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Benchmarking

P(X|p) provides a useful performance measure, and we used it to assess the relative performance
of different burnt area and precipitation datasets and rainfall distribution metrics. However, this,
by definition, provides more weight to differences between observation and simulation at
extreme tree cover values. To assess non-parametric biases in tree cover and for consistency with
the vegetation modelling community, we use the Normalised Mean Error (NME) metric L. This is
slightly different to the Manhattan Metric (MM) used to benchmark vegetation cover by the fire
modelling community 23 as Forrest et al. # demonstrated that, for single type cover comparisons
(i.e., comparison tree cover), using NME is proportional to MM but a more intuitive metric
score. NME measures the absolute distance between observations (obs) and the tree cover
reconstructed from a parameter set (sim(/)) weighted by cell area (Ai) and normalised by mean

variation in obs (obs):

_ XiAiX| sim(B);—obs;)|
NME = YiA;x| obs—obs;)| (13)

A perfect match to observations is 0, with increasing NME scores representing decreasing
performance. We use three null models to help interpret the score (Supplementary Fig. 3). The
mean null model is the score obtained by comparing the mean of all observations with the
observations *. The best “single value” model is obtained by comparing the median of the
observations to observations 2, and its score is, by definition, less than or equal to the mean
model score. We also compare randomly resampled observations (without replacement) to the
observations *. As this is different depending on the resampling order, we perform 1000
bootstraps to describe the distribution of our randomly resampled null model. As our posterior is

also represented by a distribution of tree covers for each cell, we can, therefore, describe the


http://paperpile.com/b/XHeXHY/dY5c
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amount by which our posterior beats each of our null models (Supplementary Fig. 3) or the

fraction overlap with randomly resampled data.

Framework evaluation

Reconstructed tree cover reproduces the magnitude and spatial pattern of VCF tree cover
(Supplementary Fig. 5), with relatively little spread associated with parameter uncertainty
(Supplementary Fig. 3, Supplementary Fig. 4). The framework tends to overestimate tree cover
in savanna areas and slightly underestimate cover in arid and forest areas (Table 1,
Supplementary Fig. 5). This follows the same pattern found where VCF underestimates tree
cover in savanna and overestimates in forest/arid regions. However, tree cover mismatch
between the framework and VCF in savannas are small and non-significant - falling between 20-
80% of the framework full posterior (Supplementary Fig. 5). This is reflected in the framework’s
benchmarking performance, with an NME score of 0.28-0.32 - a 68-72% improvement on the
best null model. The framework also reproduced the bimodal distribution found in VCF
(Supplementary Fig. 2), though with the second peak slightly shifted, occurring at 98% tree

cover instead of 95%.

Runs with MDDM and MADD rainfall distribution metrics perform slightly better (0.27-0.32
and 0.28-0.31) than with other metrics, though there is no significant difference in their metric
scores. This slightly better performance can also be seen in MDDMs narrower model error
(Supplementary Fig. 4), making up 26% of the full framework posterior. There are small but
significant differences in performances from runs with different precipitation datasets - with

MSWEP combined with either GFED4 or GFED4s (0.27-0.28) performing best, with a 15-16%



75  improvement on the worse combination (CMORPH with MCD45). MSWEP has also performed

better than the other rainfall products in hydrological comparisons >4,
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Supplementary Figure 1. Variables used in optimisation. (top) The framework reconstructed
80 tree cover from: “Stresses” (red boxes, top left) driven by burnt area from GFED4s °, but also
using the different datasets on (Supplementary Fig. 10) in alternate optimisations; rainfall
distribution using the MADD metric with MSWEP precipitation °, but also using the different
metric and data combinations (Supplementary Fig. 12), 90% maximum monthly wind from
CRU-NCEP %°, and mean maximum temperature of the warmest month (MxMTWM) from
85  CRUTSA4.03 t; human pressures (black box) cropland, pasture, and urban area from HYDEv3.1
12 Mean Annual Precipitation (MAP) (blue box) here from MSWEP °, but also using alternate
data (Supplementary Fig. 12); Energy (yellow box) combining Mean Annual Temperature
(MAT) from CRUTS4.03 !, and direct and defuse SW derived from CRUTS4.03 cloud cover
using SLASH 22,
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Supplementary Figure 2. Frequency of occurrence of tree cover in 1% bins. Top left for
VCF observations, with colour indicating the frequency of occurrence by aggregated Olson
biomes * (see methods). Top right for the framework with black showing 10% and grey showing
90% percentile based on parameter uncertainty and dashed line the VCF observations. This
corresponds to red-shaded regions' subsequent plots, which show tree covers from the framework
when each listed environmental stress or human pressure control is removed.
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Supplementary Figure 3. NME step1-3 metrics scores. Top: the frameworks posterior (grey)
and median (dashed line), mean (dot-dashed line), and randomly resampled (black) null models.
Dumbell on the x-axis shows the x-axis range on subsequent rows, which display scores for
individual rainfall distribution metrics coloured by rainfall and burnt area datasets.
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Supplementary Figure 4. Probability distribution of the framework (i.e. P(B8|X) for (panels)
rainfall distribution metric and (colours) burnt area and precipitation datasets.
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Supplementary Figure 5. Percentage tree cover in framework vs. observations. From (top-
bottom) VCF observations®®, 10% and 90% percentiles of the framework, accounting for model
parameter uncertainty and (bottom map) positions of the observations in the framework’s full
posterior. Brown indicates underestimation, and blue indicates overestimation.
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Supplementary Figure 6. Potential increase in percentage tree cover if each limiting factor

were removed.
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Supplementary Figure 7. Limiting controls on tree cover. The left column shows the relative limitation for each controls and the
right normalised sensitivity of each factor. Purple shows areas limited by mean annual environmental stresses (S), yellow by human
pressure from population density and land use (L), and Cyan by Mean annual Precipitation (P). Red represents co-limitation by S&L,
blue by S&P, and green by L&P. Shades show the relative importance of the limitation, with darker, intense shades indicating a
stronger impact and white indicating little or no limitation - by definition coinciding with high tree cover. From top-bottom maximum
stress, human pressure, and MAP limitation at 10% likelihood.
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Supplementary Figure 8: Likelihood of the variable’s impact along rows exceeding the variable’s impact down columns.
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Supplementary Figure 9. Response curves of the relative impact on tree cover per unit of
burnt area (top left) or land use (other panels) in 1% burnt area/land use bins. Calculated as
(TC,(i) = TC)/(Apin X TC.(i)) where Ay;, is the burnt/land-use area of each bin and TC, (i) is
tree cover without burnt area/land use (i.e. a value of 1 indicates a 100% tree cover exclusion
from the burnt/land-use area). Dotted lines show the frequency of occurrence of burnt area/ land
use.
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Supplementary Figure 10. This study five annual burnt area products from the Fire Model Intercomparison Project®®. See
Supplementary Table 2 for dataset reference.
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Supplementary Figure 11. Co-variation of the impact of environmental stresses and human pressures on tree cover. Axis are
the relative impact on tree cover by the labelled controls d variable, and the intensity of the plot shows the density of points.
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Supplementary Figure 12. Precipitation and rainfall distribution drivers. Top row four different Mean Annual Precipitation

(MAP) products used in separate optimisations with corresponding rainfall distribution metrics mapped below. See Supplementary

Table 2 for dataset reference and “Datasets” in methods for rainfall distribution definitions.
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Supplementary Figure 13. Distribution of VCF tree cover under a logit transformation. The
Red line shows a normal distribution best fit against tree cover greater than 0.



Supplementary Table 1: Probability of tropics-wide impact of variable in the row exceeding the impact of
variable in the column.

Pasture area

Burnt Heat Rainfall Population Urban Cropland Pasture
MAP Stress pressures area stress Wind distribution density area area area
All tropics
MAP 0.17 0.62 0 0.16 0.001 0.16 0 0 0.025 0.14
Stress 0.83 0.97 0 0.002 0 0.002 0.001 0.002 0.007 0.32
Human
pressures 0.38 0.031 0 0.005 0 0.003 0 0 0 0
Burnt area 1 1 1 0.99 0.94 0.99 0.1 0.6 0.99 1
Heat stress 0.84 1 1 0.01 0.076 0.44 0.003 0.015 0.17 0.64
Wind 1 1 1] 0.061 0.92 0.99 0.001 0.016 0.94 1
Rainfall dist. ] 0.84 1 1 0.01 0.570.008 0.003 0.006 0.013 0.59
Pop. density 1 1 1 0.9 1 1 1 1 1 1
Urban area 1 1 1 0.4 0.99 0.98 0.99 0 1 1
Cropland area] 0.98 0.99 1) 0.006 0.830.058 0.99 0 0 1
Pasture area | 0.86 0.68 1| 0.002 0.36 0 0.41 0 0 0
Savanna & grassland
MAP 0.69 0.9] 0.021 0.370.015 0.46 0 0 0.002 0.42
0.31 0.71 0 0.002 0 0.002 0.001 0.001 0.004 0.11
Stress
Human 0.1 0.29 0 0.12 0 0.16 0 0 0 0
pressures . . | . . .
0.98 1 1 0.98 0.77 0.99 0.003 0.055 0.88 0.99
Burnt area
0.63 1 0.88] 0.02 0.072 0.49 0 0.005 0.067 0.46]
Heat stress
0.99 1 1 0.23 0.93 0.99 0.001 0.001 0.49 1
Wind
0.54 1 0.84{ 0.013 0.510.008 0.002 0.003 0.011 0.3
Rainfall dist.
1 1 1 1 1 1 1 1 1 1
Pop. density
1 1 1 0.95 1 1 1 0 1 1
Urban area
1 1 1 0.12 0.93 0.51 0.99 0 0 1
Cropland area|
0.58 0.89 1] 0.007 0.54 0 0.7 0 0 0




Supplementary S2. Limiting factors there contributing controls and data sources.

Limiting factor [Control Variable Source Reference
Stress Fire Burnt area GFEDA4s g
GFED4 ]
MCD45 L
Fire_CCl4.0 [
Fire_CCI5.1 |2
Heat stress Mean max. temperature of the warmest CRUTS4.03 (11
month
Windthrow 90% monthly windspeed CRU-NCEP |0
Rainfall Mean annual dry days (MADD) Same as
LI el The mean number of Dry days in the Driest MAP
Month (MDDM)
Mean Annual Precipitation in the Driest
Month (MADM)
Mean Concentration (MConc) 21
Human Urban area HYDE £2
pressures Cropland
Pasture
Population
density
MAP* MAP CRUTS4.03 (1
MSWEP g
CMORPH 2oi2s
GPCC 2
MAT MAT CRUTS4.03 (!
Shortwave Direct Incoming radiation partitioned by the 12
Diffuse SPLASH model
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