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Abstract

Recent studies have interpreted patterns of remotely sensed tree cover as evidence that for-
est with intermediate tree cover might be unstable in the tropics, as it will tip into either a
closed forest or a more open savanna state. Here we show that across all continents the fre-
quency of wildfires rises sharply as tree cover falls below ~40%. Using a simple empirical
model, we hypothesize that the steepness of this pattern causes intermediate tree cover
(30—-60%) to be unstable for a broad range of assumptions on tree growth and fire-driven
mortality. We show that across all continents, observed frequency distributions of tropical
tree cover are consistent with this hypothesis. We argue that percolation of fire through an
open landscape may explain the remarkably universal rise of fire frequency around a critical
tree cover, but we show that simple percolation models cannot predict the actual threshold
quantitatively. The fire-driven instability of intermediate states implies that tree cover will not
change smoothly with climate or other stressors and shifts between closed forest and a
state of low tree cover will likely tend to be relatively sharp and difficult to reverse.

Introduction

The emerging idea that tropical forest and savanna may be alternative stable states over a
range of climatic conditions [1-5] has profound implications for predicting and managing
change in these biomes. However, proving the existence of such alternative ecosystem states is
notoriously difficult [6], especially in systems such as the tropical rainforest where the relevant
spatial and temporal scales make replicated experimentation challenging [7-11]. Building a
convincing case for hypotheses on such large-scale phenomena therefore has to rely on a com-
bination of remotely sensed observations and constrained field experiments with a mechanis-
tic understanding of key processes, brought together to analyze the coherence between these
different lines of evidence [6]. The central hypothesis proposed to explain bistability of savanna
and forest states is the existence of a strong feedback between tree cover and fire risk [4, 12—
17]. The idea is that if tree cover becomes sufficiently dense, it precludes the growth of grasses
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that serve as an easily ignitable fuel for wildfires [16]. This is consistent with the observation
that grass growth is largely suppressed when tree canopy density exceeds a critical value
(roughly a Leaf Area Index of three [3]). Moreover, at much larger scales across both African
and South American landscapes, it has been noted that the observed burned area is very small
in landscapes with more than 40% tree cover [13, 18]. Such observations resonate with the idea
of a positive feedback in which trees can prevent fire, thus stabilizing a forest state versus a
landscape that is maintained open through fire [2, 4, 19].

Here we use remotely sensed data on fire frequencies at 500 m resolution, tropical tree
cover and climatic variables to develop a simple model that we use to evaluate whether the fire
feedback hypothesis is consistent with observed patterns of tree cover and fire, and present
simulations that provide a mechanistic explanation of those patterns.

Results
Patterns of fire frequency

Mean annual precipitation (MAP) and tree cover explain much of the variation in fire fre-
quency (S1 Table; S1 Fig). Our results reveal a clear and consistent rise in fire probability at a
tree cover below ~40% on all continents (Figs 1, 2A and 3, S2 Table). The shape of this rela-
tionship remains rather constant across a range of classes of MAP (S2 Fig). In line with previ-
ous work [20, 21], we find that fire frequency peaks at intermediate MAP (S3 and S1C Figs),
but this effect is rather independent from the effect of tree cover (Fig 1, S2 Fig). We also find
substantial differences in the fire probability between continents. Especially notable is the low
fire frequency in South America as compared to other continents (Figs 1 and 3, S3 Fig) and
particularly Africa (see also [20, 22]). We could not explain this difference in fire frequency by
any of a range of examined climatic and demographic variables (S1 Fig).

Percolation as a potential mechanism explaining the patterns

The universality of the sharp drop in fire frequency above a critical tree cover is consistent
with the idea that percolation might play a role in determining the impact of fire on landscapes
[25-29]. The basic idea is simple: if, starting from a closed forest, tree cover decreases gradu-
ally, there will be a point when grass patches become sufficiently connected to allow fire to
find a path to cross the entire landscape. This “percolation point” comes rather abruptly.
Indeed, statistically, the size of the largest connected patch of grass increases sharply around a
percolation point of grass cover. If we assume for simplicity that grass fires are always stopped
if they run into a tree barrier, and local ignitions happen only occasionally, then the overall
probability for grass to catch fire will depend on how well fire can spread through the land-
scape. Not surprisingly, this probability rises sharply around the percolation point. It should
be noted, however, that it is not possible to predict a universal percolation point (critical tree
cover) from simple models. This is because the value of the percolation threshold is strongly
dependent on the spatial configuration of trees and on the connectivity between cells. For
instance, if one models trees as circular patches in a continuum of grass one gets a different
result than if one assumes circular open patches of grass in a continuum of trees (Fig 4). Also,
if one models percolation on a lattice, the predictions depend on the connectivity between the
cells, i.e. whether the cells are square, hexagonal or shaped otherwise (54 Fig). Overall predic-
tions of the percolation point from simple models range between 30 and 70% tree cover (Fig
4), including the 40% tree cover at which the steep change in fire frequency is observed.
Clearly, the simple models do not capture other factors that will likely affect the relationship
between tree density and fire frequency in reality, such as fire management and land use [30],
imperfect suppression of fire by trees [31] and the fact that forest patches are neither perfectly
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Fig 1. The average probability that a grid cell (500x500 m) catches fire per year as a function of mean annual precipitation and tree cover. A. All
tropics, B. South America, C. Africa and D. Australia and Asia.

https://doi.org/10.1371/journal.pone.0191027.g001

circular nor distributed randomly. For example, in southern Africa power-law distributions of
tree cluster sizes have been observed for tree cover values up to 65%, indicating effects of local-
scale facilitation on tree density [32]. Nonetheless, the fact that the steep change in fire fre-

quency around 40% tree cover is so consistent across the tropics suggests that, although we do
not have sufficient information to parameterize a specific realistic model, a universal phenom-
enon such as percolation likely governs the relationship between tree cover and fire dynamics.

The fire feedback hypothesis

To address the question under which conditions a drop in fire probability above a critical tree
cover could cause intermediate tree cover to be unstable, resulting in alternative stable states of
low and high cover, we need to consider the role of fire in the overall dynamic equilibrium of
tree cover. Various modeling approaches have been developed for this, ranging from simple
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Fig 2. Tree-cover loss due to fire leads to alternative stable states for reasonable assumptions about the growth curve. A. The
dots represent the average probability that a grid cell (500x500 m) catches fire per year as a function of tree cover (for each 1% bin).
For parameters of the fitted line, see S1 Table. Below the figure the corresponding frequency of each tree cover class of 1% is given.
Note that the remote sensing estimator of tree cover is bounded to maximum values just above 80%. B. If the per-capita growth rate
(d") (blue line) is equal to the per-capita loss (d™") due to fire (red line) the system is in equilibrium. The equilibrium at intermediate
tree cover is unstable. The probability density in the lower panel is produced by exposing the model to a stochastic environment.
The parameters of the model r = 0.0002, & = 0, 8= 1, y = 1, mg, = 0.0004, and applying additive, normally distributed noise with a
standard deviation of 0.003 using the Fokker-Planck equation ([23, 24], also see Supplementary Material) and simulating until
equilibrium is reached.
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[33, 34] to more complex models [13, 19, 27, 35, 36]. Here we design a very simple model (Fig
2B) with the objective to give a minimalistic explanation of how the empirical patterns in fire
occurrence could lead to alternative stable states. We assume that: 1) the relative loss of tree
cover increases monotonically with fire frequency [16, 37], and 2) the relative growth rate of
tree cover declines monotonically with tree density [38] and reaches zero at the maximum tree
cover.

Obviously, fire-induced tree mortality is highly stochastic and depends on a range of fac-
tors. For instance, most tree species in the savanna biome are typically less tall [5] and better
adapted to fire [39] than in the forest biome. However, as a simple mean field approximation
(Fig 2B) we assume that average fire-induced losses are simply proportional to fire frequency
in a fixed way. The rationale for the second assumption is that there will be density-dependent
growth restriction due to crowding and competition. This is a commonly used basic assump-
tion for models of population growth (e.g. logistic growth, generalized logistic growth and
Gompertz growth). In Fig 2B we assume a linear decline in the per-capita growth correspond-
ing to logistic growth, which is indeed found, for instance, in basal area growth of trees [38].

The intersection points of the growth and the loss curves represent equilibria where growth
balances average loss. It can be seen that the intersection point around the threshold where
loss due to fire drops, is an unstable equilibrium, as any perturbation from this specific tree
cover will result in either increased tree cover towards the closed forest state, or decrease
towards a very low tree cover. The existence of such an unstable equilibrium is explained by a
positive feedback causing self-propagating change away from the unstable point [40, 41].
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Obviously, we do not know the precise growth and loss curves. However, the observed steep-
ness of the drop in fire occurrence implies that the results are robust in the sense that unstable
points can occur at intermediate tree densities for a wide range of combinations of growth and

loss curves (e.g. see S5 Fig).

Discussion

The universality of the sharp change in tropical fire frequency around ~40% tree cover that we
find is striking. Also striking is the observation that across the global tropics intermediate tree
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Fig 4. Prediction of the average probability of fire using the continuum percolation model (see Methods) with
different assumptions about spatial configurations. Fire in grass spreads within connected grass areas; trees do not
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cover is systematically rare [1, 2, 5]. Our graphical model illustrates that the fire frequency pat-
tern can explain the rarity of intermediate tree cover. The model makes it straightforward to
see why this happens under a wide range of assumptions on growth curves and fire-related
mortalities. In geometric terms, the reason is that the steepness of the drop in fire with increas-
ing tree cover is unlikely to be paralleled by a similarly steep drop in growth rates around the
same threshold. As a result, the growth and mortality curves tend to intersect, implying insta-
bility of intermediate tree cover. Since we derive the fire frequency directly from data, we just
need to add rather standard growth equations to demonstrate that the observed bimodal pat-
terns of tree cover are consistent with tree-cover-dependent fire as a driver.

Our simulations of the expected effects of percolation on fire frequencies illustrate the fasci-
nating possibility that the steepness of the drop in fire frequency around a certain tree cover
results from a generic fire percolation phenomenon. However, our analysis also shows that the
actual tree cover at which such a percolation would happen cannot be predicted from the kind
of models discussed in the literature, as the outcome depends strongly on the choice of simpli-
tying assumptions. Nonetheless, our results do confirm that the universality of the patterns of
fire and tree cover we find across the tropics are consistent with percolation as an explanation,
provided that conditions such as geometry of tree distributions and their capacity to act as fire-
breaks are roughly universal too.
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Clearly, even if the characteristics affecting percolation would be more or less invariable,
there will be other relevant aspects that vary between regions. For instance, fire probabilities
differ markedly between continents. The causes of those differences are still poorly under-
stood, but may include a range of factors related to both ecology [22] and human influence
[30]. There may also be less obvious aspects that cause differences between regions. For
instance, mortality will depend on the susceptibility of trees to fire which is known to be
dependent on their morphological traits such as bark thickness, tree size and density [42] and
on allocation of biomass to roots [43]. Such traits differ from place to place and trees in fire-
prone savannas have adaptations to reduce fire mortality [44]. Fire dynamics will also interact
with other disturbances, particularly the effects of herbivores on grass and tree cover [45-49].
An obvious next step would now be to develop more detailed models that link the results of
the long tradition of ground-based work [50] with the massive amounts of remote sensing
data now available. While all remotely sensed data have important associated uncertainties
[51-53], tree-cover and burned-area datasets show robust patterns over most of the tropics
[52-54]. Synthesizing this information with detailed observations of fire spread and tree mor-
tality in relation to species traits and landscape geometries in spatially explicit and ecologically
realistic models may bring us closer to a true understanding of the mechanisms that shape
tropical landscapes in such surprisingly universal ways.

Our inferred critical cover for tropical forest should not be confused with another possible
critical cover resulting from large-scale forest-rainfall feedbacks. Forests can enhance regional
rainfall, implying that a certain level of forest loss could change regional climate to a point
where it becomes unfavorable for forests themselves [55-58]. Feedback between tree cover and
fire acts on a local scale and is therefore independent from these regional dynamics. Nonethe-
less, the predicted instability of intermediate tree cover has far-reaching implications as it
implies the potential for self-propagating shifts between closed forest and an open landscape
when drivers such as climate change or logging reach a critical level.

Materials and methods
Satellite data

We used the standard MODIS burned-area product MCD45 Collection 5 [53] for the years
2002-2010 and recorded for each 500x500 m pixel whether it was burned in a given year. We
did not use data from before 2002, because of a data gap in MODIS TERRA acquisitions over
most of June 2001. To reduce the number of data points, we created a regularly spaced grid by
using only the center pixel of each 0.1x0.1° cell, resulting in a grid of ca. 500,000 points, regu-
larly spaced over the global tropics (latitude between 15°N and 35°S). We calculated probabil-
ity of fire at 500 m scale for each tree cover class of 1% (or other variable) by counting the
number of years in each class of pixels where it was recorded as burning. We excluded areas
that were human-used, water or bare ground, as defined as categories [11-30 and 190-230] in
the 2005 European Space Agency (ESA) Globcover dataset at 300 m resolution. Annual com-
posite burned-area maps were generated considering the start of each year in April and the
end in March the next year, coinciding with the annual global minimum fire activity during
March-April [54]. The tree-cover data were extracted from the MODIS VCF Collection 5 data-
set for the year 2001, before the fire-data time series [59].

We tested for climatic, topographic and anthropogenic effects on the probability of fire
using twelve relevant variables. Specifically, mean annual precipitation (MAP), precipitation
of the wettest quarter (PWQ) and precipitation of the driest quarter (PDQ) at 1 km resolution,
which were downloaded from the WorldClim website [60]. Seasonality (MSI, Markham’s sea-
sonality index [61]), interannual variability (coefficient of variation of MAP) and extremes
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(proportion of severely wet and dry years) of precipitation were calculated using the Climate
Research Unit’s (CRU) monthly data at 0.5x0.5° for the period 1961-2001 [62]. Severely wet
(SPIW) or dry years (SPID) were defined as those with yearly precipitation greater than or less
than 1.5 times standard deviation of long term MAP [63]. SRTM digital elevation data at 1 km
resolution were downloaded from the WorldClim website. Total human population and
human population in rural areas in 2005 at 0.05x0.05° were downloaded from the History
Database of Global Environment (HYDE 3.1) [64] and were log-transformed. We obtained
values of livestock from the FAO Gridded Livestock of the World [65]. Although this dataset
uses modeling in order to extrapolate spatially, we converted the data to Tropical Livestock
Units (TLU) per km” where different livestock species are converted to a mean standard
weight of 250 kg per individual. All spatial data were resampled to a consistent resolution of
0.1x0.1°, after which we took a sample of 1% of the data points (n = 2737). S3 Table lists the
websites where the publicly available data can be downloaded.

Minimal model of tree cover

The net change in tree cover (T) is modelled as the balance between the per-capita growth
function (g (1)) and per-capita mortality due to forest fires (m(T)).

= (o(1) —m(T)T (1)

As growth function we use the generalized logistic growth function of Richards (growth
rate 7, yr''), in which the shape of the density dependence can be adjusted by adding one extra
parameter, the power 3 [66]. The carrying capacity for tree cover is implicitly set to 1 (= full
cover).

g(T) =r(1—1T") (2)

The loss due to fire is proportional to the probability of fire (P (T)) to a power v, and the
average relative loss of tree cover when catching fire (my;.). The power v is by default set to 1
but can be used to evaluate sensitivity to the model definition.

m(T) = mg, Py (T)' (3)

Alternatively, we assume that the relative loss of tree cover when catching fire is propor-
tional to the tree cover:

m(T) = mp,, T Py, (T) (4)

The annual probability of catching fire as a function of the tree cover (Py. (T)) is deter-
mined with tropics-wide satellite data (see above). We fitted different empirical functions,
using non-linear regression (1sgcurvefitin MATLAB) (Eqs 5-7) or generalized linear
model fit (g1mfit in MATLAB) and for logistic regression (with and without optimum) (Eqs
8 and 9):

Asymmetric optimum function ‘Double Hill function” (powers p; and ps, half-saturation p,
and p):

TPs p4P)
=P Tes + p,Ps Ts + p b5

Py, (T) (5)
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Sigmoidal Hill function (power p; and half-saturation p,):

TPs

Py (T) =P

Mirrored Hill function (power p; and half-saturation p,):

Po(T) = p 22— 7)
fire L Tes 4 p,ps

Standard logistic regression (parameters p; and p,):

1

e ) = e C T+ 1)

e (T)

Logistic regression with optimum (parameters p; p,and p;):

1

p -
1—exp(—(p, > +p,T+py))

re(T)

©)

These functions are not mechanistic, but are simply meant for obtaining a good fit. The
parameters p;_s determine the shape of the functions and are fitted using the procedure
described above. We selected the most parsimonious model using the Akaike Information Cri-
terion (AIC) assuming a binomial distribution for the fire frequency (S1 Table). We fitted the
equations and did the statistics on a random sample of 1% of the points to account for spatial
autocorrelation.

Continuum and discrete percolation theory

Imagine savanna to be a very large lattice of grass. At random, a site of the lattice can be occupied
by trees with a probability p (‘trees’) or stay unoccupied with probability (1 —p) (‘grass’). In the
standard ‘site percolation’ framework (e.g. [26, 28]), it is assumed that fire can only travel in sites
with grass by igniting neighboring grid cells with grass. However, the threshold is strongly depen-
dent on assumptions about how cells are connected in the lattice [67] Therefore, we applied con-
tinuum percolation theory [68] to study the probability of fire as a function of tree cover.

In this approach, circles (or other shapes) are randomly distributed in a continuum of
another state. We considered two possibilities: circular trees being randomly dispersed on a
continuous space of grass, or circular grass patches being randomly dispersed on a continuum
of trees. For computational convenience, we approximated continuum percolation by drawing
overlapping circles with a radius of 20 units at random positions on a fine lattice of 1000x1000
units. We continued drawing these overlapping circles until we reached a certain tree cover.
We repeated these simulations considering the continuum to be trees.

In all models, we calculated the average probability that any patch burns if a randomly cho-
sen grass patch ignites. First, we determined the sizes of all clusters of connected grass patches
Si- The probability that a randomly ignited cell belongs to cluster i is dependent on the propor-
tion of the N, grass cells that belong to that cluster (= §;/N,). If this cluster is ignited, the relative
area that burns is the size of the cluster divided by the total number of cells (= S/N of the cells).
Therefore, the average probability that a patch burns if any grass patch is ignited (P,,) equals:

§?

P, =)
av ZINNg

(10)
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Supporting information

S1 Fig. The probability of fire as function of various variables in South America (blue cir-
cles) and Africa (red circles). This figure is not intended to be a predictive model, but we try
to explain the differences in fire frequency between these continents.

We did not perform multiple regression because of covariations among variables. All variables
are divided in 100 bins (except SPID and SPIW, which are discontinuous). The area of the cir-
cles indicates the frequency of observation within each bin (see legend). A. Altitude (m), B.
Tree cover (%), C. Mean Annual Precipitation (MAP) (mm yr™'), D. Precipitation of Wettest
Quarter (PWQ) (mm yr'l), E. Precipitation of Driest Quarter (PDQ) (mm yr’l), F. Coefficient
of variation of annual precipitation (mm yr'l), G. Markham’s seasonality index (MSI) (-), H.
Percentage of severely wet years (SPIW) (%), I. Percentage of severely dry years (SPID) (%), J.
Livestock density in number of livestock units (km2), K. Human rural population density per
grid cell "°log (x+1) (-), L. Human population density per grid cell °log (x+1) (-).

(PDF)

$2 Fig. Multimodality in tree cover and the shape of the fire function match within differ-
ent classes of mean annual precipitation (MAP in mm yr™') for all tropics. The grayed areas
approximate the range of logistic growth functions where alternative stable states are possible.
a: MAP<500 mm yr''; b: MAP between 500 and 1000 mm yr™'; c: MAP between 1000 and
1500 mm y'', the maximum probability of fire here is 0.27 yr''; d: MAP between 1500 and
2000 mm y " e: MAP between 2000 and 2500 mm yr™'; f: MAP > 2500 mm yr .

(PDF)

S3 Fig. The average probability that a grid cell (500x500 m) catches fire per year as a func-
tion of mean annual precipitation. The frequency distribution shows how often the precipita-
tion class occurs. The lines are fitted logistic curves with optimum (for parameter values see S1
Table). A. All tropics, B. South America, C. Africa and D. Australia and Asia.

(PDF)

S4 Fig. The probability of fire in a percolation model if a discrete lattice is assumed. The
drop due to the percolation point is dependent on the assumptions about the connectivity
between the cells. Yellow: “square grid™: fire can spread in 4 directions in the lattice, cyan:
“hexagonal grid” fire can spead in 6 directions in the lattice; blue “8-neighbors” like the quare
grid but fire can also spead in 4 diagonal directions.

(PDF)

§5 Fig. Under a range of assumptions, each pair of growth (dashed) and loss curves (solid
line) of tree cover can have three intersections. These intersection are either stable (solid cir-
cle) or unstable (open circle) equilibria. At the y-axis there is an additional unstable trivial
equilibrium (open circle). In all these cases, the model has alternative stable states (see also Fig
2B). a. Different growth rates r (r = 0.0001, 0.0002 (red line), 0.0003 (cyan line), 0.0004 (purple
line) and 0.0005 (yellow line)) and default loss (blue line). b. Different exponents () of the
Richards’ growth curve r (1-T°%) (B=0.25 (green line), 0.5 (red line), 1 (cyan line), 2 (purple
line) and 4 (yellow line)) and default loss (blue line). c. Different exponents () of the relation
between fire frequency and tree cover loss P(T)” (y = 0.5 (blue line), 1 (green line), 1.5 (red
line), 2 (cyan line), 2.5 (purple line) and 3 (yellow line)) and default growth (black line). d. The
effect of different functions for the mortality of trees due to fire: mpT® (0. = 0 (blue line), 0.5
(green line), 1 (red line)) for two levels of growth rate (r = 0.0001 (purple line), 0.0002 (cyan
line)). For other parameters see Fig 2.

(PDF)
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S1 Table. The best fitting models predicting the probability of fire (500x500 m) for
different variables based on the AIC. Only the six best models based on AIC are shown.
Variables: MAP = Mean Annual Precipitation (mm yr'l); tree cover = tree cover (%); PWQ =
Precipitation of Wettest Quarter (mm yr'l); PDQ = Precipitation of Driest Quarter (mm yr'l),
std. precip. = standard deviation of annual precipitation (mm yr™), cv precip. = coefficient of
variation of annual precipitation (mm yr™'), MSI = Markham’s seasonality index (-), TLU =
Livestock density in number of livestock units (km ). Area: all = all tropic, SA = South
America, AF = Africa and AU+AS = Australia and Asia. Formula: double Hill: P, (T) =

TP3 pyPs . . . _ TP3 . . . . _ poP3
P15 g7 T p Hill function: Py, (T) = p; w57 o7 inverse Hill function: Py, (T) = p, ot v

T Trew (—(p TRy
: _ 1
Pfire (T) = Lexp (—(py T>+p2T+p
ply meant to describe empirical patterns.
(PDF)

logistic: Pfire (T) = -~ logistic optimum:
- Parameters p;-ps differ for each of these formulas, and are sim-

S2 Table. The ranges of tree cover above which the fire frequency drops (see also Fig 3).
The range of the steepest drop is defined as the area where the fire frequency is between 25%
and 75% of the maximum.

(PDF)

$3 Table. Data sources used in this research. The data analyzed in this paper were down-
loaded from the following publicly available websites.
(PDF)

S1 Text. Modelling the probability density of the simple model.
(PDF)

Acknowledgments

This work was carried out under the programme of the Netherlands Earth System Science
Centre (NESSC) and received funding from the European Union’s Horizon 2020 research and
innovation Programme under the Marie Sklodowska-Curie grant agreement No 643073 (ITN
CRITICS). A.S. was supported by SENSE Research School. S.H. acknowledges support by the
EU FP7 projects BACCHUS (grant agreement no. 603445) and LUC4C (grant ag. No.
603542). The data reported in this paper were extracted from the publicly available sites of
MODIS, WorldClim, CRU, HYDE and Gridded livestock of the world (see Methods for
details). S.P. is grateful to Centre de Recerca Matematica (CRM) for its hospitality.

Author Contributions

Conceptualization: Egbert H. van Nes, Arie Staal, Stijn Hantson, Milena Holmgren, Salvador
Pueyo, Rafael E. Bernardi, Bernardo M. Flores, Chi Xu, Marten Scheffer.

Formal analysis: Egbert H. van Nes, Stijn Hantson, Chi Xu.
Software: Egbert H. van Nes.

Writing - review & editing: Egbert H. van Nes, Arie Staal, Stijn Hantson, Milena Holmgren,
Salvador Pueyo, Rafael E. Bernardi, Bernardo M. Flores, Chi Xu, Marten Scheffer.

References

1. Hirota M, Holmgren M, van Nes EH, Scheffer M. Global resilience of tropical forest and savanna to criti-
cal transitions. Science. 2011; 334(6053):232-5. https://doi.org/10.1126/science.1210657 PMID:
21998390

PLOS ONE | https://doi.org/10.1371/journal.pone.0191027 January 19, 2018 11/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191027.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191027.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191027.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191027.s009
https://doi.org/10.1126/science.1210657
http://www.ncbi.nlm.nih.gov/pubmed/21998390
https://doi.org/10.1371/journal.pone.0191027

@° PLOS | ONE

Fire forbids fifty-fifty forest

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Staver AC, Archibald S, Levin SA. The global extent and determinants of savanna and forest as alterna-
tive biome states. Science. 2011; 334(6053):230-2. https://doi.org/10.1126/science.1210465 PMID:
21998389

Hoffmann WA, Geiger EL, Gotsch SG, Rossatto DR, Silva LCR, Lau OL, et al. Ecological thresholds at
the savanna-forest boundary: how plant traits, resources and fire govern the distribution of tropical
biomes. Ecology Letters. 2012; 15(7):759-68. https://doi.org/10.1111/.1461-0248.2012.01789.x
PMID: 22554474

Murphy BP, Bowman DMJS. What controls the distribution of tropical forest and savanna? Ecology Let-
ters. 2012; 15(7):748-58. https://doi.org/10.1111/j.1461-0248.2012.01771.x PMID: 22452780

Xu C, Hantson S, Holmgren M, van Nes EH, Staal A, Scheffer M. Remotely sensed canopy height
reveals three pantropical ecosystem states. Ecology. 2016; 97(9):2518-21. https://doi.org/10.1002/
ecy.1470 PMID: 27859090

Scheffer M, Carpenter SR. Catastrophic regime shifts in ecosystems: linking theory to observation.
Trends in Ecology & Evolution. 2003; 18(12):648-56. doi: 10.1016/j.tree.2003.09.002

Furley PA, Rees RM, Ryan CM, Saiz G. Savanna burning and the assessment of long-term fire experi-
ments with particular reference to Zimbabwe. Progress in Physical Geography. 2008; 32(6):611-34.
doi: 10.1177/0309133308101383

Brando PM, Balch JK, Nepstad DC, Morton DC, Putz FE, Coe MT, et al. Abrupt increases in Amazonian
tree mortality due to drought—fire interactions. Proceedings of the National Academy of Sciences. 2014;
111(17):6347-52. doi: 10.1073/pnas.1305499111

Bowman DMJS, Perry GLW, Marston JB. Feedbacks and landscape-level vegetation dynamics. Trends
in Ecology & Evolution. 2015; 30(5):255—60. doi: 10.1016/j.tree.2015.03.005

Nepstad DC, Tohver IM, Ray D, Moutinho P, Cardinot G. Mortality of large trees and lianas following
experimental drought in an Amazon forest. Ecology. 2007; 88(9):2259—-69. doi: 10.1890/06-1046.1
PMID: 17918404

Da Costa ACL, Galbraith D, Almeida S, Portela BTT, da Costa M, de Athaydes Silva Junior J, et al.
Effect of 7 yr of experimental drought on vegetation dynamics and biomass storage of an eastern Ama-
zonian rainforest. New Phytologist. 2010; 187(3):579-91. https://doi.org/10.1111/].1469-8137.2010.
03309.x PMID: 20553386

Cochrane MA, Alencar A, Schulze MD, Souza CM, Nepstad DC, Lefebvre P, et al. Positive feedbacks
in the fire dynamic of closed canopy tropical forests. Science. 1999; 284(5421):1832-5. doi: 10.1126/
science.284.5421.1832 PMID: 10364555

Wauyts B, Champneys AR, House JI. Amazonian forest-savanna bistability and human impact. Nature
Communications. 2017; 8:15519. https://doi.org/10.1038/ncomms 15519 PMID: 28555627

Staver AC, Archibald S, Levin S. Tree cover in sub-Saharan Africa: rainfall and fire constrain forest and
savanna as alternative stable states. Ecology. 2011; 92(5):1063-72. doi: 10.1890/i0012-9658-92-5-
1063 PMID: 21661567

Dantas VL, Batalha MA, Pausas JG. Fire drives functional thresholds on the savanna—forest transition.
Ecology. 2013; 94(11):2454—63. doi: 10.1890/12-1629.1 PMID: 24400497

Hoffmann WA, Jaconis SY, McKinley KL, Geiger EL, Gotsch SG, Franco AC. Fuels or microclimate?
Understanding the drivers of fire feedbacks at savanna-forest boundaries. Austral Ecology. 2012; 37
(6):634—43. doi: 10.1111/j.1442-9993.2011.02324.x

Dantas VL, Hirota M, Oliveira RS, Pausas JG. Disturbance maintains alternative biome states. Ecology
Letters. 2016; 19(1):12-9. https://doi.org/10.1111/ele.12537 PMID: 26493189

Archibald S, Roy DP, van Wilgen BW, Scholes RJ. What limits fire? An examination of drivers of burnt
area in Southern Africa. Global Change Biology. 2009; 15(3):613-30. doi: 10.1111/j.1365-
2486.2008.01754.x

Lasslop G, Brovkin V, Reick CH, Bathiany S, Kloster S. Multiple stable states of tree cover in a global
land surface model due to a fire-vegetation feedback. Geophysical Research Letters. 2016; 43
(12):6324-31. doi: 10.1002/201691069365

Van der Werf GR, Randerson JT, Giglio L, Gobron N, Dolman AJ. Climate controls on the variability of
fires in the tropics and subtropics. Global Biogeochemical Cycles. 2008; 22(3):GB3028. doi: 10.1029/
2007gb003122

Pausas JG, Ribeiro E. The global fire-productivity relationship. Global Ecology and Biogeography.
2013; 22(6):728-36. doi: 10.1111/geb.12043

Lehmann CER, Anderson TM, Sankaran M, Higgins S, Archibald S, Hoffmann WA, et al. Savanna veg-
etation-fire-climate relationships differ among continents. Science. 2014; 343(6170):548-52. https:/
doi.org/10.1126/science. 1247355 PMID: 24482480

PLOS ONE | https://doi.org/10.1371/journal.pone.0191027 January 19, 2018 12/15


https://doi.org/10.1126/science.1210465
http://www.ncbi.nlm.nih.gov/pubmed/21998389
https://doi.org/10.1111/j.1461-0248.2012.01789.x
http://www.ncbi.nlm.nih.gov/pubmed/22554474
https://doi.org/10.1111/j.1461-0248.2012.01771.x
http://www.ncbi.nlm.nih.gov/pubmed/22452780
https://doi.org/10.1002/ecy.1470
https://doi.org/10.1002/ecy.1470
http://www.ncbi.nlm.nih.gov/pubmed/27859090
http://www.ncbi.nlm.nih.gov/pubmed/17918404
https://doi.org/10.1111/j.1469-8137.2010.03309.x
https://doi.org/10.1111/j.1469-8137.2010.03309.x
http://www.ncbi.nlm.nih.gov/pubmed/20553386
http://www.ncbi.nlm.nih.gov/pubmed/10364555
https://doi.org/10.1038/ncomms15519
http://www.ncbi.nlm.nih.gov/pubmed/28555627
http://www.ncbi.nlm.nih.gov/pubmed/21661567
http://www.ncbi.nlm.nih.gov/pubmed/24400497
https://doi.org/10.1111/ele.12537
http://www.ncbi.nlm.nih.gov/pubmed/26493189
https://doi.org/10.1126/science.1247355
https://doi.org/10.1126/science.1247355
http://www.ncbi.nlm.nih.gov/pubmed/24482480
https://doi.org/10.1371/journal.pone.0191027

@° PLOS | ONE

Fire forbids fifty-fifty forest

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

Gardiner CW. Handbook of Stochastic Methods for Physics, Chemistry and the Natural Sciences. 3 ed.
New York: Springer; 2004.

Grasman J, van Herwaarden OA. Asymptotic Methods for the Fokker-Planck Equation and the Exit
Problem in Applications. Berlin, Heidelberg: Springer-Verlag GmbH; 2010.

MacKay G, Jan N. Forest fires as critical phenomena. Journal of Physics A: Mathematical and General.
1984; 17(14):L757. doi: 10.1088/0305-4470/17/14/006

Abades SR, Gaxiola A, Marquet PA. Fire, percolation thresholds and the savanna forest transition: a
neutral model approach. Journal of Ecology. 2014; 102(6):1386—93. doi: 10.1111/1365-2745.12321

Staver AC, Levin SA. Integrating theoretical climate and fire effects on savanna and forest systems.
The American Naturalist. 2012; 180(2):211-24. https://doi.org/10.1086/666648 PMID: 22766932

Schertzer E, Staver AC, Levin SA. Implications of the spatial dynamics of fire spread for the bistability of
savanna and forest. Journal of Mathematical Biology. 2015; 70(1-2):329—41. doi: 10.1007/s00285-014-
0757-z

Archibald S, Staver AC, Levin SA. Evolution of human-driven fire regimes in Africa. Proceedings of the
National Academy of Sciences of the United States of America. 2012; 109(3):847-52. https://doi.org/
10.1073/pnas.1118648109 PMID: 22184249

Andela N, Morton DC, Giglio L, Chen Y, van der Werf GR, Kasibhatla PS, et al. A human-driven decline
in global burned area. Science. 2017; 356(6345):1356—-62. https://doi.org/10.1126/science.aal4108
PMID: 28663495

Cochrane MA, Laurance WF. Fire as a large-scale edge effect in Amazonian forests. Journal of Tropical
Ecology. 2002; 18(3):311-25. doi: 10.1017/S0266467402002237

Scanlon TM, Caylor KK, Levin SA, Rodriguez-lturbe I. Positive feedbacks promote power-law clustering
of Kalahari vegetation. Nature. 2007; 449(7159):209—12. https://doi.org/10.1038/nature06060 PMID:
17851523

Van Nes EH, Hirota M, Holmgren M, Scheffer M. Tipping points in tropical tree cover: linking theory to
data. Global Change Biology. 2014; 20(3):1016—21. https://doi.org/10.1111/gcb.12398 PMID:
24106057

Staal A, Dekker SC, Hirota M, van Nes EH. Synergistic effects of drought and deforestation on the resil-
ience of the south-eastern Amazon rainforest. Ecological Complexity. 2015; 22:65-75. doi: 10.1016/j.
ecocom.2015.01.003

Scheiter S, Higgins Sl. Partitioning of root and shoot competition and the stability of savannas. The
American Naturalist. 2007; 170(4):587-601. https://doi.org/10.1086/521317 PMID: 17891737

Accatino F, De Michele C, Vezzoli R, Donzelli D, Scholes RJ. Tree-grass co-existence in savanna:
Interactions of rain and fire. Journal of Theoretical Biology. 2010; 267(2):235—42. https://doi.org/10.
1016/}.jtbi.2010.08.012 PMID: 20708629

Cochrane MA, Schulze MD. Fire as a recurrent event in tropical forests of the eastern Amazon: effects
on forest structure, biomass, and species composition. Biotropica. 1999; 31(1):2—16. doi: 10.1111/
j-1744-7429.1999.tb00112.x

Waring RH, Newman K, Bell J. Efficiency of tree crowns and stemwood production at different canopy
leaf densities. Forestry. 1981; 54(2):129-37. doi: 10.1093/forestry/54.2.129

Hoffmann WA, Orthen B, Vargas do Nascimento PK. Comparative fire ecology of tropical savanna and
forest trees. Functional Ecology. 2003; 17(6):720—6. doi: 10.1111/j.1365-2435.2003.00796.x

DeAngelis DL, Post WM, Travis CC. Positive Feedback in Natural Systems. New York: Springer-Ver-
lag; 1986. 290 p.

Van Nes EH, Arani BMS, Staal A, van der Bolt B, Flores BM, Bathiany S, et al. What do you mean, ‘tip-
ping point’? Trends in Ecology & Evolution. 2016; 31(12):902—4. doi: 10.1016/j.tree.2016.09.011

Brando PM, Nepstad DC, Balch JK, Bolker B, Christman MC, Coe M, et al. Fire-induced tree mortality in
a neotropical forest: the roles of bark traits, tree size, wood density and fire behavior. Global Change
Biology. 2012; 18(2):630—41. doi: 10.1111/j.1365-2486.2011.02533.x

Hoffmann WA, Franco AC. Comparative growth analysis of tropical forest and savanna woody plants
using phylogenetically independent contrasts. Journal of Ecology. 2003; 91(3):475-84. doi: 10.1046/
j.1365-2745.2003.00777.x

Hoffmann WA, Adasme R, Haridasan M, de Carvalho MT, Geiger EL, Pereira MAB, et al. Tree topkill,
not mortality, governs the dynamics of savanna-forest boundaries under frequent fire in central Brazil.
Ecology. 2009; 90(5):1326-37. doi: 10.1890/08-0741.1 PMID: 19537552

Scholes RJ, Archer SR. Tree-grass interactions in savannas. Annual Review of Ecology and Systemat-
ics. 1997; 28:517—44. doi: 10.1146/annurev.ecolsys.28.1.517

PLOS ONE | https://doi.org/10.1371/journal.pone.0191027 January 19, 2018 13/15


https://doi.org/10.1086/666648
http://www.ncbi.nlm.nih.gov/pubmed/22766932
https://doi.org/10.1073/pnas.1118648109
https://doi.org/10.1073/pnas.1118648109
http://www.ncbi.nlm.nih.gov/pubmed/22184249
https://doi.org/10.1126/science.aal4108
http://www.ncbi.nlm.nih.gov/pubmed/28663495
https://doi.org/10.1038/nature06060
http://www.ncbi.nlm.nih.gov/pubmed/17851523
https://doi.org/10.1111/gcb.12398
http://www.ncbi.nlm.nih.gov/pubmed/24106057
https://doi.org/10.1086/521317
http://www.ncbi.nlm.nih.gov/pubmed/17891737
https://doi.org/10.1016/j.jtbi.2010.08.012
https://doi.org/10.1016/j.jtbi.2010.08.012
http://www.ncbi.nlm.nih.gov/pubmed/20708629
http://www.ncbi.nlm.nih.gov/pubmed/19537552
https://doi.org/10.1371/journal.pone.0191027

@° PLOS | ONE

Fire forbids fifty-fifty forest

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Bond WJ, Keeley JE. Fire as a global ’herbivore’: the ecology and evolution of flammable ecosystems.
Trends in Ecology & Evolution. 2005; 20(7):387—94. doi: 10.1016/j.tree.2005.04.025

Bernardi RE, Holmgren M, Arim M, Scheffer M. Why are forests so scarce in subtropical South Amer-
ica? The shaping roles of climate, fire and livestock. Forest Ecology and Management. 2016; 363:212—
7. doi: 10.1016/j.foreco.2015.12.032

Van Langevelde F, van de Vijver CADM, Kumar L, van de Koppel J, de Ridder N, van Andel J, et al.
Effects of fire and herbivory on the stability of savanna ecosystems. Ecology. 2003; 84(2):337-50. doi:
10.1890/0012-9658(2003)084[0337:EOFAHO]2.0.CO;2

Archibald S, Hempson GP. Competing consumers: Contrasting the patterns and impacts of fire and
mammalian herbivory in Africa. Philosophical Transactions of the Royal Society B: Biological Sciences.
2016; 371(1703):20150309. doi: 10.1098/rstb.2015.0309

Scott AC, Bowman DMJS, Bond WJB, Pyne SJ, Alexander ME. Fire on Earth: An Introduction: Wiley-
Blackwell; 2014. 434 p.

Hanan NP, Tredennick AT, Prihodko L, Bucini G, Dohn J. Analysis of stable states in global savannas:
is the CART pulling the horse? Global Ecology and Biogeography. 2014; 23(3):259-63. https://doi.org/
10.1111/geb.12122 PMID: 26430386

Hanan NP, Tredennick AT, Prihodko L, Bucini G, Dohn J. Analysis of stable states in global savannas —
a response to Staver and Hansen. Global Ecology and Biogeography. 2015; 24(8):988-9. doi: 10.1111/
geb.12321

Roy DP, Boschetti L, Justice CO, Ju J. The collection 5 MODIS burned area product—global evaluation
by comparison with the MODIS active fire product. Remote Sensing of Environment. 2008; 112
(9):3690-707. doi: 10.1016/j.rse.2008.05.013

Giglio L, Randerson JT, van der Werf GR. Analysis of daily, monthly, and annual burned area using the
fourth-generation global fire emissions database (GFED4). Journal of Geophysical Research G: Bio-
geosciences. 2013; 118(1):317-28. doi: 10.1002/jgrg.20042

Zemp DC, Schleussner C-F, Barbosa HMJ, Hirota M, Montade V, Sampaio G, et al. Self-amplified Ama-
zon forest loss due to vegetation-atmosphere feedbacks. Nature Communications. 2017; 8:14681.
https://doi.org/10.1038/ncomms14681 PMID: 28287104

Spracklen DV, Arnold SR, Taylor C. Observations of increased tropical rainfall preceded by air passage
over forests. Nature. 2012; 489(7415):282-5. https://doi.org/10.1038/nature 11390 PMID: 22951966

Malhi Y, Roberts JT, Betts RA, Killeen TJ, Li W, Nobre CA. Climate change, deforestation, and the fate
of the Amazon. Science. 2008; 319(5860):169-72. https://doi.org/10.1126/science.1146961 PMID:
18048654

Nepstad DC, Stickler CM, Soares-Filho B, Merry F. Interactions among Amazon land use, forests and
climate: prospects for a near-term forest tipping point. Philosophical Transactions of the Royal Society
of London B: Biological Sciences. 2008; 363(1498):1737—46. https://doi.org/10.1098/rstb.2007.0036
PMID: 18267897

DiMiceli CM, Carroll ML, Sohlberg RA, Huang C, Hansen MC, Townshend JRG. Annual Global Auto-
mated MODIS Vegetation Continuous Fields (MOD44B) at 250 m Spatial Resolution for Data Years
Beginning Day 65, 2000-2010, Collection 5 Percent Tree Cover. College Park, MD, USA.: University
of Maryland; 2011.

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A. Very high resolution interpolated climate sur-
faces for global land areas. International Journal of Climatology. 2005; 25(15):1965-78. doi: 10.1002/
joc.1276

Markham CG. Seasonality of precipitation in the United States. Annals of the Association of American
Geographers. 1970; 60(3):593-7. doi: 10.1111/j.1467-8306.1970.tb00743.x

Mitchell TD, Jones PD. An improved method of constructing a database of monthly climate observations
and associated high-resolution grids. International Journal of Climatology. 2005; 25(6):693-712. doi:
10.1002/joc.1181

Holmgren M, Hirota M, van Nes EH, Scheffer M. Effects of interannual climate variability on tropical tree
cover. Nature Climate Change. 2013; 3(8):755-8. doi: 10.1038/nclimate1906

Klein Goldewijk K, Beusen A, van Drecht G, de Vos M. The HYDE 3.1 spatially explicit database of
human-induced global land-use change over the past 12,000 years. Global Ecology and Biogeography.
2011;20(1):73-86. doi: 10.1111/j.1466-8238.2010.00587.x

Robinson TP, William Wint GR, Conchedda G, van Boeckel TP, Ercoli V, Palamara E, et al. Mapping
the global distribution of livestock. PLoS ONE. 2014; 9(5):€96084. https://doi.org/10.1371/journal.pone.
0096084 PMID: 24875496

Richards FJ. A flexible growth function for empirical use. Journal of Experimental Botany. 1959; 10
(2):290-301. https://doi.org/10.1093/jxb/10.2.290

PLOS ONE | https://doi.org/10.1371/journal.pone.0191027 January 19, 2018 14/15


https://doi.org/10.1111/geb.12122
https://doi.org/10.1111/geb.12122
http://www.ncbi.nlm.nih.gov/pubmed/26430386
https://doi.org/10.1038/ncomms14681
http://www.ncbi.nlm.nih.gov/pubmed/28287104
https://doi.org/10.1038/nature11390
http://www.ncbi.nlm.nih.gov/pubmed/22951966
https://doi.org/10.1126/science.1146961
http://www.ncbi.nlm.nih.gov/pubmed/18048654
https://doi.org/10.1098/rstb.2007.0036
http://www.ncbi.nlm.nih.gov/pubmed/18267897
https://doi.org/10.1371/journal.pone.0096084
https://doi.org/10.1371/journal.pone.0096084
http://www.ncbi.nlm.nih.gov/pubmed/24875496
https://doi.org/10.1093/jxb/10.2.290
https://doi.org/10.1371/journal.pone.0191027

:@.’ PLOS | ONE Fire forbids fifty-fifty forest

67. Suding PN, Ziff RM. Site percolation thresholds for Archimedean lattices. Physical Review E. 1999; 60
(1):275-83. https://doi.org/10.1103/PhysReVvE.60.275

68. Gilbert E. Random plane networks. Journal of the Society for Industrial and Applied Mathematics. 1961;
9(4):533—43. https://doi.org/10.1137/0109045

PLOS ONE | https://doi.org/10.1371/journal.pone.0191027 January 19, 2018 15/15


https://doi.org/10.1103/PhysRevE.60.275
https://doi.org/10.1137/0109045
https://doi.org/10.1371/journal.pone.0191027

