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Higher resilience to climatic disturbances
in tropical vegetation exposed to more
variable rainfall
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With ongoing global warming, the amount and frequency of precipitation in the tropics is projected to change substantially.
While it has been shown that tropical forests and savannahs are sustained within the same intermediate mean annual precipi-
tation range, the mechanisms that lead to the resilience of these ecosystems are still not fully understood. In particular, the
long-term impact of rainfall variability on resilience is as yet unclear. Here we present observational evidence that both tropical
forest and savannah exposed to a higher rainfall variability—in particular on interannual scales—during their long-term past
are overall more resilient against climatic disturbances. Based on precipitation and tree cover data in the Brazilian Amazon
basin, we constructed potential landscapes that enable us to systematically measure the resilience of the different ecosystems.
Additionally, we infer that shifts from forest to savannah due to decreasing precipitation in the future are more likely to occur
in regions with a precursory lower rainfall variability. Long-term rainfall variability thus needs to be taken into account in resil-

ience analyses and projections of vegetation response to climate change.

scale dieback under future human influences and global cli-

mate change'~. Even a partial forest dieback could cause a
severe reduction in CO, uptake and hence a vast decline in global
carbon storage®’. This may, through a positive feedback loop, lead
to a further acceleration of global warming®. The resilience’ and
the future development of the Amazon rainforest are therefore cru-
cial to the discussion on climate mitigation and adaptation. Climate
model projections suggest more prolonged droughts and thus an
increase in water deficits in the Amazon basin in the future’®. As
the forest is highly dependent on water availability'"'?, prolonged
droughts are likely to increase tree mortality and fire risk'*>'*. The
projected changes in climate thus strongly favour transitions from
forest to savannah ecosystems. In addition, tree cover has been
reported to decrease with higher interannual rainfall variability in
the wet tropics, whereas the opposite effect has been suggested for
drier regions'>'°.

Here we analyse the effect of long-term rainfall variability on
shaping the resilience of tropical forest and savannah to evaluate
further how this effect may influence the response of the vegeta-
tion to future changes in the mean annual precipitation (MAP)
predicted by the Intergovernmental Panel on Climate Change
climate models'”. For our analysis, we used high-resolution, sat-
ellite-derived continuous tree cover data (Moderate Resolution
Imaging Spectroradiometer (MODIS) MOD44B' (Fig. la))
in combination with a station-based rainfall data set (Climate
Research Unit (CRU)Y, see Methods and Supplementary Fig. 1).
For a comparison with the satellite-derived TRMM 3B42 data set
see Supplementary Fig. 2. As we evaluated natural ecosystems, it
is essential to exclude areas that are already disturbed by human

_|_he Amazon rainforest has been projected to be at risk of large-

influences from the analyses. Therefore, we restricted our study
area to tropical Brazil, for which highly accurate land use data are
available (Fig. 1a).

Rainfall variability

Distinct vegetation states are dominant for particular MAP ranges.
For precipitation levels above 2,100 mmyr~!, the natural vegetation
is almost exclusively lowland tropical forest, whereas savannah with
sparse tree cover dominates regions with precipitation values below
1,300mmyr". For values in between these bounds (1,300 mm yr~'
<MAP <2,100mmyr'), both forest and savannah can be main-
tained (Supplementary Figs. 3 and 4). In this bistable precipitation
range, shifts from the forest to the savannah state can be triggered by
pulse-like disturbances, such as extreme droughts and fires, whereas
a shift from the savannah to the forest state is rather smooth.

We aim to explore the overarching, long-term effect of rainfall
variability on tropical vegetation stability. We determined distinct
climatic regions for tropical Brazil, based on the seasonality and
interannual variability of rainfall (see Fig. 3d,g and Supplementary
Methods 1). Northwestern Brazil, which includes the remote part
of the Amazon rainforest, shows a relatively low rainfall variabil-
ity, whereas precipitation varies more strongly in eastern Brazil
and close to Bolivia and Venezuela, both intra- and interannually
(Fig. 1b). Generally, the ends of the spectrum, that is, very high and
very low long-term rainfall variability, occur only in regions covered
completely by either forest or savannah. As we wanted to study criti-
cal transition areas between the two vegetation states, we focused
only on areas with intermediate long-term rainfall variability.

For these areas, bimodality in tree cover distributions hints at
potential bistability® (Supplementary Fig. 3) using a space-for-time
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Fig. 1| Bistable regions of rainforest and savannah. a, Spatial distribution of tree cover in the study area. Large coherent regions of high tree cover (around
75% tree cover) indicate the Amazon rainforest, whereas savannah is represented by low tree cover (around 15% tree cover). White areas in the study

area indicate regions influenced by human activities. b, Long-term rainfall variability. The variability is divided into four climatic regions, referred to as very
high, high, low and very low rainfall variability, based on the percentiles of the PCA values. The hatched areas illustrate the arc of bistability, that is, regions

with precipitation regimes in which both forest and savannah can be sustained (1,300 mmyr'< MAP < 2,100 mmyr™).
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Fig. 2 | Potential of tree cover fractions for different precipitation regimes. a, Conceptual figure that illustrates different stability properties. The grey
curve shows the potential wells for the two vegetation states and the unstable state between them. The width and depth of a potential can be used to
quantify the stability of the vegetation state. As an overall measure the resilience R is introduced here based on the volume of the potential well. b,c, For
the study area, the potentials are derived for different MAP levels for low (b) and high (¢) long-term rainfall variability. Each level shows an ensemble of
potentials based on Monte Carlo sampling for each MAP value (Supplementary Methods 2).

substitution approach. We calculated the probability density
functions of the tree cover fractions for distinct MAP values
(Supplementary Fig. 4). For the different values of MAP, the dis-
tributions exhibit either one or two maxima, which correspond to
savannah (with a tree cover fraction of 5-20%) and forest (with a
tree cover fraction around 70-85%), respectively. This definition of
savannah and forest is consistent with that of previous studies'*"”
and other land cover data sets (compare Fig. 1a and Supplementary
Figs. 5 and 6).

From each probability density function, we derived the respec-
tive potential*! well (Supplementary Methods 2 and Supplementary
Fig. 4). The potential’s minima correspond to maxima of the prob-
ability distribution and represent stable vegetation states, that is,
stable fixed points. Potential wells represent the domain of attrac-
tion for a given stable state, that is, they show how much oscilla-
tion and perturbation a system can absorb without transitioning
to an alternative state’® (Fig. 2). In our case, collapse may occur
if perturbations, such as fires, extreme droughts or deforestation,
push forest ecosystems across the unstable fixed point (that is, the
potentials maximum between the minima) towards the savannah
state. To ensure that the shape of the potentials does not depend on
the particular spatial sample region, we estimated an ensemble of
potentials from Monte Carlo sampled subsets of grid cells from the
study area.
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Estimating the resilience of forest and savannah

Various measures have been introduced to estimate the resilience of
vegetation®. Theoretical work on general dynamical system stabil-
ity mainly focuses on local measures®. Recently, this was comple-
mented by the global concept of basin stability**, which corresponds
to the width of the potential well in question (Methods and
Supplementary Figs. 7 and 8). To assess fully the resilience of each
vegetation state, we propose the usage of the volume of the potential
well as a resilience measure R, that is, the combination of both the
width and the depth of the well (shaded areas in Fig. 2a (Methods)).
Such a measure R provides an intuitive interpretation in terms of the
time the system will stay in a given vegetation state when exposed to
external perturbations”. This definition of resilience thus integrates
the above, previously introduced measures into a global measure of
vegetation resilience that includes the ability to withstand pulse-like
disturbances, such as extreme droughts or fires, but also the gradu-
ally changing climate conditions.

Generally, we found that the resilience of both forest and savan-
nah is strongly modulated by rainfall variability: in the bistable
MAP range, where both savannah and forest can exist, the potential
wells are overall wider and deeper in regions where higher rainfall
variability occurs (Fig. 2b,c). This indicates the prevalence of a com-
pensation mechanism that increases resilience in places where veg-
etation is embedded within a more variable rainfall environment.
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Fig. 3 | Resilience of savannah and rainforest for different precipitation regimes. a,d,g, The spatial distribution of the variability zones, that is, rainfall
variability (a), seasonality (d) and interannual variability (g). b-i, The resilience of the two intermediate variability regimes for savannah (b, e and h)

and forest (¢, f and i) as a function of MAP. The two sigma bands (shading) indicate uncertainties derived from Monte Carlo sampling (Supplementary
Methods 2). The hatched areas illustrate the bistable MAP regime (1,300 mmyr' < MAP < 2,100 mmyr). Regions that experience stronger rainfall
variability (green curves) have generally a higher resilience, except for forest in regions with strong seasonality (the text gives details). a.u., arbitrary units.

Higher rainfall variability may increase tree cover resilience
because it potentially drives the selection of vegetation adaptive
traits (for example, traits conducive to higher drought resistance or
higher diversity of hydraulic traits) to water deficits. In other words,
higher rainfall variability might act as a strong environmental
filter on vegetation properties and exert a ‘training effect’ towards
higher resilience.

The processes that determine such increments in resilience are
so far not fully understood, but are probably linked to functional
characteristics of the vegetation. Field measurements at sites in
South and Central America, for example, yield a significant posi-
tive correlation between vegetation drought sensitivity and total
precipitation amounts*”. In addition, more drought-resistant
seedlings are dominant in drier regions of the tropics®. At the
local scale, Amazon forests under more stable hydrological con-
ditions and with more constant access to the water table tend to
invest less in hydraulic safety and are more drought sensitive. This
suggests that environmental conditions shape the vegetation over
the course of centuries”~*!. This environmental filtering’* mecha-
nism, which favours more drought-resistant taxa, may explain
the overall increase in resilience under higher rainfall variability
regimes that we detect for both forest and savannah (Fig. 3b,c).
Alternatively, higher rainfall variability regimes might favour the
persistence of tree communities with a higher diversity of hydraulic

176

or other functional traits, which might also increase the resilience
of the ecosystems™.

We further separated the impact of the two parameters that
form rainfall variability, that is, seasonality and interannual vari-
ability (Fig. 3). Seasonality in the study region generally increases
along a northwestern-southeastern diagonal, and is low along the
coastline (Fig. 3d). However, the spatial distribution of the interan-
nual variability shows lower values in the central Amazon, which
increase towards eastern Brazil (Fig. 3g). The effect of a change
in seasonality on the resilience of savannah is marginal (Fig. 3e),
whereas low seasonality favours a more resilient forest (Fig. 3f).
The interannual variability, on the contrary, has an enhancing effect
on the resilience of both savannah and forest (Fig. 3h,i). The con-
trasting effects of seasonality and interannual variability on forest
can be explained by the fact that rainforest is mostly favoured in
regions without extensive seasonality, and if rainforest is neverthe-
less found in such regions, it exhibits a lower resilience. However,
high interannual variability substantially strengthens the resilience
of the rainforest. Comparing these results to the dependency on the
overall rainfall variability (Fig. 3b,c), we infer that interannual vari-
ability might allow windows of opportunities for the establishment
of tree species with contrasting hydraulic traits, which increases
the overall hydraulic diversity that leads to a higher vegetation
resilience. Beyond a threshold of about 2,100 mmyr? of MAP,
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Fig. 4 | Potential shifts of vegetation states under future climate change. a,b, For each climate scenario (RCP), the median of the relative change in
resilience of savannah (a) and rainforest (b) imposed by the total MAP change is computed for the time period 2090-2100, compared with 1990-2000.
The error bars indicate the variance of resilience change in the models used. ¢-f, The maps show the current monostable forest and savannah vegetation
regimes as well as the bistable one in the light shading. Additionally, probable transitions between vegetation states emerge due to changes in MAP under
the corresponding RCP scenarios, illustrated in dark colours. Each pie chart gives the 2100 distribution in the corresponding scenario (Supplementary

Methods 4).

forest is stable irrespective of the rainfall variability. The combination
of the amount of annual rainfall and its variability during the
long-term past thus strongly influences the resilience of the current
vegetation cover.

Future scenarios

With progressing climate change, climate models based on the rep-
resentative concentration pathway (RCP) emission pathways* proj-
ect a general decrease of MAP in tropical Brazil"” (Supplementary

NATURE GEOSCIENCE | VOL 12 | MARCH 2019 | 174-179 | www.nature.com/naturegeoscience

Fig. 9 and Supplementary Methods 4). At the same time, floods
and droughts are likely to become more frequent and more intense.
These changes will have a strong influence on the tropical vegeta-
tion. In this context, the effect of long-term rainfall variability in
modulating the resilience of rainforest and savannah will become
even more crucial. We used climate projections from global climate
models to explore the impact of changes in MAP on the resilience of
Amazon ecosystems. Our results suggest that the projected decline
in MAP for higher emission scenarios will lead to a gradual loss of
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resilience of the rainforest in the next decades. We found that this
effect would more than double in regions that have experienced low
rainfall variability in their past (Fig. 4a,b). In addition, the expected
precipitation decrease will lead to more favourable conditions for
savannah, which would in turn become more stable. However, we
emphasize that we here only consider projected changes in MAP to
assess the potential loss or gain of resilience under climate change
until the year 2100. We do not explicitly consider here the corre-
sponding increase in surface air temperature, which projections
show to be homogeneous in tropical South America and thus would
not significantly alter our results. Furthermore, we assume that the
projected changes in rainfall variability are not going to have a sig-
nificant environmental filtering effect on vegetation on such short
timescales. Based on the projected changes in MAP, we can identify
critical regions in which the vegetation is most prone to switch-
ing into a different state (Fig. 4c-f). In particular, we emphasize a
large coherent region in the southern Amazon that is likely to be
under risk of transition from forest to savannah due to the projected
reduction of MAP. As this is a lower-variability region, it will be
particularly vulnerable to severe droughts.

We uncover that the critical precipitation regimes at which a
dieback of the Amazon rainforest might occur depend crucially
on the stabilizing effect of long-term rainfall variability. Longer,
large-scale observational data and field data are needed to under-
stand further the physiological and ecological processes that
underlie the compensation mechanism revealed here and to assess
the dynamics of the Amazon rainforest under ongoing global
warming. In principle, our approach to estimate vegetation resil-
ience and its preconditioning through rainfall variability can be
extended to other tropical regions. However, this requires highly
resolved, large-scale data sets that indicate land use areas and veg-
etation types to avoid biases. Although long-term rainfall variabil-
ity turns out to be a crucial indicator for the resilience of forest
and savannah, other environmental variables, such as temperature
distribution®, different soil types® and biodiversity’” have a strong
influence on the vegetation state as well, and need to be closely
monitored to assess their impact on resilience. In addition to these
climate disturbances, the Amazon rainforest is threatened by large-
scale deforestation. Especially in regions within the bistable rain-
fall regime, large fractions of natural vegetation have already been
converted into pasture and agricultural land. Deforestation, even
of rather small parts of the rainforest, leads to non-linear feed-
backs that reduce the amount of precipitation in South America,
and may therefore increase the overall vulnerability of the Amazon
rainforest®-.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
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Methods

Data. For our analysis, tree cover (T) data were retrieved from the continuous
tree cover distribution MOD44B at 250 m resolution for the year 2012 from

the MODIS Terra vegetation continuous fields data set'®. As pointed out in
previous studies’'~*, the tree cover data set is not useful for very low amounts
of tree cover (T < 10%). Therefore, this study excludes desert-like climatic areas
(defined as MAP < 300 mm yr™') from the analyses. The data set exhibits tree
cover percentages between 70 and 85% in areas classified as forest and between
5 and 15% in areas classified as natural pasture and shrubland (savannah)
according to the Brazilian Institute of Geography and Statistics (IBGE)
(Supplementary Figs. 5 and 6). To guarantee an unbiased analysis, all the regions
that are significantly affected by human land use, as derived from the IBGE data
set”, are excluded from the analysis. Such accurate and spatially extensive data
on human land use in tropical regions is, to our knowledge, only available for
the Brazilian Amazon.

MAP values and long-term rainfall variability are derived from the CRU’s high-
resolution monthly data CRU TS3.24" for the years 1961-2012. It is a state-of-the-
art rain gauge product from meteorological stations, interpolated to a regular grid
of 0.5° resolution.

Variability analysis. We computed the long-term interannual variability from
the CRU precipitation data set as the standard deviation of MAP values divided
by their long-term mean, and quantified the seasonality by the Markham
seasonality index* for each grid cell (Supplementary Methods 1). The
seasonality and interannual variability are combined into one measure of overall
long-term rainfall variability on the basis of a principal component analysis
(PCA) (Supplementary Methods 3). The study area was then categorized into
four variability classes. First, negative values of the PCA-derived variability were
assigned to a lower variability and positive values to a higher variability. These
two classes were further subdivided at their respective medians to obtain four
variability classes that ranged from a very high (50th to 100th percentiles) to

a high (0th to 50th percentiles) variability for positive PCA values, and from
low (0th to 50th percentiles) to very low (50th to 100th percentiles) variability
for negative PCA values. This classification was used to determine the long-
term rainfall variability zones used in this study. For the classification of the
variability zones of seasonality and interannual variability, we divided the

data into four equally sized partitions by computing the 25th, 50th and 75th
percentiles. Values below the 25th percentile were considered as very low
variability, those between the 25th and 50th percentiles as low variability, those
between the 50th and 75th percentiles as high variability and those above the
75th percentile as very high variability.

Stability measures. To quantify different aspects of the stability of a vegetation
state, various measures were introduced, mainly based on the width w and
depth d of the potential well that corresponds to the vegetation state

(Fig. 2a). Here the width is defined as the horizontal distance between

the stable fixed point of the state in question and the unstable fixed point

that marks the boundary to the alternative state. Analogously, the depth is
determined as the vertical distance between these two points. In this study,
we compared the following measures:

o  The width w of the potential well, also referred to as the latitude”. This quanti-
fies the maximum size of a single perturbation in tree cover, such that the
system is still able to recover to its original stable state. This is similar to the
recently introduced concept of basin stability™.

o  The depth d, also referred to as the resistance. It has been argued that this
quantifies the difficulty of moving the system away from its current stable
state"7.

o Thelocal Lyapunov stability*, defined here as the local Lyapunov exponent at
the fixed point in question, that is, the minimum of the potential well: This is
a standard local stability measure in dynamical systems theory that quantifies
the effort needed to bring the system out of equilibrium.

All of these measures are limited to different, specific aspects that characterize
the stability of the system state. By considering the two-dimensional volume of
the potential well, we combines these different aspects into one global measure of
vegetation stability, which we call resilience (R):

«  For both the savannah (s) and forest (f) states, we defined their resilience
R, as the volume of that part of the corresponding potential well that lies
between the respective stable fixed point (T and T{, respectively) and the
unstable fixed point (?) that separates the two wells (shaded areas in

Fig. 2a). Formally, for tree cover denoted by T and potential U, we defined
R, as:

T
R= [ 411U, (T)-y,(7)]
s

and

T ~
Re= [ dT[U(D) - U(T)]
T

So, R is directly related to the so-called mean first passage time of the associated
Fokker-Planck equation®. It thus provides a general and intuitive measure of
vegetation stability in terms of the time the system will stay within the respective
potential well when exposed to external, noisy perturbations.

Therefore, R suits as an approximation for the stability of the system’s state,
in particular against abrupt disturbances such as droughts or fires, but also against
continuously changing external conditions, such as global warming and the
associated changes, for example, in rainfall and drought frequency.

Climate scenarios. We considered MAP changes under the RCP* future emission
scenarios, as projected by the global climate models GFDL-ESM2M, HadGEM2-
ES, MIROC-ESM-CHEM, IPSL-CM5A-LR and NorESM1-M. We took the gridded
climate data from the ISIMIP Fast Track input-data catalogue®'. The original
data were retrieved from the CMIP5 archive and bias corrected™ for the CRU
precipitation data set. We used the median of the five models for all the analyses.

Code availability

The computer code used for this study is available on request.

Data availability

The data reported in this paper are extracted from the publicly available sites of
MODIS (https://Ipdaac.usgs.gov/)*, IBGE (https://www.ibge.gov.br/)* and CRU
(https://crudata.uea.ac.uk/)".
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