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Forest-rainfall cascades buffer against drought
across the Amazon

Arie Staal ®™, Obbe A. Tuinenburg®2, Joyce H. C. Bosmans3, Milena Holmgren?, Egbert H. van Nes',
Marten Scheffer!, Delphine Clara Zemp®>¢ and Stefan C. Dekker?’

Tree transpiration in the Amazon may enhance rainfall for downwind forests. Until now it has been unclear how this cascading
effect plays out across the basin. Here, we calculate local forest transpiration and the subsequent trajectories of transpired
water through the atmosphere in high spatial and temporal detail. We estimate that one-third of Amazon rainfall originates
within its own basin, of which two-thirds has been transpired. Forests in the southern half of the basin contribute most to the
stability of other forests in this way, whereas forests in the south-western Amazon are particularly dependent on transpired-
water subsidies. These forest-rainfall cascades buffer the effects of drought and reveal a mechanism by which deforestation

can compromise the resilience of the Amazon forest system in the face of future climatic extremes.

dent'~’. Although their interactions have been a topic of
2,4-12

| he Amazon rainforest and its wet climate are mutually depen-

study for decades™"'?, we still lack a deep understanding of
the positive effects between forests and rainfall across the Amazon
basin. Forests access groundwater in deep soil layers and release
it to the atmosphere by transpiration®'. This transpired moisture
can precipitate and evapotranspire repeatedly over forests'*'"”, pro-
moting forest growth in a cascading way. The significance of such
cascades is poorly understood due to uncertainties regarding the
contribution of tree transpiration to total evapotranspiration, the
atmospheric path of this transpiration to rainfall, the number of
re-evapotranspiration cycles that water goes through and the effect
of the resulting rainfall increase on local forest stability>*'. Also,
the temporal variability of the forest’s self-stabilizing mechanism is
poorly understood®. In the wet tropics including the Amazon, tree
cover declines at higher seasonal and inter-annual rainfall variabil-
ity"”. To understand the effects of extreme weather events and defor-
estation, a quantitative and temporally explicit assessment of the
forest-rainfall cascades'' is needed’. We can now track moisture
flows quantitatively using empirically derived atmospheric wind
patterns, evapotranspiration and rainfall>*. Also, complex models
are being improved that can quantify the contribution of vegetation
to evapotranspiration on increasingly high spatial and temporal
resolutions’'. Finally, remote sensing now provides tools to quan-
tify forest resilience*”*°. Here, we capitalize on those technological
advances to provide an empirically derived quantification of the
spatial and temporal interactions between rainfall and tree cover in
tropical South America, focusing on the Amazon basin (Methods).
We use a Lagrangian moisture-tracking algorithm*-** that calcu-
lates atmospheric water flows in time steps of 0.25h. We use out-
put on a 0.25° grid (around 25km X 25km) and monthly basis for
2003-2014. We account for multiple re-evapotranspiration cycles of
this moisture’® and use a large-scale hydrological model to calcu-
late the evapotranspiration change from potential tree-cover loss for
each month*"*. Combined, these calculations allow us to estimate

the contribution of tree cover to rainfall and related forest resilience
in downwind areas. As tree transpiration is a source of atmospheric
moisture that can be maintained in periods when rainfall is absent™,
we focus on the role of transpiration-induced rainfall.

We find that trees within the Amazon have transpired 20% of all
rainfall in the basin at least once (Fig. 1). We call this contribution of
trees to rainfall the transpiration recycling ratio (TRR). Half of this
transpiration recycling occurs in a direct way, in which moisture falls
back as rainfall after having last entered the atmosphere through
transpiration. The other half is composed of cascading transpira-
tion recycling (see Methods) in which transpiration-induced rain-
fall goes through an additional evapotranspiration-rainfall cycle
at least once (Fig. 1 and Supplementary Fig. 10). Considering all
evapotranspiration (including transpiration), we find that 32% of
Amazonian rainfall originates from the basin, in good agreement
with 10 previous estimates based on different methodologies and
datasets (24-41% (median 28%); see Methods and ref. *°, including
the references therein). Combining this evapotranspiration recy-
cling with our transpiration recycling estimates, we find that 64% of
all regionally recycled water has travelled through the pores of leaves
of trees in the Amazon. The cascading contribution of transpiration
to rainfall entails that its effects can be remote and, because a single
transpired water molecule can undergo multiple re-evapotranspira-
tion and rainfall cycles, could be larger than the transpired amount
of water itself. We estimate that the largest transpiration is from the
north-eastern, southern and south-western parts of the Amazon
basin (Fig. 2a and Supplementary Fig. 4), in agreement with other
global transpiration estimates’'*2. Loss of tree cover in these regions
would thus result in the largest loss of moisture for the basin. The
small transpiration flux in the north-western Amazon is striking,
but could be explained by the high moisture interception by the for-
est canopy’** and lack of a pronounced dry season (Supplementary
Fig. 3). In addition, this region has relatively low estimated potential
evapotranspiration (not shown). Across the Amazon, we find little
spatial difference in the distances that transpired molecules travel
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Fig. 1| Transpiration recycling in the Amazon basin. a, On average, 20% of all rainfall in the Amazon has been transpired by trees at least once (the
transpiration recycling ratio, TRR). About half of this transpiration recycling (51% of transpiration recycling) occurs after one transpiration-rainfall cycle
(re-evapotranspiration cycle=0). The remainder (49% of transpiration recycling) occurs after multiple (1-7) re-evapotranspiration cycles of transpired

water (cascading transpiration recycling). b, Plot of the TRR in the Amazon for each year in the period 2003—2014 against the spatially averaged rainfall
that had last evaporated from the ocean, O. A linear regression was fit, with TRR=45-0.023 O (r*=0.66). The years 2005 and 2010 are labelled because
they brought drought across vast areas of the Amazon (see also Supplementary Figs. 8 and 9). See Supplementary Fig. 6 for TRRs against monthly rainfall

of oceanic origin.
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Fig. 2 | From transpiration to rainfall. a, Mean annual transpiration by trees that precipitates over land. b, Median geographic distance of transpired water
before precipitating again over land. Distances are given at the locations of transpiration. ¢, Fraction of mean annual rainfall that has been transpired by

trees in the Amazon basin. The Amazon basin is shown by a black outline.

before raining out again, with a median of ~600km (Fig. 2b). This
short distance—relative to the size of the Amazon—implies that
a large part of Amazonian transpiration rains out over the basin
itself: 46% of transpiration directly rains out over the Amazon (the
same order of magnitude as a previous estimate based on a different
methodological approach®). We find that if cascading recycling of
that water is included, this ratio reaches 77%. The large transpira-
tion fluxes in the Amazon (Fig. 2a) enhance rainfall over vast areas
outside the basin as well (Fig. 2¢).

We find temporal variations in the effect of trees on rainfall. The
seasonal variability in tree-transpired rainfall is characterized by a
peak during September to November, when large parts of the Amazon
are at the end of the dry season, with up to 70% of regional rainfall

540

being a result of tree transpiration (Fig. 3a-f and Supplementary
Fig. 7; see Supplementary Figs. 5 and 6 for Amazon-wide monthly
recycling). This large contribution of recycled moisture during the
dry season means that seasonal droughts are moderated by forests.
Forests also buffer against inter-annual droughts, as reflected by the
negative correlation between the TRR and the amount of moisture
that enters the Amazon basin (Fig. 1b). Indeed, we find the highest
TRR (27%) for 2005 (Fig. 1b and Supplementary Figs. 5 and 8) during
a severe drought®. This increased contribution of tree transpiration
to rainfall could explain a previous report of relatively high moisture
recycling in 2005*. Curiously, the contribution of tree transpira-
tion to rainfall during the 2010 drought was lower, when the TRR
remained around the multi-year average level (21%; Fig. 1b). This
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Fig. 3 | Effect of Amazonian tree transpiration on rainfall in each of the subregions of the Amazon basin. a-f, Fraction of monthly rainfall in the north-
western Amazon (a), Guyana Shield (b), eastern Amazon (c), south-western Amazon (d), central Amazon (e) and southern Amazon (f) that has
transpired from trees in the Amazon. The grey shaded area represents + 1 standard deviation of the mean for 2003 through 2014. g, Map of the six
subregions®'. The numbers inside arrows show the mean annual rainfall (in mm) that has been transpired by trees within the same subregion. Larger values
imply a larger feedback of forest disturbances, such as fires, to forests within the same region. A deeper green represents lower elevation. CA, central
Amazon; EA, eastern Amazon; GS, Guyana Shield; NW, north-western Amazon; SA, southern Amazon; SW, south-western Amazon.

could be explained by differences in incoming oceanic moisture.
Even though large areas were affected by drought in 2010%, we find
that the total amount of oceanic moisture entering the Amazon was
average (Fig. 1b and Supplementary Fig. 9). This average moisture
inflow in 2010 explains its lower TRR compared with the drought of
2005, when rainfall of oceanic origin was, on average, 100 mmyr—
lower than in 2010 (Fig. 1). The consistent buffering of droughts
by transpiration means that the forest-rainfall cascades are at their
strongest during dry periods. This is particularly relevant because
both seasonal*** and inter-annual rainfall variability'” affect forest
resilience in the wet tropics.

Our analysis shows that the south-western Amazon is a pro-
nounced sink area, not just for continental moisture recycling'**>*’
but for tree-transpired moisture in particular. This region was not
only driest during 2003-2014 (Supplementary Fig. 3), but is also
most dependent on locally transpired water (Fig. 3g). These results
already suggest that land-cover changes in the south-western
Amazon would considerably increase its vulnerability to drought,
but several additional lines of evidence also indicate that forests
in this region are sensitive. It has been shown that in the south-
ern Amazon, the onset of the wet season depends on the presence
of the forest. In the western Amazon, the regional-scale level of
photosynthetic activity requires multiple years to recover from
extreme drought*. This is also a region where extensive floodplain
forests are particularly vulnerable to fire, because they regener-
ate slowly or even remain under arrested succession once burnt®.
Because fire occurrence in the Amazon increases exponentially
with dry-season rainfall deficit®, the drought-buffering capacity
of the forest could greatly reduce the risk of such fires. To explore
this effect, we calculated how the mean annual water deficit (see
Methods) would change in the absence of forest-rainfall cascades.
We find that the mean annual water deficit in the south-western
Amazon would increase from 196 to 380 mm, suggesting that for-
est-rainfall cascades are indeed a major suppressor of forest fires
in the south-western Amazon and may thus sustain a large propor-
tion of its tree cover™*.

An issue of particular concern is the possibility that parts of the
Amazon forest may cross a tipping point to a savannah state'®!*#-%,
Empirical relationships between tree cover and rainfall*>** indicate
that in South America, forest and savannah can be alternative stable

states below 2,000 mm mean annual rainfall (Fig. 4). Independent
evidence also indicates that below 2,000 mm rainfall, tropical for-
ests may not maintain year-round photosynthesis* and may recover
more slowly from perturbations when rainfall decreases”. This
makes these forests vulnerable to die back, after which a fire-main-
tained savannah state may establish’*. The strong dependence of
tropical forest resilience to rainfall has also been reported for South
American secondary forests*. We therefore used mean annual rain-
fall to quantify forest resilience following published methods** and
find that resilience of the south-western Amazon forest strongly
depends on forest-rainfall cascades (Fig. 4d,g; see also refs “*).
Without them, the rainfall regime would make savannah a much
more resilient ecosystem type than forest. As Fig. 3g showed, much
of the tree-induced rainfall in the south-western Amazon has been
transpired nearby. This implies that forest disturbances that affect
transpiration feed back to forests in the same region, further ampli-
fying these disturbances. Thus, it is important to understand how
climate change and deforestation alter transpiration and wind pat-
terns®, as consequences for the south-western Amazon may be
large. Forests in the northern part of the basin (for example, the
north-western Amazon and Guyana Shield) are also relatively
dependent on forest-rainfall cascades and are at risk of tipping to a
savannah state, but this dependency is spatially less extensive than
in the south-west (Fig. 4g).

Having determined how rainfall changes would affect forest
resilience in each 0.25° cell, we weighted all transpiration fluxes by
their effect on resilience across the Amazon (Methods). We then
aggregated these positive effects of transpiration on resilience and
ranked all 0.25° cells accordingly. In line with the results from a
recent modelling study*’, we found a marked north-south gradient
in the contribution of tree transpiration to forest resilience (Fig. 5).
This can be explained by the relatively large prevalence of dry con-
ditions (low mean annual rainfall and a longer dry season between
June and September) towards the south (Supplementary Fig. 3),
which increases tree transpiration (Fig. 2a) and the contribution of
transpired water to rainfall (Supplementary Fig. 7), and decreases
forest resilience””. Furthermore, in the dry season the dominant
wind pattern in the southern Amazon is westward rather than
southward'®, enhancing transpired moisture retention in the basin
compared with the wet season (December to March).
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Fig. 4 | Effect of Amazon tree transpiration on Amazon forest resilience. a-f, Mean annual rainfall for 2003—2014 with (solid red line) and without
(dotted red line) the contribution of transpiration from Amazonian tree cover for the north-western Amazon (a), Guyana Shield (b), eastern Amazon (c),
south-western Amazon (d), central Amazon (e) and southern Amazon (f). The black lines show an empirically constructed hysteresis plot of tree cover
against the mean annual rainfall for South American forests. g, Resilience loss for Amazonian forests, quantified as the fraction of resilience (as defined
previously? (see Methods)) that would be lost in the absence of tree transpiration by Amazonian trees.
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Fig. 5 | All 0.25° cells in the Amazon basin ranked by their contribution to
Amazonian forest resilience through tree transpiration. Blue indicates a
high contribution and yellow a low contribution. This contribution depends
on the transpiration from trees in the source, the sink areas to which this
transpired water flows, and the rainfall regime and tree cover in these sink
areas. Hence, this ranking should be interpreted as the contribution of an
area's trees to Amazon forest-rainfall cascades.

The importance of southern Amazon forests as a source of mois-
ture coincides with their risk of being deforested. Historically, defor-
estation has been concentrated in the south of the basin. Indeed, we
find that if twenty-first-century deforestation had not occurred, the
TRR would have been 24% instead of 20%. For a business-as-usual
deforestation scenario (Supplementary Fig. 12), the estimated TRR is
predicted to drop to 16% by 2050 (assuming rainfall and atmospheric
patterns of 2003-2014; see Methods). Our results imply that neglec-
tion of forest-rainfall cascades would result in substantial underesti-
mation of the ecosystem services delivered by the Amazon rainforest.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/541558-018-0177-y.
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Methods

Study region and period. We performed simulations for all of tropical South
America (13°N-35°S). Thus, moisture that leaves the Amazon basin through

the atmosphere and subsequently re-enters it is accounted for in the results. Our
definition of the Amazon basin includes the Guyana Shield, following ref. °'. We
divided the basin into six subregions for Figs. 3 and 4, also following ref. *', which
adapted the division by refs *>** based on soil distributions in the Amazon. Our
study period covers 2003-2014 and we present output on 0.25° resolution (around
25km x 25 km).

Quantifying tree transpiration. We performed spatially and temporally explicit
calculations of the contribution of tree cover to evapotranspiration. Thus,
transpiration from all types of tree cover, including savannabhs, is involved in these
estimates of tree transpiration. For our calculations, we applied the PCRaster
Global Water Balance hydrological model (PCR-GLOBWB) at 0.5° resolution.
PCR-GLOBWB is a hydrological and water resources model that computes the
vertical water balance in two soil layers (the upper one being a maximum of

30 cm and the lower one a maximum of 120 cm) and a groundwater layer. Roots
deeper than 150 cm have been reported for the Amazon™, implying that we might
underestimate dry-season transpiration. Water can be stored in the canopy, snow,
soil, rivers, lakes and groundwater. Sub-grid variability is taken into account by
including the soil-type distribution (FAO Digital Soil Map of the World), fractional
area of saturated soil** and spatiotemporal distribution of groundwater depth
based on the groundwater storage and the surface elevations. More detailed
model descriptions can be found in earlier studies®*°. However, we take into
account transpiration from only natural tree cover, which include the

'natural vegetation' land-cover types with a forest fraction in the Global Land
Cover Characterization dataset™.

We forced the model with WATCH Forcing Data ERA-Interim temperature,
precipitation and reference potential evapotranspiration™. Reference potential
evapotranspiration was computed using the FAO Penman-Monteith equation®.
In some cells in months with very little evapotranspiration, tree transpiration in
PCR-GLOBWB could be greater than evapotranspiration in the Global Land Data
Assimilation System (GLDAS) dataset used for atmospheric moisture tracking (see
below). In these cases, we set tree transpiration at evapotranspiration.

For each simulated year, we excluded the cumulative deforestation up to the
year before. For this, we aggregated the annual reported deforestation in the
PRODES (Projeto de Monitoramento do Desmatamento na Amazonia Legal
por Satélite) dataset provided by the Brazilian government. For each 0.25° cell,
we calculated the fractional cumulative deforestation and subtracted it
from the fractional tree-cover area in the land-cover distribution dataset
in PCR-GLOBWB”.

Our model has a monthly output, so in our calculations we assumed that the
fraction of evapotranspiration transpired by trees remains the same for one month
at a time. In the model output, tree transpiration in the Amazon is on average
45mmmonth™ (Supplementary Fig. 1). In line with observations®, this flux
decreases with increasing monthly rainfall values because rainfall is negatively
correlated with incoming radiation, and because canopy interception evaporation
increases with rainfall. However, total evapotranspiration from closed canopies
depends only weakly on rainfall (Supplementary Fig. 1). This supports our implicit
assumption that if rainfall decreases due to upwind tree-cover loss, the partitioning
of rainfall over evapotranspiration, runoff and water storage remains equal.

Atmospheric moisture-tracking scheme. To estimate the atmospheric transport
of transpired water, we used a water trajectory model**-*, which tracks parcels of
moisture that are released on random locations within each 0.25° cell and every
0.25 simulated hours for the period 2003-2014. Thus, this part of the calculation
runs on a higher temporal and spatial resolution than the output of the PCR-
GLOBWSB hydrological model. This means that we had to assume that the fraction
of evapotranspiration that was transpired by trees was the same within blocks of
2% 2 cells of 0.25° for each month. The atmospheric moisture-tracking method
assumes that evapotranspired water vapour is distributed over the vertical water
column in the same way as the already present water vapour. Hence, a given water
molecule is assigned a random starting height scaled with the humidity profile.
The trajectories in time and space of these molecules are then forced by the three-
dimensional ERA-Interim reanalysis estimates of wind speed and direction with

a resolution of 0.75° and 6 h*', but linearly interpolated so that the locations of
parcels are updated at every time step of 0.25h. We assume that at every time step
each water molecule in the atmospheric column has equal probability of raining
out. For these atmospheric fields, we used data between 1,000 and 500 hPa with a
vertical resolution of 50 hPa. The amount of rainfall, A (mm), at a given location
x,y and time step f that has evapotranspired from any source location in any cell is
given by equation (1)*:

V\{)arcel,tEsource,t

TPW, it

Ax,y,t = Px,y,t

¢y

where P is rainfall (mm), W, is the amount of water in the tracked parcel (mm),
Epuree (-) is the fraction of water in the parcel that evapotranspired from the

source and TPW is the total precipitable water in the atmospheric water column
(mm). At every time step, the amount of water in the parcel is updated based on
evapotranspiration into the parcel and rainfall P out of it:

) V\{aarcel,t—l

—P,
ot 52
) X,); TPVVx,y,t

Wearcelt = Woarcel, -1+ (ET, (2)

The fraction of water in the parcel that has evapotranspired from the source is
then updated as:

Esource,l— 1 vvparcel,t— l_Ax,)/,t

Esource,t= W (3)
parcel,t

Thus, the amount of water that was tracked from the source decreases with
precipitation along its trajectory and each parcel was followed until either less than
5% of its original amount was left in the atmosphere, the tracking time was more
than 30 days or it left the study domain of 81.5°W-34°W and 13°N-35°S. Three-
hourly evapotranspiration and rainfall estimates for each 0.25° cell were taken from
the GLDAS2 dataset (GLDAS Noah Land Surface Model L4 3 hourly, 0.25°X 0.25°,
version 2.0)*?. Over all land points, this evapotranspiration is linearly interpolated
to every 0.25h time step. Over water bodies, there is no GLDAS estimate of
evaporation, so the moisture-tracking scheme uses 6-hourly ERA-Interim
evaporation at 0.75° X 0.75°, which is also linearly interpolated to every 0.25h
time step. To obtain the contribution to rainfall of evaporation from the ocean, we
performed the simulation back in time so that rainfall from the sink was tracked
back to the source. The moisture flow m; (mm) linking evapotranspiration in cell i
to rainfall in cell j where [x, y]€j over the course of a given month becomes:

month ET},J
m;= tho Ay W 4)

it

where ET;, is the evapotranspiration (mm) and W, is the tracked amount of water
from source cell i at time step t. We performed these simulations for each month
in the period 2003-2014; for each of these months, we thus obtained a dataset of
moisture flows between each pair of 0.25° cells in the study domain.

We further assumed that when evapotranspiration changes, the partitioning
of this water over its sink regions is unchanged. This means that we assumed that
changes in forest structure do not affect the large-scale wind patterns that are
relevant for moisture recycling, although the spatial pattern of deforestation affects
rainfall on local-to-regional scales**** and reduced transpiration could suppress
oceanic moisture inflow through a reduction of latent heat releasing moisture
condensation in the atmosphere®’.

Transpiration recycling. The monthly contribution of transpiration T from
cell i in a source area of interest, £2, to rainfall P in sink cell j after n=0 re-
evapotranspiration cycles is:

m... ki

i ET;
P, = —
2 iea P,

J

if n=0 (5)

where p,,; is the fraction of rainfall in j transpired from trees in source area £, m;,;
is the moisture flow (mm month™") from cell i to cell j, T} is the tree transpiration
in cell i (mm month~") and P; is the rainfall in cell j (mm month™). Our calculation
of the contribution to rainfall by tree transpiration after n re-evapotranspiration
cycles (transpiration recycling) is based on a previous study on 'cascading
moisture recycling'’:

(n—1)
m.-p
p(”)=21170” ifn>0 (6)

0,
b

A molecule of water can be transpired multiple times during its course over
the continent. Summing all contributions of tree transpiration to rainfall in a
given location could cause this contribution to become larger than the rainfall that
directly originates from land. Therefore, we truncated the maximum contribution
of transpiration to total monthly rainfall after n re-evapotranspiration cycles at the
fraction of rainfall directly evapotranspired from land as follows:

(n) © KN
p.Q,j’ [l_poceanj_ Zk:o pQ,j

p_((;]) =min| (7)

After six re-evapotranspiration cycles, the contribution of tree transpiration
had decreased to practically zero, but we performed a seventh round as well. All
results shown include the direct effect of tree-cover transpiration and the seven
re-evapotranspiration cycles.

Sensitivity analyses and validations. The main assumptions of the moisture
tracking scheme are that (1) the altitude at which evapotranspiration is released
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into the atmospheric column scales with the humidity profile, (2) sub-grid wind
speed variability (for example, due to convection®) is ignored and (3) there is equal
chance of raining out for moisture at all altitudes in the atmospheric column. Here,
we present an analysis of the sensitivity of moisture recycling to these assumptions,
for which we did some additional forward moisture-tracking simulations.

In the 'low_release' simulation, the moisture is released 50 hPa (about 500 m)
above the land surface. In the 'conv_transport' simulation, we use the (three-
dimensional) ERA-Interim convective up- and downdraughts to stochastically
displace the moisture particles vertically during the tracking. During every time
step of the transport, a random number between 0 and 1 is picked. If this number
is smaller than the ratio between the updraught mass flux (Mg (kgh™ ' m™))

over the time period 8t and the mass of the atmospheric layer in the 50 hPa above

Mupdraughtdt

the parcel (M,,,, (kgm™)), & Muer > the particle is displaced 50 hPa upwards. This
50 hPa thickness of the layer is chosen because the forcing data of mass fluxes of
the updraughts and downdraughts are used at the same 50 hPa vertical resolution
as the other atmospheric variables. At every time step, this procedure is repeated
independently for downdraughts.

In the 'moisture_rainout' and 'condensation_rainout' simulations, the
precipitation of moisture during the trajectory is not assumed to be independent
of the altitude of the parcel, but is weighted with the local humidity profile and the
local precipitation generation profile. The local precipitation generation profile
is derived from the local precipitation flux profile, for which the data are used
at the same vertical 50 hPa resolution as the wind fields. For each of these levels,
the precipitation flux at 50 hPa below this level is subtracted to determine the
precipitation generation between these levels.

These sensitivity tests simulate the evapotranspiration from the six
Amazonian subregions (Fig. 3g) for 2003-2014. For each of these subregions,
Supplementary Table 1 presents the difference in annual mean rainfall that
originates from evapotranspiration in the same region relative to the
'standard' run. The altitude at which the moisture parcels are released has the
largest influence on moisture recycling. When the parcels are released close to
the land surface ('low_release' simulation), they stay closer to their source
location (that is, where evapotranspiration occurred) and moisture recycling
within the region increases substantially, except for the south-western Amazon,
where recycling decreases.

Including the convective mass fluxes during transport decreases moisture
recycling, as some parcels are transported higher up in the atmosphere, where wind
speeds are typically higher and further away from the source location. As shown
previously®, including these convective movements in the transport can have large
moisture recycling effects on individual days. However, the effect during the total
period considered in this study is smaller than that of the release height. Modifying
the rainout assumptions, as in the 'moisture_rainout' and 'condensation_rainout'
simulations, causes a slight increase in moisture recycling.

Compared with the 'standard' simulation, the sensitivity experiments typically
show larger moisture recycling, especially in regions with large vertical variability
in wind directions, as found previously®. Given the results of these moisture-
tracking sensitivity experiments, the moisture recycling rates in this study
might be conservative.

There are no independent datasets on which to validate our estimates
of monthly tree transpiration. However, there are estimates of total
evapotranspiration. To approach a validation of our transpiration estimates
for the Amazon, we relate the monthly evapotranspiration from our model
PCR-GLOBWRB to synthesized observation- and model-based estimates of
evapotranspiration in months with relatively high contributions of transpiration
to evapotranspiration. We therefore relate the datasets for dry months (that is,
with rainfall below 100 mm) as well as for months where PCR-GLOBWB estimates
that tree transpiration comprises at least 50% of total evapotranspiration. We
used LandFlux-EVAL merged synthesis products for the period 1989-2005%". The
'diagnostic’ dataset merges five observation-based (mainly from satellites) global
datasets for evapotranspiration and the 'LSM' dataset merges estimates from five
land surface models. Their spatial resolution is 1°, so we averaged all four 0.5°
monthly estimates from PCR-GLOBWB in each 1° cell. PCR-GLOBWB runs are
available for the total period that the LandFlux-EVAL data span. The results are
shown in Supplementary Fig. 2. Our estimates of evapotranspiration correspond
well with each of the four subsets, given that the r values of the linear regressions
all lie between 0.21 and 0.35.

We tested the sensitivity of transpiration recycling to different estimates for
the transpiration fluxes. For this, we simulated transpiration recycling assuming
that transpiration would consistently be -25, -10, +10 and +25% relative to our
calculations. Our results were shown to be robust against these changes: in the
rather extreme cases that transpiration would in reality be 25% smaller or greater
than our estimates, the TRRs would be 16 or 24% (Supplementary Fig. 5). More
realistic deviations of 10% from our estimates result in TRRs of 18 and 22%.

A number of previous studies estimated the evapotranspiration recycling ratio
for the Amazon. This ratio does not account for transpiration specifically, but
does provide possibilities to compare our estimates of recycling with those in the
literature. Our estimated evapotranspiration recycling ratio for the Amazon basin
is 32%. This is based on evapotranspiration estimates that already include effects of
historical deforestation. Our estimate of 32% is within the range reported by earlier
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studies. Reported estimates range from 24 to 41%'>*, with most being in the
range 25_35%|4,13,2(!,1(w.3‘),h‘17’l‘

Forest-savannah bistability, resilience estimates and resilience-weighted
transpiration. We used potential analysis*>”* to empirically construct the hysteresis
plot for forest and savannah from the probability densities of MODIS VCFS5 tree-
cover data on 250 m resolution”. We excluded human-used areas, water bodies and
bare ground using the 2009 European Space Agency Globcover dataset at 300 m
resolution (values 11-30 and >190). We took a sample of 0.1% of the continental
tree-cover data points. Forest resilience R was calculated as the probability of
forest (tree cover >50%) at a given climate by performing a logistic regression on
mean annual rainfall** using the MATLAB function glmfit. Residual resilience Ry
in the absence of tree transpiration was calculated with the same equation, but
with the contribution of transpiration deducted from the mean annual rainfall
(Supplementary Fig. 11). Loss of resilience (Fig, 4a) was quantified as . For
the results presented in the main text, we used the GLDAS data from 2003-2014;
however, because this is a short climatic period on which to base forest resilience,
we also present in Supplementary Fig. 11 calculations using Climate Research Unit
rainfall data on 0.5° resolution for 1961-2001"*.

We used the estimates of resilience of the sink locations to weight the
transpiration from the source for its importance for Amazon forest resilience.
The weighted transpiration flux of a cell i, T} gnes» 2ccounting for all seven
re-evapotranspiration cycles, is calculated as:

n
_ z 2 : koq_
Ti,weighted = k=0 e Amazon e (1 RF,j)Fj (8)

where Ry is the resilience and F; is the cover of forest in a sink cell j. m,f is the
moisture flow (mm) from i to j after k re-evapotranspiration events. We ranked all
Amazonian 0.25° cells by their T, g.q values.

Dry-season intensity and seasonality. As a measure of dry-season intensity, we
calculated the monthly cumulative water deficit (CWD) as the cumulative monthly
evapotranspiration - rainfall, where CWD was set to 0 when rainfall exceeded
evapotranspiration for a given month'®. The mean annual water deficit at each
location is the multi-year average of the annual maximum CWDs. In addition, we
calculated Markham’s seasonality index (MSI)—a measure of rainfall seasonality
that is independent of mean rainfall. Instead, it captures the distribution of rainfall
over the months of the year, whereby MSI=100% indicates that all rainfall occurs
within one month and MSI=0% indicates that rainfall is equally distributed over
the months. See ref. 7 for details.

Deforestation scenario. We also ran our simulations for 2003-2014 excluding
projected deforestation up to 2050. Here, we kept all else equal. We took the
cumulative deforestation from the business-as-usual deforestation scenario in
an earlier study™ (scenario C2) on 25km resolution. Each of our 0.25° cells was
assigned the deforestation value of its nearest neighbour in the dataset of ref. 7.
We show the estimated tree cover for 2050 in Supplementary Fig. 12.

Data availability. The PCR-GLOBWB hydrological model experiment uses
land-cover fractions based on previous studies*"”""*, as described in ref. . The
model was forced with WATCH Forcing Data ERA-Interim data®® available for
download at ftp://ftp.iiasa.ac.at/. The moisture-tracking model used ERA-Interim
data®' available for download at http://apps.ecmwf.int/datasets/data/interim-full-
daily/ and GLDAS2 data® available for download at https://disc.sci.gsfc.nasa.gov/
datasets?keywords=GLDAS. MODIS tree-cover data’ are available for download
at http://glcf.umd.edu/research/portal/nasaaccess2011/vcf_index.shtml, Climate
Research Unit rainfall data™ are available at https://crudata.uea.ac.uk/cru/data/
hrg/, PRODES historical deforestation data are available at http://www.dpi.inpe.br/
prodesdigital/prodes.php, the deforestation scenario’ is available at http://luccme.
cest.inpe.br/en/scenarios-amazon-2050/, LandFlux-EVAL data® are available at
http://www.iac.ethz.ch/group/land-climate-dynamics/research/landflux-eval.
html, and European Space Agency GlobCover data are available at http://due.esrin.
esa.int/page_globcover.php. The data that support the findings of this study are
available from the corresponding author upon request.
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