VCF’ s and thus TCC’ s “within

canopy gaps.” whichmay explain their observed underestination in covers above 80%. In ourcase, to
account for gaps between tree crowns, we applied the

and resulting tree cover could vary widely on a plot-by-plotbasis (LIoyd et al., 2008). With further in-situ data
that describe tropical vegetation type-specific GCF variation, we may be able to incorporate site-specific GCFs
into ouranalysis.

errors (supplement Bin Torello-Raventoset al., 2013) are small and show no systematic bias and are therefore

the accuracy ofrenptely-sensed products like MODIS VCF and Landsat TCC (Hansenetal.,2003; Huete et al.,
1997; Snith et al., 2002ak-1997:-Sith-etal-2002).). Daadaedeisingtheseattheplot level wouldhelpidentify potentialoonbunding

factors affecting MOBIS-/CHperformance, and so help further constrain uncertainties.

reconmended (Grossetal.,2018; Laryand Lait, 2006, Montesano et al. 2016), thoughwithout a large-scale
effort to re-calibrate MODIS VVCF and products trained using VCFE like Landsat TCC, the questionofhow
appropriate MODIS VCF is for use in both forestsand savannas in the tropics will remain. By highlighting the

extent to which MODIS VCF struggles to estimate tree cover in tropical forestsand savannas, we hope to
informthe future use ofthis productteand inprove its useability.

within-Feld site and feld site-pixel variation are accountedfor durng-validationin calibration.\\ealso bundihatusing MODIS M-

for training likely propagates thesebiases. even in the finer-scale Landsat TCC. As MODIS VCF is a
productthatis commonly usedin awidevariety ofecological research including vegetation

estimating restoration potential, and identifying forest-savanna bimodality, we stress that more independent
work on validating and re-calibrating is required before its tree cover estimates can be relied upon in the tropics.
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Appendix

Figure Al. Location of sampling sites in Africa, Australia, and South America fromthe TROBIT Project(based on
Fig. 2, Torello-Raventoset al., 2013) shown on MODIS VCF (DiMiceli, 2017). Of the 63 field sites, only the 48 sites
with available GPS coordinateswere selected- (https://www.forestplots.net).

Formatted

Formatted

Formatted

Formatted

Formatted

Formatted

Formatted

Formatted

| Formatted

Formatted

| Formatted

: Formatted

Formatted

Formatted

[ Formatted

Formatted

Formatted

Formatted

Formatted

Formatted

Formatted

) ) MODI |S2aRop| Average
Latiud|Longitu| gyvCF [yCanop| Upper,
Site, eLatitud| deLongit Tree, | VArea| Stratum, | Cover,

Formatted

Name, Country & ude, [Covery(%)[ Index |Height(m) [ Type TROBITMM

ALC-01 Brazil -2.53 -54.91 12.5 0.32 6.56 Savanna S,a,ya,nn,q.m(_)_dﬁﬂ_d_j{

ALF-01 Brazil -9.6 -55.94 77 2.31 37.02 Forest Tallforest

»'[ Formatted

y [ Formatted

ALF-02 Brazil -9.58 -55.92 76 2.65 41.32 Forest Tall forest

ASU-01 Ghana 7.14 -2.45 41.33 2.54 45.27 Forest Tall forest

[ Formatted

| Burkina,Faso | 12.73 :1.17 1.33 0.52 12.53 Savanna Savannawoodland 3

% 5 \[ Formatted

. [__Eormatted

BBI-02 | Burkina,Faso | 12.73 :1.16 15 0.99 13.6 Savanna avannawoodland %

{—Formatted

BDA-01 | Burkina,Faso | 10.94 :3.15 $.17 0.3 14,53 Savanna hrub-rich,savanna woodlg

|

BDA-02 | Burkina,Faso | 10.94 ;3.15 4.5 0.18 14.47 savanna| shrub-richsavanngwoodIf

Formatted

Formatted

BF1-01_|... Ghana 7.71 -1.69 15 1.22 29.67 Savannal...... Tallglosedwoodland Eormtted
BF1-02 Ghana 7.71 -1.69 12.83 1.08 28.2 Savanna Tallsavanna woodlan ‘Formatted
BF1-03 Ghana 7.71 -1.7 25.83 2.54 45,07 | Savanna Tallsavanna oodlan -Formatted
LTC-01 [ Australia -16.1 145.45 72.67 2.35 40,37 Forest Tall forest " I'[-Formatted
DCR-01 [ = Australia -17.02 145.58 21.67 1.67 27.19 Savanna Tallsavannawoodland -Formatted
Formatted
Formatted
18¢

Formatted

Formatted

Formatted

Formatted

Formatted

Formatted

Formatted

Formatted

Formatted

Formatted

Formatted

Formatted

PPN 1

i Biaiaia)a)ainia)a)a)a)a)s)slaiainie)ialie e e ei e e e) i


https://www.forestplots.net/

DCR-02

-17.03

145.6

65.67

0.71

22.51

Savanna

Tallsavannawoodl

Formatted: Header

‘Formatted: Font: Times New Roman

EKP-01

-18.07

145,99

43.5

0.74

28.13

Savanna

187

‘Formatted: Font: Times New Roman, Not Expanded by
/ Condensed by

Formatted: Font: Times New Roman

Formatted: Normal, Centered, Right: 0", Space Before:
0 pt, Pattern: Clear (White)

Formatted: Font: Times New Roman, Not Expanded by
/ Condensed by

Formatted: Font: Times New Roman

Formatted: Font: Times New Roman

Formatted: Normal, Centered, Right: 0", Space Before:
0 pt, Pattern: Clear (White)

Formatted: Font: Times New Roman, Not Expanded by
/ Condensed by

Formatted: Font: Times New Roman

:| Formatted: Font: Times New Roman, Not Expanded by
i/ Condensed by

[ Formatted: Font: Times New Roman




Formatted: Header

18¢




3). A similar patternis seenwhentree cover exceeds 84 %: MODIS VCF does not differsignificantly from

TROBIT when there is enforced overlap (i.e. when tree canopies are clustering towards one side increasing the

degree ofcanopyoverlap - Fig. 1 right), but may underestimate tree cover whenoverlapis notenforced (i.e. tree

canopiesare spacedrandomly withinthe site- Fig. 1 left).
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Figure 3. MODIS VCF percent tree cover versuspercent tree cover fromTROBIT field data, taking into account
uncertaintiesassociated with tree cover spatial distributions within a MODIS pixeland/or field pteisite. The 4
combinations are: (1) no overlap and no clumping, where tree canopiesare randomly distributed within both pixel
and site; (2) no overlap and maximum clumping, where tree canopiesare clustered in one areaof the pixel, and
randomly distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly
distributed within the pixel, but overlap substantially within the field site; and (4) with overlap and maximum
clumping, where tree canopiesare clustered to one side within a pixel, and overlap substantially within the site. The
bolded dashed line in black shows the 1:1 relationship. The solid lines represent the median of the respective
regressions (green for forest; orange for savanna; blackfor forest and savanna combinedy—5e), and the thin lines
represent the 5 and 95 % confidence interval of their respective regression lines. The vertical error bars represent
uncertainty introduced by clumpina; the horizontal error bars represent the uncertainty introduced by overlap.

3)as opposedto areas identified as savannas (inorange, Fig. £:3). In savanna sites, MODIS VCF significantly and { Formatted: Font color: Black
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consistently underestimates tree cover regardless ofthe anount of overlapand clunping. Significant
underestimation (at 95 %confidence) occurs when in-situ tree cover exceeds +8—19--21% (withoutenforced
clunping) or 9—16-11-12% (withenforced clunping). In forestsites, MODIS \ICF does not show thesane pattemof
systematic underestimation. Divergencedoes occur at high covers, depending on the enforcement ofoverlap or
clunping. MODIS \CF everestimatesunderestinates tree cover where tree cover exceeds #884 % (at the 95 % confidence
interval) whenneither overlap nor clunping s enforced, and overestimates where tree cover exceeds 9678 % (at 5

% confidenceinterval) whenboth overlapand clunping are enforced.
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Figure 4. Landsat TCC percenttree cover versuspercenttreecover fromTROBIT field data, taking into account
uncertainties associated with tree cover spatial distributions within a TCC pixeland/or fieldsite. The 4 combinations
are: (1) nooverlap and no clumping, where tree canopiesare randomly distributed within both pixels and site; (2) no
overlap and maximum clumping, where tree canopiesare clustered in one area of the pixels, and randomly
distributed throughout the field site ; (3) with overlap and no clumping, where tree canopiesare randomly distributed

within the pixels, but overlap substantially within the field site; and (4) with overlap and maximum clumping, where { Formatted: Font color: Black
tree canopiesare clustered to one side within the pixels, and overlap substantially within the site. The bolded dashed i = -

line in black shows the 1:1 relationship. The solid lines represent the median of the respective regressions (qreen for
forest; orange for savanna; blackfor forest and savanna combined), and the thin lines represent the 5 and 95 %
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confidence interval of their respective regression lines. The vertical error barsrepresent uncertainty introduced by
clumping; the horizontalerror barsrepresent the uncertainty introduced by overlap.

Similar patterns canbe observedwith Landsat TCC (black line, Fig.4). There is a significant underestimation of

tree coverin the lower coverranges up to 59%whenthere is enforced overlap, and up to 82%whenoverlap is

notenforced. In savannasites (orange line, Fig.4) the underestimation (at 95%confidence) is significant and

consistentfor covers below 75 -80 % (without enforced overlap) orbelow 52 - 60% (with enforced overlap). In

forest sites (greenline, Fig. 4) there isno systematic difference.

3.2 Global estimates of post-calibration changein tropical tree cover

curve, Fig. 1)-We-eiebnettse3) instead of using the savanna-onlysites rasavannaspedifc esiecioncalibiation oange auve Fig.£3)

This is becausethere were few TROBIT sites representing savanna with MODIS \/CF tree cover values

exceeding 40%, and global land cover maps disagreeon thedistribution ofsavannas within the forest-savanna
ecotone (Heroldetal.,2008).

direction (positive or regatlve ee#ee&en)—aeressdl—callbratlon leading toan increase or decreag in tree cover re_g)ictlvelv) acrosalfour
scenarios. (Middle) Uncertainty range of the post-calibration changeintree cover calculated asthe 90" percentile
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(Fig. 2A3),and the regions where all four scenarios agree on the direction ofchange (positive and negative) are
substantial- (Fig.5). However, there are sone differences caused by the uncertainty introduced by different
extents ofoverlap and clunping. While we see asignificantincreasein tree coveracross all clunping-overlap
combinations in many regions oftropical savannas and grasslands (Pennington et al.,2018), such asin the
forest-savanna nosaics thatsurround Congolian rainforests, we donotsee the same pattern inthe Cerrado of
Brazil. This is likely because the African forest-savanna regions fall withinthe range of MODIS VVCF values

that consistently undergo a positive calibration (~30-50 %, see Fig. A2), whilethe Cerrado ofBrazil doesnot.

analysis when our calibrationis broadly applied across thehighly variable tropical forest-savanna ecotone. By

multiplyingthe uncertainty range ofour calibrations with the geographical distanceto the closest sanpled
TROBIT site, we identified priority regions for furtherfield surveying (Fig. 5 bottom). We found Southeast
Asia, Central America, and Mexico are areas where additional in-situ observations would greatly help inprove

confidence. Fielddata fromthe northwestern region of South Anerica, the southeastofthe African continent
and Madagascar wouldalsohelp.

As our calibrations were based on a limited nunmber ofsitesin a limited nunmber ofregions, itis importantto
noethat thenaps showninFigrie 2 aie neteliniive-Jndead itdaddeumd b i i

decrease in the Sahel post-calibration in multiple scenarios, which runs counter to the results ofBrandt et al.

(2020) whofoundthattree cover was underestimated in this region. This disparity may be due to our lack of

field sitesin these more arid regions, further highlighting the importance ofnmore in-situdata for more accurate

and precise calibration. Therefore, our calibrations are nost useful in identifying areas where MODIS VVCF

estimates may be more or lessreliable.

When lookingat our calibration in more detail, we seethat MODIS VVCF significantly underestimates tree cover

inall the IGBP land cover classes that we considered, regardless ofoverlap or clunping (95 %confidence
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We found significant increases intree cover for ‘ forests’ in every calibration scenario, though net change isnot

significant (95 %confidence) when overlapis enforced. This canbe explained by the presence ofboth negative

and positive calibrations in the higher ranges oftree cover when overlap is enforced, Similarly, the netchange is

ADiscussion

While MODIS VVCF is apowerful andaccessible tool to map tree cover, our field data-based calibrations

indicate that the latestMOD S VVCF collection 6 is missing a lot ofwoody cover, evenwhenuncertainty

introduced by ssite canopy overlap and clunpingwithinthe MODIS VVCF pixel are accounted for. The Landsat

TCC product, which may be viewedas an alternative witha higher spatial resolution, behavesin asimilar

manner. Ourmap (Fig.5, top) highlights that this potential underestimation ofwoody coveris mainly occurring

in tropical savannas. Moreover, thehighest underestimationin the savanna classes occurs when there isno
enforced overlap (Fig A3) (i.e.when there isa uniformrandomdistribution oftrees) which is thescenariothat

nost likely reflects the TROBIT savanna plots. This is evidenced by work done by Veenendaal et al. (2015),

where TROBIT plots were tested for conplete spatial randonmess and only minor indications ofoverlap were

found. Woody savannas, as an exanple, may have their tree cover underestimated by up to 32 %(95 %
confidence) whenneither clunpingnoroverlapisenforced (grey tones, Fig. 6). If our results are representative
of the tropics, then overall, MODIS VVCF may be underestimating tropical tree cover by between7 - 29 % for

unenforced clumping and overlapor0 - 21 % for when either clunping oroverlap are enforced (5 -95 %

confidence).

etal 2003) WhlletheTROBITCAI |nc|ude§_au1m§ﬂuhjmnmm_db_hgﬂ5_cm_ﬁMMW|ma
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coverranges forboth MODIS VVCF and Landsat TCC. In fact Montesanoetal. (2016) showedan inproved

match between Landsat TCC and their lidar-derivedtree cover reference data when reducing the height
threshold from5 m to 2 m However, becauseofhow ourfield reference CAlis derived, we were not able to

conclusivelylink the5 mthresholdto our observed underestimation.
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Figure 26. Percent changein tree cover afterte: ot poscalboration (Cocknie: o enforced clnping or overbp (beck; erforced

clumping and no enforced overlap (blue); no enforced clumping and enforced overlap (red); enforced clumping and
overlap (pinK) in the ‘forest’ supercategoryand the 5 savanna classes. Palest tone indicates positive change, mid-tone
indicatesnegative change, and the darlest tone indicates net change. Error barsdenote the 5-95% confidence
interval; if the error bar extends past the x-axis, the post-cerrectioncalibration change isnot considered significant.

difference between TROBITand MODISVCF we would have expected anincreasing underestimation in thelower

heightranges. Instead; we founda low R?and a mixture of underand overestimations in heights between 0 and
10 m (Fig. ABADL). This suggests that the inclusion oftrees below 5 mheightin the TROBIT inventory does not

fully explain the observed underestimation.

subordinate strata composition (and canopy cover thereof) varies widely depending on factors including

ecosystemtype andaltitude (Rutien-et-ak-2015) (Rutten et al., 2015), more research needstobedonewitheie insituheight deta,

[

;

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m
alwaysapply in MODIS VCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and

‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes
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is1-2 m For the ‘ savannas’ class, MODIS VCF yields a percent tree cover range thatmatches closely with the
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5 m minimum for MODIS VVCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and *savannas’ containtrees taller than 5 ng MODIS VCF is
distinguishingtrees belowthe 5 mthreshold; or, some corrbinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheet al.,2019). Forexanple, the accuracy for * closed shrublands’ is particularly low. Itis mainly
conflised with ‘ openshitlanes shublands”,  woodysavarRas savannes and * savannas savannas . The najoiity ofthe * openshiublands” class
commission erroris with the ‘ grasslands’ class; and there is confusionto a lesser extent between ‘ open
shrdblane;shubland’. ‘woodysavannas” and  savanRas-savannas’. Also, the ¢ croplandhatLialvegetation nosaics dassisofen
mapped as ‘closed shrdbland; shrubland’ . ‘ woody SavanrfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at

inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported improvenent in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013) are inherentandstill presentwithin this version of MODIS VVCF. Similar results for
MODISVCF and Landsat TCCalso suggest that by training TCC with VCF tree cover thesebiases have been
propagated intothe finer-scale product. Models calibrated using MODIS VVCF (Brandtetal.,2017; Lasslop et
al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2628)2021) also risk inheritingthesebiasesand shouldtherefore be
validated using other sources ofdata.

We suggest that, while MODIS VCF givesand landsat TCC give a good overview oftree cover ona global scale,
itbothshouldbe e calibraiedbelore itisusedasaseierenes ertaining eatacaltiosly insavenna s SeHeen Hedensaarsakinetets
long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODISVCF and Landsat TCCin savannasin particular (Gaughan et al.,2013; Grossetal.,2018; Kumaretal.,
2019) enphasisesthe importance of continuous independent validationand re-calibration of the-pradet these products. The
ecosystemfunctions ofsavannas can vary drastically with justa slight difference in tree cover (Gaughan etal.,
2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe biorme, whichin
turn affects how the landis managed.

VCF to estimate tree coverin agricultural land. As thistree cover is likely to have been underestimated

substantially, the derived available land space for replanting may be less than projected, with therestoration { Formatted: Font color: Black

potential overestimated. However, our results also indicate an underestimated tree cover in woodier savannas Formatted: Border: Top: (No border), Bottom: (No
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canying capacity ofa unit ofland #ray/couidbe gresterthanpreviouslythought FHhe MOBIS \EearedienCilibationcould alsoresultina
more uniformcover distribution across regions, producinga more gradual transition between low-cover
savannas and high-cover forests. This could haveimplications for work that, for exanple, uses MODIS \VCF to
study forest-savannadynamics and bi-stability (Lasslopetal.,2018; Wuytsetal.,2017; Xu etal.,2016).

shouldbecalibrated for use inthe target region. However, calibrating MOBIS\/CFEon a largescale using fielddataasa
reference do-presentpresents several challenges. Firstly, different in-situ measurement techniques tend to measure
different types oftree cover (e.g-. Fialaetal.,2006; Korhonenet al., 2006; Rautiainenet al., 2005) and each will
require aspecific conversion method to enabledirect conparisonwith MODIS VCF- or Landsat TCC. For
exanple. Montesanoetal. (2016) ‘s conparison did not acknowledge VCF’ s and thus TCC’ s “within

canopy gaps.” whichmay explain their observed underestination in covers above 80%. In ourcase, to
account for gaps between tree crowns, we applied the

and resulting tree cover could vary widely on a plot-by-plotbasis (LIoyd et al., 2008). With further in-situ data
that describe tropical vegetation type-specific GCF variation, we may be able to incorporate site-specific GCFs
into ouranalysis.

errors (supplement Bin Torello-Raventoset al., 2013) are small and show no systematic bias and are therefore

the accuracy ofrenptely-sensed products like MODIS VCF and Landsat TCC (Hansenetal.,2003; Huete et al.,
1997; Snith et al., 2002ak-1997:-Sith-etal-2002).). Daadaedeisingtheseattheplot level wouldhelpidentify potentialoonbunding

factors affecting MOBIS-/CHperformance, and so help further constrain uncertainties.

reconmended (Grossetal.,2018; Laryand Lait, 2006, Montesano et al. 2016), thoughwithout a large-scale
effort to re-calibrate MODIS VVCF and products trained using VCFE like Landsat TCC, the questionofhow
appropriate MODIS VCF is for use in both forestsand savannas in the tropics will remain. By highlighting the

extent to which MODIS VCF struggles to estimate tree cover in tropical forestsand savannas, we hope to
informthe future use ofthis productteand inprove its useability.

within-Feld site and feld site-pixel variation are accountedfor durng-validationin calibration.\\ealso bundihatusing MODIS M-

for training likely propagates thesebiases. even in the finer-scale Landsat TCC. As MODIS VCF is a
productthatis commonly usedin awidevariety ofecological research including vegetation

estimating restoration potential, and identifying forest-savanna bimodality, we stress that more independent
work on validating and re-calibrating is required before its tree cover estimates can be relied upon in the tropics.
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Appendix

Figure Al. Location of sampling sites in Africa, Australia, and South America fromthe TROBIT Project(based on
Fig. 2, Torello-Raventoset al., 2013) shown on MODIS VCF (DiMiceli, 2017). Of the 63 field sites, only the 48 sites
with available GPS coordinateswere selected- (https://www.forestplots.net).
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There is aclear difference inhow accurately MODIS VCF estimates treecover inforested areas (ingreen, FHegere-LFig.
3)as opposedto areas identified as savannas (inorange, Fig. £3). In savanna sites, MODIS VVCF significantly and
consistently underestimates tree cover regardless ofthe amount of overlapand clunping. Significant
underestimation (at 95 %confidence) occurs when in-situ tree cover exceeds +8—19--21% (withoutenforced
clunping) or9—26-11-12% (withenforced clunping). In forestsites, MODIS MCF does not show thesarne pattemof
systematic underestination. Divergence does occur at high covers, depending on the enforcement ofoverlap or
clunping. MODIS VCF everesimatesunderestinetes tree cover where tree cover exceeds 7884 % (at the 95 % confidence
interval) whenneither overlap nor clunping s enforced, and overestimates where tree cover exceeds 9678 % (at 5

% confidenceinterval) whenboth overlapand clunping are enforced.
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Figure 4. Landsat TCC percent tree cover versuspercent tree cover fromTROBIT field data, taking into account
uncertainties associated with tree cover spatial distributions within a TCC pixeland/or fieldsite. The 4 combinations

are: (1) nooverlapand no clumping, where tree canopiesare randomly distributed within both pixelsand site; (2) no { Formatted: Fontcolor:Black

overlap and maximum clumping, where tree canopiesare clustered in one area of the pixels, and randomly
distributed throughout the field site; (3) with overlap and no clumping, where tree canopiesare randomly distributed
within the pixels, but overlap substantially within the field site; and (4) with overlap and maximum clumping, where
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tree canopiesare clustered to one side within the pixels, and overlap substantially within the site. The bolded dashed
line in black shows the 1:1 relationship. The solid lines represent the median of the respective regressions (greenfor
forest; orange for savanna; blackfor forest and savanna combined), and the thin lines represent the 5 and 95 %
confidence interval of their respective regression lines. The vertical error barsrepresent uncertainty introduced by
clumping; the horizontalerror barsrepresent the uncertainty introduced by overlap.

Similar patterns canbe observed with Landsat TCC (black line, Fig.4). There is a significant underestination of

tree coverin the lower coverranges up to 59%whenthere is enforced overlap, and up to 82%whenoverlap is

notenforced. In savannasites (orange line, Fig. 4) the underestimation (at 95%confidence) is significant and

consistentforcovers below 75 - 80 % (without enforced overlap) orbelow 52 - 60% (with enforced overlap). In

forest sites (greenline, Fig. 4) there is no systematic difference.

3.2 Global estimates of post-calibration changein tropical tree cover

curve, Fig. 1)-We-eiebnettse3) instead of using the savanna-onlysites rasavannaspedifc esiecioncalibietion Oange auve Fig.£3)

This is becausethere were few TROBIT sites representing savanna with MODIS \/CF tree cover values

exceeding 40%, and global land cover maps disagreeon thedistribution ofsavannas withinthe forest-savanna
ecotone (Heroldetal.,2008).

Fyre2Bshicrdisssemas () tegisadgb axs 0 el diat® dtdintes
direction (positive or negative ee#eeﬂen)—ae#essau- allbratlon Ieadlm toan increase or decrease in tree cover reﬁctlveu acrosalfour
scenarios. (Middle) Uncertainty range of the post-calibration change intree cover calculated asthe 90" percentile

(oimum oftre four cereriosin Fi A3) i s10 percertie (niimumofthe four Sereris{eprghy Bedessent e )
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. i . A oSy —— . :
firtecaurberuncer tainty range of field-sites-used-as+eference.each pixel with the pixel’s ge i eto the ’

(Fig.2A3),and the regions where all four scenarios agree on the direction ofchange (positive and negative) are
substantial- (Fig.5). However, there are sore differences caused by the uncertainty introduced by different
extents ofoverlap and clumping. While we see asignificantincreasein tree coveracross all clunping-overlap
combinations in many regions oftropical savannas and grasslands (Pennington et al., 2018), such asin the
forest-savanna mosaics thatsurround Congolian rainforests, we donotsee the same pattern inthe Cerrado of
Brazil. This is likely because the African forest-savanna regions fall withinthe range ofMODIS VVCF values

that consistently undergo a positive calibration (~30-50 %, see Fig. A2), whilethe Cerrado of Brazil does not.

analysiswhen our calibrationis broadly applied across thehighly variable tropical forest-savanna ecotone. By

multiplyingthe uncertainty range ofour calibrations with the geographical distanceto the closest sanpled
TROBIT site, we identified priority regions for further field surveying (Fig. 5 bottom). We found Southeast
Asia, Central America, and Mexico are areas where additional in-situ observations would greatly helpinmprove

confidence. Fielddata fromthe northwestern region of South Anerica, the southeastofthe African continent,
and Madagascar wouldalsohelp.

As our calibrations were based on a limited nunber ofsitesin a limited number ofregions, itis importantto

decrease in the Sahel post-calibration in multiple scenarios, which runs counter to theresults ofBrandt et al.

(2020) whofoundthattree cover was underestimated in this region. This disparity may be due to our lack of

field sitesin these more arid regions, further highlighting theinportance of more in-situdata for nore accurate

and precise calibration. Therefore, our calibrations are nost useful inidentifying areas where MODIS VVCF

estimates may be more or lessreliable.
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When lookingat our calibration in more detail, we seethat MODIS VVCF significantly underestinmates tree cover

inall the IGBP land cover classes that we considered, regardless ofoverlap or clunping (95 %confidence Expanded by / Condensed by
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are more conservative.

We found significant increases intree cover for ‘ forests’ in every calibration s cenario, though net change is not

significant (95 %confidence) when overlapis enforced. This canbe explained by the presence ofboth negative

and positive calibrations in the higher ranges oftree coverwhen overlag is enforced §!g arly. ;Qg gg;gggggg is
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While MODIS VCF is apowerful andaccessible tool to map tree cover, our field data-based calibrations

indicate that the latestMODIS VCF collection 6 is missing a lot ofwoody cover, evenwhenuncertainty
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introduced bysite canopy overlap and clunpingwithinthe MODIS VCF pixel are accounted for. The Landsat
TCC product, which may be viewedas an alternative witha higher spatial resolution, behavesin asimilar
manner. Ourmap (Fig. 5, top) highlights that this potential underestimation ofwoody cover is mainly occurring

in tropical savannas. Moreover, thehighest underestimationin the savanna classes occurs when there isno

enforced overlap (Fig A3) (i.e. when there isa uniformrandomdistribution oftrees) which is thescenario that

most likely reflects the TROBIT savanna plots. This is evidenced by work done by Veenendaal et al. (2015).

where TROBIT plots were tested for conplete spatial randonmess and only minor indications ofoverlap were

found. Woody savannas, as an exanple, may have their tree cover underestimated by up t0 32 %(95 %
confidence) whenneither clunpingnoroverlapisenforced (grey tones, Fig. 6). If our results are representative
of the tropics, then overall, MODIS VVCF may be underestimating tropical tree cover by between7 - 29 % for

unenforced clunping and overlapor0 - 21 % for when either clunping oroverlap are enforced (5 -95 %

confidence).
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coverranges forboth MODIS VCF and Landsat TCC. In fact Montesanoetal. (2016) showedan inproved
match between Landsat TCC and their lidar-derived tree cover reference data when reducing the height

threshold from5 m to 2 m However, becauseofhow ourfield reference CAlis derived, we were not able to

conclusivelylink the5 mthresholdto our observed underestimation.
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Figure 26. Percent changein tree cover afterte: ot poscalboration (Cocknie: o enforced clnping or overbp (beck; erforced

clumping and no enforced overlap (blue); no enforced clumping and enforced overlap (red); enforced clumping and
overlap (pinK) in the ‘forest’ supercategoryand the 5 savanna classes. Palest tone indicates positive change, mid-tone
indicatesnegative change, and the darlest tone indicates net change. Error barsdenote the 5-95% confidence
interval; if the error bar extends past the x-axis, the post-cerrectioncalibration change isnot considered significant.

difference between TROBITand MODISVCF we would have expected anincreasing underestimation in thelower

heightranges. Instead; we founda low R?and a mixture of underand overestimations in heights between 0 and
10 m (Fig. ABADL). This suggests that the inclusion oftrees below 5 mheightin the TROBIT inventory does not

fully explain the observed underestimation.

subordinate strata composition (and canopy cover thereof) varies widely depending on factors including

ecosystemtype andaltitude (Rutien-et-ak-2015) (Rutten et al., 2015), more research needstobedonewitheie insituheight deta,

[

;

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m
alwaysapply in MODIS VCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and

‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes

205

o
(
{

1 Formatted: Fontcolor:Black

;[

Formatted: Font: Times New Roman, 10 pt, Not
Expanded by / Condensed by

Formatted: Font: Times New Roman, 10 pt, Not
Expanded by / Condensed by

Formatted: Font: Times New Roman, 10 pt

Formatted: Font: Times New Roman, 10 pt, Not
Expanded by / Condensed by

Formatted: Font: Times New Roman, 10 pt

Formatted: Font: Times New Roman, 10 pt, Not
Expanded by / Condensed by

Formatted: Font: Times New Roman, 10 pt

Formatted: Font: Times New Roman, 10 pt, Not
Expanded by / Condensed by

Formatted: Font: Times New Roman, 10 pt

Formatted: Font: Times New Roman, 10 pt, Not
Expanded by / Condensed by

Formatted: Font: Times New Roman, 10 pt

Formatted: Font: Times New Roman, 10 pt

Formatted: Font: Times New Roman, 10 pt, Not
Expanded by / Condensed by

Formatted: Font: Times New Roman, 10 pt

Formatted: Font: Times New Roman, 10 pt, Not
Expanded by / Condensed by

| Formatted: Font: Times New Roman, 10 pt

Formatted: Font: Times New Roman

Formatted: Border: Top: (No border), Bottom:(No
border), Left: (No border), Right:(No border), Between :
(No border), Tab stops: 3.13", Centered + 6.27", Right

— JU JU U JC __ JCU JL _ JCU JL JC U JC U JC U JC U JC




is1-2 m For the ‘ savannas’ class, MODIS VCF yields a percent tree cover range thatmatches closely with the
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5 m minimum for MODIS VVCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and *savannas’ containtrees taller than 5 ng MODIS VCF is
distinguishingtrees belowthe 5 mthreshold; or, some corrbinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheet al.,2019). Forexanple, the accuracy for * closed shrublands’ is particularly low. Itis mainly
conflised with ‘ openshitlanes shublands”,  woodysavarRas savannes and * savannas savannas . The najoiity ofthe * openshiublands” class
commission erroris with the ‘ grasslands’ class; and there is confusionto a lesser extent between ‘ open
shrdblane;shubland’. ‘woodysavannas” and  savanRas-savannas’. Also, the ¢ croplandhatLialvegetation nosaics dassisofen
mapped as ‘closed shrdbland; shrubland’ . ‘ woody SavanrfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at

inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported improvenent in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013) are inherentandstill presentwithin this version of MODIS VVCF. Similar results for
MODISVCF and Landsat TCCalso suggest that by training TCC with VCF tree cover thesebiases have been
propagated intothe finer-scale product. Models calibrated using MODIS VVCF (Brandtetal.,2017; Lasslop et
al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2628)2021) also risk inheritingthesebiasesand shouldtherefore be
validated using other sources ofdata.

We suggest that, while MODIS VCF givesand landsat TCC give a good overview oftree cover ona global scale,
itbothshouldbe e calibraiedbelore itisusedasaseierenes ertaining eatacaltiosly insavenna s SeHeen Hedensaarsakinetets
long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODISVCF and Landsat TCCin savannasin particular (Gaughan et al.,2013; Grossetal.,2018; Kumaretal.,
2019) enphasisesthe importance of continuous independent validationand re-calibration of the-pradet these products. The
ecosystemfunctions ofsavannas can vary drastically with justa slight difference in tree cover (Gaughan etal.,
2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe biorme, whichin
turn affects how the landis managed.

VCF to estimate tree coverin agricultural land. As thistree cover is likely to have been underestimated

substantially, the derived available land space for replanting may be less than projected, with therestoration { Formatted: Font color: Black

potential overestimated. However, our results also indicate an underestimated tree cover in woodier savannas Formatted: Border: Top: (No border), Bottom: (No

border), Left: (No border), Right:(No border), Between :

and forests. Accounting for this, therestoration potential could actually be greater thananticipated, asbecause the
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canying capacity ofa unit ofland #ray/couidbe gresterthanpreviouslythought FHhe MOBIS \EearedienCilibationcould alsoresultina
more uniformcover distribution across regions, producinga more gradual transition between low-cover
savannas and high-cover forests. This could haveimplications for work that, for exanple, uses MODIS \VCF to
study forest-savannadynamics and bi-stability (Lasslopetal.,2018; Wuytsetal.,2017; Xu etal.,2016).

shouldbecalibrated for use inthe target region. However, calibrating MOBIS\/CFEon a largescale using fielddataasa
reference do-presentpresents several challenges. Firstly, different in-situ measurement techniques tend to measure
different types oftree cover (e.g-. Fialaetal.,2006; Korhonenet al., 2006; Rautiainenet al., 2005) and each will
require aspecific conversion method to enabledirect conparisonwith MODIS VCF- or Landsat TCC. For
exanple. Montesanoetal. (2016) ‘s conparison did not acknowledge VCF’ s and thus TCC’ s “within

canopy gaps.” whichmay explain their observed underestination in covers above 80%. In ourcase, to
account for gaps between tree crowns, we applied the

and resulting tree cover could vary widely on a plot-by-plotbasis (LIoyd et al., 2008). With further in-situ data
that describe tropical vegetation type-specific GCF variation, we may be able to incorporate site-specific GCFs
into ouranalysis.

errors (supplement Bin Torello-Raventoset al., 2013) are small and show no systematic bias and are therefore

the accuracy ofrenptely-sensed products like MODIS VCF and Landsat TCC (Hansenetal.,2003; Huete et al.,
1997; Snith et al., 2002ak-1997:-Sith-etal-2002).). Daadaedeisingtheseattheplot level wouldhelpidentify potentialoonbunding

factors affecting MOBIS-/CHperformance, and so help further constrain uncertainties.

reconmended (Grossetal.,2018; Laryand Lait, 2006, Montesano et al. 2016), thoughwithout a large-scale
effort to re-calibrate MODIS VVCF and products trained using VCFE like Landsat TCC, the questionofhow
appropriate MODIS VCF is for use in both forestsand savannas in the tropics will remain. By highlighting the

extent to which MODIS VCF struggles to estimate tree cover in tropical forestsand savannas, we hope to
informthe future use ofthis productteand inprove its useability.

within-Feld site and feld site-pixel variation are accountedfor durng-validationin calibration.\\ealso bundihatusing MODIS M-

for training likely propagates thesebiases. even in the finer-scale Landsat TCC. As MODIS VCF is a
productthatis commonly usedin awidevariety ofecological research including vegetation

estimating restoration potential, and identifying forest-savanna bimodality, we stress that more independent
work on validating and re-calibrating is required before its tree cover estimates can be relied upon in the tropics.
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Appendix

Figure Al. Location of sampling sites in Africa, Australia, and South America fromthe TROBIT Project(based on
Fig. 2, Torello-Raventoset al., 2013) shown on MODIS VCF (DiMiceli, 2017). Of the 63 field sites, only the 48 sites
with available GPS coordinateswere selected- (https://www.forestplots.net).
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analysiswhen our calibrationis broadly applied across thehighly variable tropical forest-savanna ecotone. By

multiplyingthe uncertainty range ofour calibrations with the geographical distance to the closest sanpled
TROBIT site, we identified priority regions for furtherfield surveying (Fig. 5 bottom). We found Southeast
Asia, Central Anerica, and Mexico are areas where additional in-situ observations would greatly help inprove
confidence. Fielddata fromthe northwesternregion ofSouth Anerica, the southeastofthe African continent,
and Madagascar wouldalsohelp.

decrease in the Sahel post-calibration in multiple scenarios, which runs counter to theresults ofBrandt et al.

(2020) whofoundthattree cover was underestimated in this region. This disparity may be due to our lack of

field sitesin these more arid regions, further highlighting the importance ofnmore in-situ data for more accurate

and precise calibration. Therefore, our calibrations are nost useful inidentifying areas where MODIS VCF

estimates may be more or lessreliable.

When lookingat our calibration in more detail, we seethat MODIS VCF significantly underestinates tree cover

inall the IGBP land cover classes that we considered, regardless ofoverlap or clunping (95 %confidence

interval)(Fig. 6). The most substantial and significant underestimation is in the classes ‘woody savannas” and

enforced (in purple, Fig. 6). This is because the peak in thetree cover frequency distribution for savannas aligns

with where thecalibration for maximum overlap andclunping is the largest (i.e,atabout 20 %tree cover,see

Eig. A4). while the peak incoverdistribution forwoody savannas (26 - 67 %, Fig. A4) aligns with the cover

range that undergoes the greatest change (Fig. 6) in the other clunpingand overlap scenarios.

¢ Openshrublands’ only show a simll underestimation oftree cover. despite its woody cover definition (10 - 60
%) matching the range where MODIS VCF nost underestinates tree cover (26 - 67 % cover).

—
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are more conservative.

We found significant increases intree cover for ‘ forests’ in every calibration s cenario, though net change isnot

significant (95 %confidence) when overlap s enforced. This canbe explained by the presence ofboth negative

and positive calibrations in the higher ranges oftree coverwhen overlapis enforced, Simi
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While MODIS VCF is apowerful andaccessible tool to map tree cover, our field data-based calibrations

indicate that the latestMODIS VCF collection 6 is missing a lot ofwoody cover, evenwhenuncertainty
introduced bysite canopy overlap and clunpingwithinthe MODIS VCF pixel are accounted for. The Landsat

TCC product, which may be viewedas an alternative witha higher spatial resolution, behavesin asimilar
manner. Ourmap (Fig.5, top) highlights that this potential underestimation ofwoody coveris mainly occurring

in tropical savannas. Moreover, thehighest underestimationin the savanna classes occurs when there isno

enforced overlap (Fig A3) (i.e. when there isa uniformrandomdistribution oftrees) which is thescenario that

most likely reflects the TROBIT savanna plots. This is evidenced by work done by Veenendaal et al. (2015).

where TROBIT plots were tested for conplete spatial randonmess and only minor indications ofoverlap were

found. Woody savannas, as an exanple, may have their tree cover underestimated by up t032 %(95 %

confidence) whenneither clunpingnoroverlapisenforced (grey tones, Fig. 6). If our results are representative

of the tropics, then overall, MODIS VCF may be underestimating tropical tree cover by between7 - 29 % for

unenforced clunping and overlapor0 - 21 % for when either clunping or overlap are enforced (5 -95 %

confidence).
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coverranges forboth MODIS VCF and Landsat TCC. In fact Montesanoetal. (2016) showedan inproved
match between Landsat TCC and their lidar-derivedtree cover reference data when reducing the height

threshold from5 m to 2 m However, becauseofhow ourfield reference CAlis derived, we were not able to

conclusivelylink the5 mthresholdto our observed underestimation.

{ Formatted: Font color: Black

/| Formatted: Border: Top: (No border), Bottom:(No
border), Left: (No border), Right:(No border), Between :
(No border), Tab stops: 3.13", Centered + 6.27", Right

213

|




fa“@ fé‘&
» » Y » » S
& & P e P & & &
s 2 G S\ & @ s &
& oF & &° & & o -$°ds\ e
9 _ & L g
= Unenforced Enforced clumping + T <
clumping/overlap
87 - &
2 4 Fe
- PR Pl g B A S HRTRAR - -
3
)
g2 Le
<’ ‘
[
{=:
[ =4
23 4 -3
3] Enforced overlap Enforced clumping/
overlap
] A &
2 Fe
T
e Le
' S » & > » N
& E S S &“’\9&
Ll
o g S e
ES RS
Figure 26. Percent changein tree cover afterte: ot poscalboration (Cocknie: o enforced clnping or overbp (beck; erforced

clumping and no enforced overlap (blue); no enforced clumping and enforced overlap (red); enforced clumping and
overlap (pinK) in the ‘forest’ supercategoryand the 5 savanna classes. Palest tone indicates positive change, mid-tone
indicatesnegative change, and the darlest tone indicates net change. Error barsdenote the 5-95% confidence
interval; if the error bar extends past the x-axis, the post-cerrectioncalibration change isnot considered significant.

difference between TROBITand MODISVCF we would have expected anincreasing underestimation in thelower

heightranges. Instead; we founda low R?and a mixture of underand overestimations in heights between 0 and
10 m (Fig. ABADL). This suggests that the inclusion oftrees below 5 mheightin the TROBIT inventory does not

fully explain the observed underestimation.

subordinate strata composition (and canopy cover thereof) varies widely depending on factors including

ecosystemtype andaltitude (Rutien-et-ak-2015) (Rutten et al., 2015), more research needstobedonewitheie insituheight deta,

[

;

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m
alwaysapply in MODIS VCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and

‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes
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is1-2 m For the ‘ savannas’ class, MODIS VCF yields a percent tree cover range thatmatches closely with the
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5 m minimum for MODIS VVCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and *savannas’ containtrees taller than 5 ng MODIS VCF is
distinguishingtrees belowthe 5 mthreshold; or, some corrbinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheet al.,2019). Forexanple, the accuracy for * closed shrublands’ is particularly low. Itis mainly
conflised with ‘ openshitlanes shublands”,  woodysavarRas savannes and * savannas savannas . The najoiity ofthe * openshiublands” class
commission erroris with the ‘ grasslands’ class; and there is confusionto a lesser extent between ‘ open
shrdblane;shubland’. ‘woodysavannas” and  savanRas-savannas’. Also, the ¢ croplandhatLialvegetation nosaics dassisofen
mapped as ‘closed shrdbland; shrubland’ . ‘ woody SavanrfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at

inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported improvenent in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013) are inherentandstill presentwithin this version of MODIS VVCF. Similar results for
MODISVCF and Landsat TCCalso suggest that by training TCC with VCF tree cover thesebiases have been
propagated intothe finer-scale product. Models calibrated using MODIS VVCF (Brandtetal.,2017; Lasslop et
al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2628)2021) also risk inheritingthesebiasesand shouldtherefore be
validated using other sources ofdata.

We suggest that, while MODIS VCF givesand landsat TCC give a good overview oftree cover ona global scale,
itbothshouldbe e calibraiedbelore itisusedasaseierenes ertaining eatacaltiosly insavenna s SeHeen Hedensaarsakinetets
long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODISVCF and Landsat TCCin savannasin particular (Gaughan et al.,2013; Grossetal.,2018; Kumaretal.,
2019) enphasisesthe importance of continuous independent validationand re-calibration of the-pradet these products. The
ecosystemfunctions ofsavannas can vary drastically with justa slight difference in tree cover (Gaughan etal.,
2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe biorme, whichin
turn affects how the landis managed.

VCF to estimate tree coverin agricultural land. As thistree cover is likely to have been underestimated

substantially, the derived available land space for replanting may be less than projected, with therestoration { Formatted: Font color: Black
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canying capacity ofa unit ofland #ray/couidbe gresterthanpreviouslythought FHhe MOBIS \EearedienCilibationcould alsoresultina
more uniformcover distribution across regions, producinga more gradual transition between low-cover
savannas and high-cover forests. This could haveimplications for work that, for exanple, uses MODIS \VCF to
study forest-savannadynamics and bi-stability (Lasslopetal.,2018; Wuytsetal.,2017; Xu etal.,2016).

shouldbecalibrated for use inthe target region. However, calibrating MOBIS\/CFEon a largescale using fielddataasa
reference do-presentpresents several challenges. Firstly, different in-situ measurement techniques tend to measure
different types oftree cover (e.g-. Fialaetal.,2006; Korhonenet al., 2006; Rautiainenet al., 2005) and each will
require aspecific conversion method to enabledirect conparisonwith MODIS VCF- or Landsat TCC. For
exanple. Montesanoetal. (2016) ‘s conparison did not acknowledge VCF’ s and thus TCC’ s “within

canopy gaps.” whichmay explain their observed underestination in covers above 80%. In ourcase, to
account for gaps between tree crowns, we applied the

and resulting tree cover could vary widely on a plot-by-plotbasis (LIoyd et al., 2008). With further in-situ data
that describe tropical vegetation type-specific GCF variation, we may be able to incorporate site-specific GCFs
into ouranalysis.

errors (supplement Bin Torello-Raventoset al., 2013) are small and show no systematic bias and are therefore

the accuracy ofrenptely-sensed products like MODIS VCF and Landsat TCC (Hansenetal.,2003; Huete et al.,
1997; Snith et al., 2002ak-1997:-Sith-etal-2002).). Daadaedeisingtheseattheplot level wouldhelpidentify potentialoonbunding

factors affecting MOBIS-/CHperformance, and so help further constrain uncertainties.

reconmended (Grossetal.,2018; Laryand Lait, 2006, Montesano et al. 2016), thoughwithout a large-scale
effort to re-calibrate MODIS VVCF and products trained using VCFE like Landsat TCC, the questionofhow
appropriate MODIS VCF is for use in both forestsand savannas in the tropics will remain. By highlighting the

extent to which MODIS VCF struggles to estimate tree cover in tropical forestsand savannas, we hope to
informthe future use ofthis productteand inprove its useability.

within-Feld site and feld site-pixel variation are accountedfor durng-validationin calibration.\\ealso bundihatusing MODIS M-

for training likely propagates thesebiases. even in the finer-scale Landsat TCC. As MODIS VCF is a
productthatis commonly usedin awidevariety ofecological research including vegetation

estimating restoration potential, and identifying forest-savanna bimodality, we stress that more independent
work on validating and re-calibrating is required before its tree cover estimates can be relied upon in the tropics.
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Appendix

Figure Al. Location of sampling sites in Africa, Australia, and South America fromthe TROBIT Project(based on
Fig. 2, Torello-Raventoset al., 2013) shown on MODIS VCF (DiMiceli, 2017). Of the 63 field sites, only the 48 sites
with available GPS coordinateswere selected- (https://www.forestplots.net).
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analysiswhen our calibrationis broadly applied across thehighly variable tropical forest-savanna ecotone. By

multiplyingthe uncertainty range ofour calibrations with the geographical distanceto the closest sanpled
TROBIT site, we identified priority regions for furtherfield surveying (Fig. 5 bottom). We found Southeast
Asia, Central Anerica, and Mexico are areas where additional in-situ observations would greatly helpinprove

confidence. Fielddata fromthe northwestern region of South Anerica, the southeastofthe African continent,

and Madagascar wouldalsohelp.

decrease in the Sahel post-calibration in multiple scenarios, which runs counter to theresults ofBrandt et al.

(2020) whofoundthattree cover was underestimated in this region. This disparity may be due to our lack of

field sitesin these more arid regions, further highlighting the importance ofnmore in-situ data for more accurate

and precise calibration. Therefore, our calibrations are nost useful inidentifying areas where MODIS VCF

estimates may be more or lessreliable.

When lookingat our calibration in more detail, we seethat MODIS VCF significantly underestinates tree cover

inall the IGBP land cover classes that we considered, regardless ofoverlap or clunping (95 %confidence

interval)(Fig. 6). The most substantial and significant underestimation is in the classes ‘woody savannas” and

enforced (in purple, Fig. 6). This is because the peak in thetree cover frequency distribution for savannas aligns

with where thecalibration for maximum overlap andclunping is the largest (i.e,atabout 20 %tree cover,see

Eig. A4). while the peak incoverdistribution forwoody savannas (26 - 67 %, Fig. A4) aligns with the cover

range that undergoes the greatest change (Fig. 6) in the other clunpingand overlap scenarios.

¢ Openshrublands’ only show a simll underestimation oftree cover. despite its woody cover definition (10 - 60
%) matching the range where MODIS VCF nost underestinates tree cover (26 - 67 % cover).

—

Formatted: Font: Times New Roman, 10 pt

)

Formatted: Font: Times New Roman, 10 pt, Not
Expanded by / Condensed by

{ Formatted: Font: Times New Roman, 10 pt

[ Formatted: Font: Times New Roman, 10 pt

L

Formatted: Font: Times New Roman, 10 pt

Expanded by / Condensed by

are more conservative.

We found significant increases intree cover for ‘ forests’ in every calibration s cenario, though net change isnot

significant (95 %confidence) when overlap s enforced. This canbe explained by the presence ofboth negative

and positive calibrations in the higher ranges oftree coverwhen overlapis enforced, Simi

(
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While MODIS VCF is apowerful andaccessible tool to map tree cover, our field data-based calibrations

indicate that the latestMODIS VCF collection 6 is missing a lot ofwoody cover, evenwhenuncertainty
introduced bysite canopy overlap and clunpingwithinthe MODIS VCF pixel are accounted for. The Landsat

TCC product, which may be viewedas an alternative witha higher spatial resolution, behavesin asimilar
manner. Ourmap (Fig.5, top) highlights that this potential underestimation ofwoody coveris mainly occurring

in tropical savannas. Moreover, thehighest underestimationin the savanna classes occurs when there isno

enforced overlap (Fig A3) (i.e. when there isa uniformrandomdistribution oftrees) which is thescenario that

most likely reflects the TROBIT savanna plots. This is evidenced by work done by Veenendaal et al. (2015).

where TROBIT plots were tested for conplete spatial randonmess and only minor indications ofoverlap were

found. Woody savannas, as an exanple, may have their tree cover underestimated by up t032 %(95 %

confidence) whenneither clunpingnoroverlapisenforced (grey tones, Fig. 6). If our results are representative

of the tropics, then overall, MODIS VCF may be underestimating tropical tree cover by between7 - 29 % for

unenforced clunping and overlapor0 - 21 % for when either clunping or overlap are enforced (5 -95 %

confidence).

[ Formatted: Font: Times New Roman, 10 pt

(-

| Formatted: Font: Times New Roman, 10 pt, Not
Expanded by / Condensed by

etal 2003) whllgthe TROBITCAI includes aIItrerﬂuh_amm_me_d_b_hmzm_asﬂeLLas_menha { Formatted: Font:Times New Roman, 10 pt

heightexceedingl 5Smwhendbh<25cm  Formatted: Font: Times New Roman, 10 pt

L

coverranges forboth MODIS VCF and Landsat TCC. In fact Montesanoetal. (2016) showedan inproved
match between Landsat TCC and their lidar-derivedtree cover reference data when reducing the height

threshold from5 m to 2 m However, becauseofhow ourfield reference CAlis derived, we were not able to

conclusivelylink the5 mthresholdto our observed underestimation.
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Figure 26. Percent changein tree cover afterte: ot poscalboration (Cocknie: o enforced clnping or overbp (beck; erforced

clumping and no enforced overlap (blue); no enforced clumping and enforced overlap (red); enforced clumping and
overlap (pinK) in the ‘forest’ supercategoryand the 5 savanna classes. Palest tone indicates positive change, mid-tone
indicatesnegative change, and the darlest tone indicates net change. Error barsdenote the 5-95% confidence
interval; if the error bar extends past the x-axis, the post-cerrectioncalibration change isnot considered significant.

difference between TROBITand MODISVCF we would have expected anincreasing underestimation in thelower

heightranges. Instead; we founda low R?and a mixture of underand overestimations in heights between 0 and
10 m (Fig. ABADL). This suggests that the inclusion oftrees below 5 mheightin the TROBIT inventory does not

fully explain the observed underestimation.

subordinate strata composition (and canopy cover thereof) varies widely depending on factors including

ecosystemtype andaltitude (Rutien-et-ak-2015) (Rutten et al., 2015), more research needstobedonewitheie insituheight deta,

[

;

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m
alwaysapply in MODIS VCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and

‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes
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is1-2 m For the ‘ savannas’ class, MODIS VCF yields a percent tree cover range thatmatches closely with the
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5 m minimum for MODIS VVCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and *savannas’ containtrees taller than 5 ng MODIS VCF is
distinguishingtrees belowthe 5 mthreshold; or, some corrbinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheet al.,2019). Forexanple, the accuracy for * closed shrublands’ is particularly low. Itis mainly
conflised with ‘ openshitlanes shublands”,  woodysavarRas savannes and * savannas savannas . The najoiity ofthe * openshiublands” class
commission erroris with the ‘ grasslands’ class; and there is confusionto a lesser extent between ‘ open
shrdblane;shubland’. ‘woodysavannas” and  savanRas-savannas’. Also, the ¢ croplandhatLialvegetation nosaics dassisofen
mapped as ‘closed shrdbland; shrubland’ . ‘ woody SavanrfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at

inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported improvenent in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013) are inherentandstill presentwithin this version of MODIS VVCF. Similar results for
MODISVCF and Landsat TCCalso suggest that by training TCC with VCF tree cover thesebiases have been
propagated intothe finer-scale product. Models calibrated using MODIS VVCF (Brandtetal.,2017; Lasslop et
al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2628)2021) also risk inheritingthesebiasesand shouldtherefore be
validated using other sources ofdata.

We suggest that, while MODIS VCF givesand landsat TCC give a good overview oftree cover ona global scale,
itbothshouldbe e calibraiedbelore itisusedasaseierenes ertaining eatacaltiosly insavenna s SeHeen Hedensaarsakinetets
long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODISVCF and Landsat TCCin savannasin particular (Gaughan et al.,2013; Grossetal.,2018; Kumaretal.,
2019) enphasisesthe importance of continuous independent validationand re-calibration of the-pradet these products. The
ecosystemfunctions ofsavannas can vary drastically with justa slight difference in tree cover (Gaughan etal.,
2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe biorme, whichin
turn affects how the landis managed.

VCF to estimate tree coverin agricultural land. As thistree cover is likely to have been underestimated

substantially, the derived available land space for replanting may be less than projected, with therestoration { Formatted: Font color: Black
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canying capacity ofa unit ofland #ray/couidbe gresterthanpreviouslythought FHhe MOBIS \EearedienCilibationcould alsoresultina
more uniformcover distribution across regions, producinga more gradual transition between low-cover
savannas and high-cover forests. This could haveimplications for work that, for exanple, uses MODIS \VCF to
study forest-savannadynamics and bi-stability (Lasslopetal.,2018; Wuytsetal.,2017; Xu etal.,2016).

shouldbecalibrated for use inthe target region. However, calibrating MOBIS\/CFEon a largescale using fielddataasa
reference do-presentpresents several challenges. Firstly, different in-situ measurement techniques tend to measure
different types oftree cover (e.g-. Fialaetal.,2006; Korhonenet al., 2006; Rautiainenet al., 2005) and each will
require aspecific conversion method to enabledirect conparisonwith MODIS VCF- or Landsat TCC. For
exanple. Montesanoetal. (2016) ‘s conparison did not acknowledge VCF’ s and thus TCC’ s “within

canopy gaps.” whichmay explain their observed underestination in covers above 80%. In ourcase, to
account for gaps between tree crowns, we applied the

and resulting tree cover could vary widely on a plot-by-plotbasis (LIoyd et al., 2008). With further in-situ data
that describe tropical vegetation type-specific GCF variation, we may be able to incorporate site-specific GCFs
into ouranalysis.

errors (supplement Bin Torello-Raventoset al., 2013) are small and show no systematic bias and are therefore

the accuracy ofrenptely-sensed products like MODIS VCF and Landsat TCC (Hansenetal.,2003; Huete et al.,
1997; Snith et al., 2002ak-1997:-Sith-etal-2002).). Daadaedeisingtheseattheplot level wouldhelpidentify potentialoonbunding

factors affecting MOBIS-/CHperformance, and so help further constrain uncertainties.

reconmended (Grossetal.,2018; Laryand Lait, 2006, Montesano et al. 2016), thoughwithout a large-scale
effort to re-calibrate MODIS VVCF and products trained using VCFE like Landsat TCC, the questionofhow
appropriate MODIS VCF is for use in both forestsand savannas in the tropics will remain. By highlighting the

extent to which MODIS VCF struggles to estimate tree cover in tropical forestsand savannas, we hope to
informthe future use ofthis productteand inprove its useability.

within-Feld site and feld site-pixel variation are accountedfor durng-validationin calibration.\\ealso bundihatusing MODIS M-

for training likely propagates thesebiases. even in the finer-scale Landsat TCC. As MODIS VCF is a
productthatis commonly usedin awidevariety ofecological research including vegetation

estimating restoration potential, and identifying forest-savanna bimodality, we stress that more independent
work on validating and re-calibrating is required before its tree cover estimates can be relied upon in the tropics.
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Appendix

Figure Al. Location of sampling sites in Africa, Australia, and South America fromthe TROBIT Project(based on
Fig. 2, Torello-Raventoset al., 2013) shown on MODIS VCF (DiMiceli, 2017). Of the 63 field sites, only the 48 sites
with available GPS coordinateswere selected- (https://www.forestplots.net).
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Landsat TCC. In fact Montesanoetal. (2016) showed an inproved match between Landsat TCCand their

lidar-derived tree cover reference datawhen reducing theheight thresholdfrom 5 m to 2 m However, because

of how ourfield reference CAl is derived, we were not able to conclusively link the 5 mthreshold toour

observedunderestimation.
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Figure 26. Percent changein tree cover after-te. ot poscalboration (Clockne: o enforced clnping or overbp (ks erforced

clumping and no enforced overlap (blue); no enforced clumping and enforced overlap (red); enforced clumping and
overlap (pinK) in the ‘forest’ supercategoryand the 5 savanna classes. Palest tone indicates positive change, mid-tone

indicates negative change, and the darkest tone indicates net change. Error barsdenote the 5-95% confidence

interval; if the error bar extends past the x-axis, the post-cerrectioncalibration change isnot considered significant.

difference between TROBIT and MODISVCF we would have expected anincreasing underestimation in thelower
heightranges. Instead: we founda low R?and a mixture of under and overestimations in heights between0 and
10 m(Fig. ABAS). This suggests that the inclusion oftrees below5 mheightin the TROBIT inventory does not

fully explain the observed underestimation.
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subordinatestrata composition (and canopy cover thereof) varies widely depending on factors including
ecosystemtype andaltitude{Rutten-etak-2015)(Rutten etal., 2015), nore research needstobedonewith+ee insituheight data,

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m

alwaysapply in MODIS VVCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and
‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes
is1-2 m For the ‘ savannas’ class, MODIS VCF yields a percent tree cover range thatmatches closely with the
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5m minimum for MODIS VCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and *savannas’ containtrees taller than 5 ng MODIS VCF is
distinguishing trees belowthe 5 mthreshold; or, some conrbinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheetal.,2019). Forexanple, the accuracy for ‘ closed shrublands’ is particularly low. It is mainly

confised with ‘ openshitblands shublands”, ‘woodysavarras savennes and “ savarRas savannas”, The najority ofthe ¢ openshiublands” dlass
commission erroris with the ‘grasslands’ class; and there is confusionto a lesser extent between ‘open

shrbland;shubland’. ‘woodysavannas’ and  savarnas-savannas’. Also, the  croplandhatural vegetation nosaics” dassisofen
mapped as ‘ closed shrdbtand; shrubland’ . ‘ woody SavanfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at
inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported inprovement in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013)are inherentandstill presentwithin this version of MODIS VCF. Similar results for
MODIS VCF and Landsat TCCalso suggest that by training TCCwith VCF tree cover thesebiases have been
propagated intothe finer-scale product. Models calibrated using MODIS VVCF (Brandtetal.,2017; Lasslop et
al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2626)2021) also risk inheritingthesebiases and shouldtherefore be

validated using other sources ofdata.

We suggest that, while MODIS VCF ghvesand landsat TCC give a good overview oftree cover ona global scale,
fihothshouldbere-calibraied befaie tisusedasaielerenee ertiaiing caiacauiosly insavanre pi e eE@Es 0 bede nsaaTsatimetetes
long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODISVCF and Landsat TCCin savannas in particular (Gaughan etal.,2013; Grossetal.,2018; Kunaretal.,

2019) enphasisesthe importance of continuous independent validationand re-calibration of the-pradiet.these products. The { Formatted: Font color: Black

Formatted: Border: Top: (No border), Bottom:(No
border), Left: (No border), Right:(No border), Between :
(No border), Tab stops: 3.13", Centered + 6.27", Right

ecosystemfunctions ofsavannas can vary drastically with justa slight difference in tree cover (Gaughan etal.,

231

<




2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe biorme, whichin
turn affects how the landis managed.

VCF to estimate tree coverin agricultural land. As this tree cover is likely to have been underestimated
substantially, the derived available land space for replanting may be lessthan projected, withtherestoration
potential overestimated. However, our results also indicate an underestimated tree cover in woodier savannas
and forests. Accounting for this, therestoration potential could actually be greater thananticipated, asbecause the
canying capacity ofa unit ofland #ray/couldbe gresterthanpreviouslythought FHae MOBIS VEeatiedienCalibationcould alsoresultina
more uniformcover distribution across regions, producinga more gradual transition between low-cover
savannasand high-cover forests. This could have inplications for work that, for exanple, uses MODIS VVCF to
study forest-savannadynamics and bi-stability (Lasslopetal.,2018; Wuytsetal.,2017; Xu et al.,2016).

shouldbecalibrated for use inthe target region. However, calibrating MOBIS\/CFEon a largescale using fielddataasa
reference do-presentpresents several challenges. Firstly, different in-situ measurement techniques tend to measure
different types oftree cover (e.g-. Fialaetal.,2006; Korhonenet al., 2006; Rautiainenet al., 2005) and each will
require aspecific conversionmethod to enabledirect conparisonwith MODIS VCF. or Landsat TCC. For
exanple. Montesanoetal.(2016) ‘s conparison did not acknowledge VCF’ s and thus TCC’ s “within

canopy gaps.” whichnmay explain their observed underestimation in covers above 80%. In ourcase, to
account for gaps betweentree crowns, we applied the

and resulting tree cover could vary widely on a plot-by-plotbasis (LIoyd et al., 2008). With further in-situ data
that describe tropical vegetation type-specific GCF variation, we may be able to incorporate site-specific GCFs
into ouranalysis.

errors (supplement Bin Torello- Raventosetal.,2013) are small and show no systematic bias and are therefore

the accuracy ofrenotely-sensed products like MODIS VCF and Landsat TCC (Hansenetal.,2003; Huete et al.,
1997; Snith et al., 2002ak-1997:-Srith-etal-2002).). Daadaedsisingtheseattheplot level wouldhelpidentify potentialoonbunding
factors affecting MOBIS-/CFperformance, and so help further constrain uncertainties.

reconmended (Grossetal.,2018; Laryand Lait, 2006, Montesano et al. 2016), thoughwithout a large-scale
effort to re-calibrate MODIS VVCF and products trained using VCFE like Landsat TCC, the questionofhow

appropriate MODIS VCF is for use in both forests and savannas in the tropics will remain. By highlighting the

extent to whichMODIS VCF struggles to estimate tree cover in tropical forests and savannas, we hope to

informthe future use ofthis productteand inprove its useability. { Formatted: Font color: Black
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within-Feld site andfield-site-pixel variation are accountedfor durng-validationin calibration.\\ealso bundihatusing MODIS V=
for training likely propagates thesebiases, evenin the finer-scale Landsat TCC. As MODIS VCF is a

productthatis comrmonly usedin awidevariety ofecological research including vegetation

estimating restoration potential, and identifying forest-savanna bimodality, we stress that more independent
work on validating and re-calibrating is required before its tree cover estimates can be relied upon in the tropics.
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Appendix

Figure Al. Location of sampling sites in Africa, Australia, and South America fromthe TROBIT Project(based on
Fig. 2, Torello-Raventoset al., 2013) shown on MODIS VCF (DiMiceli, 2017). Of the 63 field sites, only the 48 sites
with available GPS coordinateswere selected- (https://www.forestplots.net).
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This couldexplainour observed underestimation in the lower tree cover ranges for both MODIS VCF and
Landsat TCC. In fact Montesanoetal. (2016) showed an inproved match between Landsat TCCand their
lidar-derived tree cover reference data whenreducing the height thresholdfrom 5 m to 2 m However, because

of how ourfield reference CAl is derived, we were not able to conclusively link the 5 mthreshold toour

observedunderestimation.
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Figure 26. Percent changein tree cover afterte. ot i poscalboration (Clockne: o enforced clnping or overbp (ks erforced

clumping and no enforced overlap (blue); no enforced clumping and enforced overlap (red); enforced clumping and
overlap (pinK) in the ‘forest’ supercategoryand the 5 savanna classes. Palest tone indicates positive change, mid-tone
indicates negative change, and the darkest tone indicates net change. Error barsdenote the 5-95% confidence
interval; if the error bar extends past the x-axis, the post-cerrectioncalibration change isnot considered significant.

difference between TROBIT and MODISVCF we would have expected anincreasing underestimation in thelower
heightranges. Instead: we founda low R?and a mixture of under and overestimations in heights between0 and
10 m(Fig. ABAS). This suggests that the inclusion oftrees below5 mheightin the TROBIT inventory does not
fully explain the observed underestimation.
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subordinatestrata composition (and canopy cover thereof) varies widely depending on factors including
ecosystemtype andaltitude{Rutten-etak-2015)(Rutten etal., 2015), nore research needstobedonewith+ee insituheight data,

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m

alwaysapply in MODIS VVCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and
‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes
is1-2 m For the ‘ savannas’ class, MODIS VCF yields a percent tree cover range thatmatches closely with the
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5m minimum for MODIS VCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and *savannas’ containtrees taller than 5 ng MODIS VCF is
distinguishing trees belowthe 5 mthreshold; or, some conrbinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheetal.,2019). Forexanple, the accuracy for ‘ closed shrublands’ is particularly low. It is mainly

confised with ‘ openshitblands shublands”, ‘woodysavarras savennes and “ savarRas savannas”, The najority ofthe ¢ openshiublands” dlass
commission erroris with the ‘grasslands’ class; and there is confusionto a lesser extent between ‘open

shrbland;shubland’. ‘woodysavannas’ and  savarnas-savannas’. Also, the  croplandhatural vegetation nosaics” dassisofen
mapped as ‘ closed shrdbtand; shrubland’ . ‘ woody SavanfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at
inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported inprovement in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013)are inherentandstill presentwithin this version of MODIS VCF. Similar results for
MODIS VCF and Landsat TCCalso suggest that by training TCCwith VCF tree cover thesebiases have been
propagated intothe finer-scale product. Models calibrated using MODIS VVCF (Brandtetal.,2017; Lasslop et
al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2626)2021) also risk inheritingthesebiases and shouldtherefore be

validated using other sources ofdata.

We suggest that, while MODIS VCF ghvesand landsat TCC give a good overview oftree cover ona global scale,
fihothshouldbere-calibraied befaie tisusedasaielerenee ertiaiing caiacauiosly insavanre pi e eE@Es 0 bede nsaaTsatimetetes
long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODISVCF and Landsat TCCin savannas in particular (Gaughan etal.,2013; Grossetal.,2018; Kunaretal.,

2019) enphasisesthe importance of continuous independent validationand re-calibration of the-pradiet.these products. The { Formatted: Font color: Black
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2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe biorme, whichin
turn affects how the landis managed.

VCF to estimate tree coverin agricultural land. As this tree cover is likely to have been underestimated
substantially, the derived available land space for replanting may be lessthan projected, withtherestoration
potential overestimated. However, our results also indicate an underestimated tree cover in woodier savannas
and forests. Accounting for this, therestoration potential could actually be greater thananticipated, asbecause the
canying capacity ofa unit ofland #ray/couldbe gresterthanpreviouslythought FHae MOBIS VEeatiedienCalibationcould alsoresultina
more uniformcover distribution across regions, producinga more gradual transition between low-cover
savannasand high-cover forests. This could have inplications for work that, for exanple, uses MODIS VVCF to
study forest-savannadynamics and bi-stability (Lasslopetal.,2018; Wuytsetal.,2017; Xu et al.,2016).

shouldbecalibrated for use inthe target region. However, calibrating MOBIS\/CFEon a largescale using fielddataasa
reference do-presentpresents several challenges. Firstly, different in-situ measurement techniques tend to measure
different types oftree cover (e.g-. Fialaetal.,2006; Korhonenet al., 2006; Rautiainenet al., 2005) and each will
require aspecific conversionmethod to enabledirect conparisonwith MODIS VCF. or Landsat TCC. For
exanple. Montesanoetal.(2016) ‘s conparison did not acknowledge VCF’ s and thus TCC’ s “within

canopy gaps.” whichnmay explain their observed underestimation in covers above 80%. In ourcase, to
account for gaps betweentree crowns, we applied the

and resulting tree cover could vary widely on a plot-by-plotbasis (LIoyd et al., 2008). With further in-situ data
that describe tropical vegetation type-specific GCF variation, we may be able to incorporate site-specific GCFs
into ouranalysis.

errors (supplement Bin Torello- Raventosetal.,2013) are small and show no systematic bias and are therefore

the accuracy ofrenotely-sensed products like MODIS VCF and Landsat TCC (Hansenetal.,2003; Huete et al.,
1997; Snith et al., 2002ak-1997:-Srith-etal-2002).). Daadaedsisingtheseattheplot level wouldhelpidentify potentialoonbunding
factors affecting MOBIS-/CFperformance, and so help further constrain uncertainties.

reconmended (Grossetal.,2018; Laryand Lait, 2006, Montesano et al. 2016), thoughwithout a large-scale
effort to re-calibrate MODIS VVCF and products trained using VCFE like Landsat TCC, the questionofhow

appropriate MODIS VCF is for use in both forests and savannas in the tropics will remain. By highlighting the

extent to whichMODIS VCF struggles to estimate tree cover in tropical forests and savannas, we hope to

informthe future use ofthis productteand inprove its useability. { Formatted: Font color: Black
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within-Feld site andfield-site-pixel variation are accountedfor durng-validationin calibration.\\ealso bundihatusing MODIS V=
for training likely propagates thesebiases, evenin the finer-scale Landsat TCC. As MODIS VCF is a

productthatis comrmonly usedin awidevariety ofecological research including vegetation

estimating restoration potential, and identifying forest-savanna bimodality, we stress that more independent
work on validating and re-calibrating is required before its tree cover estimates can be relied upon in the tropics.
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Appendix

Figure Al. Location of sampling sites in Africa, Australia, and South America fromthe TROBIT Project(based on
Fig. 2, Torello-Raventoset al., 2013) shown on MODIS VCF (DiMiceli, 2017). Of the 63 field sites, only the 48 sites
with available GPS coordinateswere selected- (https://www.forestplots.net).
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g
heightranges. Instead; we founda low R? and a mixture of underand overestimations in heights between 0 and
10 m(Fig. ABAS). This suggests that the inclusion oftrees below5 mheightin the TROBIT inventory does not
fully explain the observed underestimation.

subordinatestrata conposition (and canopy cover thereof) varies widely depending on factors including
ecosystemtype andaltitude (Rutien-et-alk-2015) (Rutten et al., 2015), more research needstobedonewithreie insituheight deta,

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m

alwaysapply in MODIS VCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and
‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes
is1-2 m For the ¢ savannas’ class, MODIS VCF yields a percent tree cover range that matches closely with the
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5 m minimum for MODIS VCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and ’ savannas’ containtrees taller than 5 s MODIS VCF is

distinguishingtrees belowthe 5 mthreshold; or, some combinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheetal.,2019). Forexanple, the accuracy for ‘ closed shrublands’ is particularly low. It is mainly
conflised with ‘ openshitislanes shiublands”,  woodySavannas savannes and * savannas savannas . The najoiity ofthe * openshrublands” class

conmmission erroris with the ‘ grasslands’ class; andthere is confusionto a lesser extent between ‘open
shrdblane;shubland’. ‘woodysavannas” and  savanRas-savannas”. Also, the * croplandhatLialvegetation nosaics dassisofen
mapped as ‘closed shrdbtand; shrubland’ . ‘ woody SavanfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at
inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported inprovement in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013)are inherentandstill presentwithin this version of MODIS VCF. Similar results for
MODIS VCF and Landsat TCCalso suggest that by training TCC with VCF tree cover thesebiases have been
propagated intothe finer-scaleproduct. Models calibrated using MODIS VVCF (Brandt et al.,2017; Lasslop et

al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2626)2021) also risk inheritingthesebiases and shouldtherefore be
validated using other sources ofdata.
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long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODIS VCF and Landsat TCCin savannasin particular (Gaughan et al.,2013; Grossetal.,2018; Kumaretal.,
2019) enphasisesthe inportance of continuous independent validationand re-calibration of the-pradtiet.these products. The
ecosystemfunctions ofsavannas can vary drastically with justa slight difference in tree cover (Gaughan etal.,
2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe bionme, whichin
turn affects how the landis managed.

V/CF to estimate tree coverin agricultural land. As this tree cover is likely to have been underestimated
substantially, the derived available land space for replanting may be less than projected, withtherestoration
potential overestimated. However, our results also indicate an underestimated tree cover in woodier savannas
and forests. Accounting for this, therestoration potential could actually be greater thananticipated, asbecause the
canying capacity ofa unit ofland #ray/couldbe gredterthanpreviouslythought Fhe MOBIS \EFearedienCilibationcould alsoresultina
nmore uniformcover distribution across regions, producing a more gradual transition between low-cover
savannas and high-cover forests. This could have inplications for work that, for exanple, uses MODIS \VCF to
study forest-savannadynamics and bi-stability (Lasslopetal.,2018; Wuytsetal.,2017; Xu etal.,2016).

shouldbecalibrated for use inthe target region. However, calibrating MODIS\VCFE on a largescale using fielddataasa
reference do-presentpresents several challenges. Firstly, different in-situ measurement techniques tend to measure
different types oftree cover (e.g-. Fialaetal.,2006; Korhonenet al., 2006; Rautiainenet al., 2005) and each will
require aspecific conversion nethod to enabledirect conparisonwith MODIS VCF-or Landsat TCC. For
exanple. Montesanoetal. (2016) ‘s conparison did not acknowledge VCF’ s and thus TCC’ s ‘within

canopy gaps.” whichmay explain their observed underestimation in covers above 80%. In ourcase, to
account for gaps betweentree crowns, we applied the

and resultingtree cover could vary widely on a plot-by-plotbasis (Lloyd et al., 2008). With further in-situ data
that describe tropical vegetation type-specific GCF variation, we may be able to incorporate site-specific GCFs
into ouranalysis.

errors (supplement Bin Torello-Raventoset al., 2013) are small and show no systematic bias and are therefore

1997:Sith et al., 200283997 Spaith-et-ak-2002)). Daachaecaisingtheseatiheplotieve woudhepidentif poiertidconfurding

factors affecting MOBIS/CFperformance, and sohelp further constrain uncertainties.
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effort to re-calibrate MODIS VVCF and products trained using VCFE like Landsat TCC, the questionofhow
appropriate MODIS VCF is for use in both forests and savannas in the tropics will remain. By highlighting the
extent to which MODIS VCF struggles to estimate tree cover in tropical forestsand savannas, we hope to

informthe future use ofthis productteand inprove its useability.

within-Held-site and feld site-pixel variation are accounted for during-alidationin calibration.\\e also bundhetusing MODIS\VCE

for training likely propagates thesebiases, evenin the finer-scale Landsat TCC. As MODIS VCF is a
productthatis commonly usedin awidevariety ofecological research including vegetation

estimating restoration potential, and identifying forest-savanna bimodality, we stress that more independent
work on validating and re-calibrating is required before its tree cover estimates can be relied upon in the tropics.
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Appendix

Figure Al. Location of sampling sites in Africa, Australia, and South America fromthe TROBIT Project(based on
Fig. 2, Torello-Raventoset al., 2013) shown on MODIS VCF (DiMiceli, 2017). Of the 63 field sites, only the 48 sites
with available GPS coordinateswere selected- (https://www.forestplots.net).
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difference between TROBIT and MODISVCF we would have expected anincreasing underestimation in thelower
heightranges. Instead; we founda low R?and a mixture of underand overestimations in heights between 0 and
10 m(Fig. AGAS). This suggests that the inclusion oftrees below 5 mheightin the TROBIT inventory does not
fully explain the observed underestination.

subordinatestrata conposition (and canopy cover thereof) varies widely depending on factors including
ecosystemtype andaltitude(Rutien-et-ak-2015) (Rutten et al., 2015), more research needstobedonewitheie insituheight deta

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m

alwaysapply in MODIS VCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and
‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes
is1-2 m For the ‘ savannas’ class, MODIS VCF yields a percent tree cover range thatmatches closely withthe
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5 m minimum for MODIS VVCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and *savannas’ containtrees taller than 5 ng MODIS VCF is
distinguishing trees belowthe 5 mthreshold; or, some conmrbinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheetal.,2019). Forexanple, the accuracy for ‘ closed shrublands’ is particularly low. It is mainly

confised with ‘ openshitblands shublands”, “woodysavarRas savennes and “ savarRas savannas”, The najority ofthe ¢ openshiublands” dlass

conmmission erroris with the ‘ grasslands’ class; andthere is confusionto a lesser extent between ‘open

shrdblane;shubland’. ‘woodysavannas” and  savanRas-savannas”. Also, the * croplandhatLialvegetation nosaics dassisofen
mapped as ‘closed shrdbtand; shrubland’ . ‘ woody SavanfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at
inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported inprovement in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013)are inherentandstill presentwithin this version of MODIS VCF. Similar results for
MODIS VCF and Landsat TCCalso suggest that by training TCC with VCF tree cover thesebiases have been
propagated intothe finer-scale product. Models calibrated using MODIS VCF (Brandtetal.,2017; Lasslop et
al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2628)2021) also risk inheritingthesebiasesand shouldtherefore be

validated using other sources ofdata.

We suggest that, while MODIS VVCF givesand landsat TCC give a good overview oftree cover ona global scale, { Formatted: Font color: Black

Formatted: Border: Top: (No border), Bottom:(No
border), Left: (No border), Right:(No border), Between :
(No border), Tab stops: 3.13", Centered + 6.27", Right

ithothshouldbe e calibaied belore itisusedasaseierenee ertaining eatacatiously insavenna s SeHestn Hedannaarsalinetetes

250

<




long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODIS VCF and Landsat TCCin savannasin particular (Gaughan et al.,2013; Grossetal.,2018; Kumaretal.,
2019) enphasisesthe inportance of continuous independent validationand re-calibration of the-pradtiet.these products. The
ecosystemfunctions ofsavannas can vary drastically with justa slight difference in tree cover (Gaughan etal.,
2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe bionme, whichin
turn affects how the landis managed.

V/CF to estimate tree coverin agricultural land. As this tree cover is likely to have been underestimated
substantially, the derived available land space for replanting may be less than projected, withtherestoration
potential overestimated. However, our results also indicate an underestimated tree cover in woodier savannas
and forests. Accounting for this, therestoration potential could actually be greater thananticipated, asbecause the
canying capacity ofa unit ofland #ray/couldbe gredterthanpreviouslythought Fhe MOBIS \EFearedienCilibationcould alsoresultina
nmore uniformcover distribution across regions, producing a more gradual transition between low-cover
savannas and high-cover forests. This could have inplications for work that, for exanple, uses MODIS \VCF to
study forest-savannadynamics and bi-stability (Lasslopetal.,2018; Wuytsetal.,2017; Xu etal.,2016).

shouldbecalibrated for use inthe target region. However, calibrating MODIS\VCFE on a largescale using fielddataasa
reference do-presentpresents several challenges. Firstly, different in-situ measurement techniques tend to measure
different types oftree cover (e.g-. Fialaetal.,2006; Korhonenet al., 2006; Rautiainenet al., 2005) and each will
require aspecific conversion nethod to enabledirect conparisonwith MODIS VCF-or Landsat TCC. For
exanple. Montesanoetal. (2016) ‘s conparison did not acknowledge VCF’ s and thus TCC’ s ‘within

canopy gaps.” whichmay explain their observed underestimation in covers above 80%. In ourcase, to
account for gaps betweentree crowns, we applied the

and resultingtree cover could vary widely on a plot-by-plotbasis (Lloyd et al., 2008). With further in-situ data
that describe tropical vegetation type-specific GCF variation, we may be able to incorporate site-specific GCFs
into ouranalysis.

errors (supplement Bin Torello-Raventoset al., 2013) are small and show no systematic bias and are therefore

1997:Sith et al., 200283997 Spaith-et-ak-2002)). Daachaecaisingtheseatiheplotieve woudhepidentif poiertidconfurding

factors affecting MOBIS/CFperformance, and sohelp further constrain uncertainties.
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effort to re-calibrate MODIS VVCF and products trained using VCFE like Landsat TCC, the questionofhow
appropriate MODIS VCF is for use in both forests and savannas in the tropics will remain. By highlighting the
extent to which MODIS VCF struggles to estimate tree cover in tropical forestsand savannas, we hope to

informthe future use ofthis productteand inprove its useability.

within-Held-site and feld site-pixel variation are accounted for during-alidationin calibration.\\e also bundhetusing MODIS\VCE

for training likely propagates thesebiases, evenin the finer-scale Landsat TCC. As MODIS VCF is a
productthatis commonly usedin awidevariety ofecological research including vegetation

estimating restoration potential, and identifying forest-savanna bimodality, we stress that more independent
work on validating and re-calibrating is required before its tree cover estimates can be relied upon in the tropics.
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Appendix

Figure Al. Location of sampling sites in Africa, Australia, and South America fromthe TROBIT Project(based on
Fig. 2, Torello-Raventoset al., 2013) shown on MODIS VCF (DiMiceli, 2017). Of the 63 field sites, only the 48 sites
with available GPS coordinateswere selected- (https://www.forestplots.net).
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On the otherhand, whenlooking at therelationship between TROBIT’ s upper stratumcanopy heightandthe
difference between TROBIT and MODISVCF we would have expected an increasing underestimation in thelower
heightranges. Instead; we founda low R*and a mixture of underand overestimations in heights between 0 and
10 m (Fig. ABASL). This suggests that the inclusion oftrees below 5 mheightin the TROBIT inventory does not
fully explain the observed underestination.

subordinatestrata conposition (and canopy cover thereof) varies widely depending on factors including
ecosystemtype andaltitude (Rutien-et-alk-2015) (Rutten et al., 2015), more research needstobedonewithreie insituheight deta,

classdefinitionofthe MCD12Q1 product (Fig. A5);A4) whichagain suggests that the 5 m

alwaysapply in MODIS VCF. Forexanple, MODIS VVCF recorded tree cover in the ‘openshrublands’ and
‘closed shrublands’ classes ofthe MCD 12Q1 product (Fig. A5A4), eventhough the height range for these classes
is1-2 m For the ‘ savannas’ class, MODIS VCF yields a percent tree cover range thatmatches closely with the
‘savannas’ class definition (between 10 %and 30 %), despite thediffering tree thresholds for MODIS VVCF and
IGBP (5 m minimum for MODIS VVCF, and 2 m minimum for IGBP). These discrepancies suggestoneofthe
following three things: ‘open/closed shrublands’ and *savannas’ containtrees taller than 5 ng MODIS VCF is

distinguishing trees belowthe 5 mthreshold; or, some conmrbinationofboth.

MODIS VCF could be the between-class omission and commissionerrors (Fig. 4,and Table S6 in Sulla-
Menasheetal.,2019). Forexanple, the accuracy for ‘ closed shrublands’ is particularly low. It is mainly

confised with ‘ openshitblands shublands”, “woodysavarRas savennes and “ savarRas savannas”, The najority ofthe ¢ openshiublands” dlass

conmmission erroris with the ‘ grasslands’ class; andthere is confusionto a lesser extent between ‘open

shrdblane;shubland’. ‘woodysavannas” and  savanRas-savannas”. Also, the * croplandhatLialvegetation nosaics dassisofen
mapped as ‘closed shrdbtand; shrubland’ . ‘ woody SavanfRas savannas’. ‘savannas’ or ‘ grassands: crasslands”.

More work needs tobe done to evaluate how effective bothMODIS VCF, Landsat TCCand MCD12Q1are at
inplementing the heightthresholds in theirrespective ‘tree’ definitions, as this may have inplications when
MODISVCF, Landsat TCCand MCD12Q1 are used for global model calibration or validation.

despite reported inprovement in accuracy (DiMiceli et al., 2017). This indicates that the biases introduced by
binningthe training data (Gerard et al. 2017) and using a CART (Classification and Regression Tree) model
(Hanan etal.,2013)are inherentandstill presentwithin this version of MODIS VCF. Similar results for
MODIS VCF and Landsat TCCalso suggest that by training TCC with VCF tree cover thesebiases have been

propagated intothe finer-scale product. Models calibrated using MODIS VCF (Brandtetal.,2017; Lasslop et
al.,2020;Burtonetal., 2019; Kelley etal., 2019, 2628)2021) also risk inheritingthesebiasesand shouldtherefore be

validated using other sources ofdata.

We suggest that, while MODIS VVCF givesand landsat TCC give a good overview oftree cover ona global scale, { Formatted: Font color: Black
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long beennotedas being challenging for EO products to characterise, as solitary trees in the landscape tend to
be missed by global tree cover products (Jung et al., 2006, Brandt et al., 2020). The poor performance of
MODIS VCF and Landsat TCCin savannasin particular (Gaughan et al.,2013; Grossetal.,2018; Kumaretal.,
2019) enphasisesthe inportance of continuous independent validationand re-calibration of the-pradtiet.these products. The
ecosystemfunctions ofsavannas can vary drastically with justa slight difference in tree cover (Gaughan etal.,
2013)andevenslight errors may create issues in how we interpret the state and dynamics ofthe bionme, whichin
turn affects how the landis managed.

V/CF to estimate tree coverin agricultural land. As this tree cover is likely to have been underestimated
substantially, the derived available land space for replanting may be less than projected, withtherestoration
potential overestimated. However, our results also indicate an underestimated tree cover in woodier savannas
and forests. Accounting for this, therestoration potential could actually be greater thananticipated, asbecause the
canying capacity ofa unit ofland #ray/couldbe gredterthanpreviouslythought Fhe MOBIS \EFearedienCilibationcould alsoresultina
nmore uniformcover distribution across regions, producing a more gradu