Amazon Forests Green-Up
During 2005 Drought

Scott R. Saleska,**t Kamel Didan,?* Alfredo R.

arge-scale numerical models that sim-
I ulate the interactions between changing
global climate and terrestrial vegetation
predict substantial carbon loss from tropical
ecosystems (/), including the drought-induced

collapse of the Amazon forest and conversion to
savanna (2).
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Resolution Imaging Spectroradiometer (MODIS)
is a composite of leaf area and chlorophyll
content that does not saturate, even over dense
forests. Properly filtered to remove atmospheric
aerosol and cloud effects, EVI tracks variations
in canopy photosynthesis, as confirmed by eco-
system flux measurements on the ground (3, 4).

and C). Much of the smaller area exhibiting
decline is heavily affected by human activity or
consists of different vegetation types (fig. S2).
Increased greenness is inconsistent with ex-
pectation if trees are limited by water but follows
from increased availability of sunlight (due to de-
creased cloudiness) when water is not limiting—if;
for example, trees are able to use deep roots and
hydrologic redistribution to access and sustain
water availability during dry extremes (6, 7).
These observations suggest that intact Ama-
zon forests may be more resilient than many
ecosystem models assume, at least in response to
short-term climatic anomalies. This work does
not alter the growing understanding of how
Amazon forests are vulnerable to stressors such
as deforestation and fire, a vulnerability observed
to increase dramatically during the 2005
drought (5). But it does suggest that forest
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vulnerability to climatic effects alone needs
to be carefully assessed with studies aimed
at improving models by integration with
observations. Especially important for future
work are observations to address the criti-
cally important question of forest response
to longer-term drought (&), such as may be
induced by strong El Nifio events or longer-
term climate change.
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skewed toward greenness.

Model-simulated forest collapse is a con-
sequence not only of climate change—induced
drought but also of amplification by the phys-
iological response of the forest: Water-limited
vegetation responds promptly to initial drought
by reducing transpiration (and photosynthesis),
which in turn exacerbates the drought by in-
terrupting the supply of water that would
otherwise contribute to the recycled compo-
nent of precipitation (2). This physiological
feedback mechanism should be observable as
short-term reductions in transpiration and photo-
synthesis in response to drought under current
climates.

We used satellites to observe whether an
Amazon drought in fact reduced whole-canopy
photosynthesis (3). The enhanced vegetation in-
dex (EVI) from the Terra satellite’s Moderate
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A widespread drought occurred in the Ama-
zon in 2005 (5), the first such climatic anomaly
since the launch of the Terra MODIS sensor in
1999, providing a unique opportunity to compare
actual forest drought response to expectation at
large scales.

Drought intensity peaked during dry season
onset (July to September), primarily in southwest
and central Amazonia (Fig. 1A) [the drought’s
temporal evolution is depicted in (5)]. If drought
had the expected negative effect on canopy
photosynthesis, it should have been especially
observable during this period, when anomalous
interannual drought coincided with the already
seasonally low precipitation. The observations of
intact forest canopy “greenness” in the affection
areas, however, are dominated by a significant
increase (P < 0.0001) (3) not a decline (Fig. 1, B
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Materials and Methods

Rainfall data are from the TRMM (Tropical Rainfall Measuring Mission, 3B43-
v6) satellite timeseries (1998-2006), at 0.25° x 0.25° resolution (S1), which we super-
sampled to interpolate onto a higher resolution (1 km) grid and match the resolution of
greenness data (see below). The TRMM 3B43-v6 dataset is derived by combining basic
TRMM data with the infrared-based Geostationary Operational Environmental Satellite
Precipitation Index (GOES-PI) and with a global network of gauge data (S2). Regional
validation studies, e.g. in tropical West Africa (S3) and in the Brazilian Amazon (S4),
show strong agreement at monthly timescales between the blended TRMM product and
independent ground based rain gauge data, except for wet months (rainfall > 300 mm
month™ ) due to underestimation of high rainfall events (S4).

Soil moisture is more relevant than precipitation for vegetation, but is sparsely
observed in the Amazon. For the purposes of this study, however, it is sufficient if
precipitation variation is a good proxy of soil moisture variation. Comparisons at a site in
the central Amazon in fact show (Fig. S1) rapid response of soil moisture to precipitation
changes at the 2-3 m depths typically used in major vegetation model studies (e.g.,
Hadley Center’s TRIFFID model, S5, or the IBIS model, S6). This correlation between
precipitation and soil moisture maximizes at a lag of I month (Fig. S1), consistent with
the prompt (~1 month lag) drought-induced reduction in forest photosynthesis seen in

these models (S5). The prompt modeled response to drought implies that the 2005



drought, at 3-4 months duration, should be more than long enough to reveal this modeled
vegetation dynamic, if it exists, and that our comparison of precipitation and vegetation
anomalies, based on quarterly aggregation (see below), should detect it.

Canopy greenness is represented by the Enhanced Vegetation Index (EVI),
composited each 16 days from the Moderate Resolution Imaging Spectroradiometer
(MODIS) on the Terra satellite (57). MODIS-detected surface reflectances are corrected
for atmospheric distortion from ozone and aerosols, relying on narrow spectral bands to
minimize water vapor influences (S7). We used high-resolution (1 km) data to facilitate
removal of cloud and shadow-contaminated pixels from the image (S8). Our cloud-
filtered MODIS EVI correctly detects opposite seasonal patterns of gross ecosystem
productivity (GEP) in adjacent pasture and forest sites (as measured by ground-based flux
towers), even in the face of similar seasonal patterns in potential sources of
contamination (clouds and aerosols) across sites (S8). From this we infer that our
reported EVI patterns are unlikely to be the result of atmospheric artifacts.

Within each pixel, anomalies in precipitation and canopy greenness for 2005 were
calculated for each quarter, g, as the departure from the longer-term mean for that

quarter, X,, normalized by the standard deviation around that quarter’s longer-term mean,

across years (oy):

X —X
ANOMALY 0., = % (1)

q
where X, , is the data value for quarter g — the cumulative (for precipitation) or average

(for EVI) of all data within the quarter —and X, and og are calculated across the years of

data availability (1998-2006 for TRMM precipitation, 2000-2006 for MODIS EVI, with



2005 excluded). We report results here for the Jul — Sept. quarter, which experienced the
most intense drought (S4), and which also showed the strongest EV1 response.

Considering only EVI anomalies observed within the TRMM precipitation-
defined drought area (Fig S2), we quantified the statistical significance of the observed
EVI anomaly distribution (Fig 1C, in which 64% of anomalies are positive) by
comparison to the binomial distribution under the null hypothesis that independent forest
patches are equally likely to exhibit positive or negative EVI anomalies. The scale at
which different patches of forest “greenness” can be treated as independent presumably
corresponds to the scale of individual hydrological catchments -- likely larger than a
MODIS pixel (1 km x 1 km), but almost certainly smaller than a 1° x 1° square (110 km
on aside). Conservatively assuming that independence is achieved only as patch area
approaches 1° x 1°, we note that the TRMM precipitation-defined drought area (Fig S2)
occupies 2.2 million km?, or approximately ~ 180 1° x 1° squares; the binomial
probability of observing at least 64% positive anomalies out of 180 under the null
hypothesis is very low (p < 0.0001).

Areas outside the Amazon region (as defined in S9) were not included in our
analysis. Areas with land-cover dominated by human activities or by non-forest
vegetation (areas like those in (a) and (b) of Fig. S3) were excluded from the EVI

anomaly distribution reported in Fig 1C.



Fig S1. (A) Monthly precipitation observed from TRMM satellite (S1) and from ground-
based tower gauge (S10), and (B) soil moisture measured by frequency-domain
reflectometry at the same location as the rain gauge (S10), at the km 83 site in the
Tapajds National forest in the central eastern Amazon (3.01030° S, 54.58150° W).
Linear regression of TRMM vs. rain gage precipitation in (A) gives a slope of 1.03 (R2 =
0.72). The correlation between local precipitation (A), and local soil moisture (B),
averaged over the top 3m, maximizes at 1 month lag (with R2 = 0.61).
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Fig S2. Intact forest EVI anomalies from Fig. 1B that are also within the drought area
defined by red pixels in Fig 1A (those pixels in which the quarterly precipitation was
more than one standard deviation below the mean). EVI anomalies not in this drought
area, or in areas dominated by human activity or non-forest vegetation (Fig S3), are
masked by gray and excluded from the anomaly distribution depicted in Fig 1C.
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Fig S3. (A) Close-up of EVI anomalies from Fig. 1B, and (B) corresponding land-cover
types as of 2000 (S11). Highlighted areas, with no increase or a decline in MODIS EVI,
include: (a) deforested/converted areas in the Brazilian states of Rondénia (left oval) and
Mato Grosso (right oval), (b) the Beni Savanna/wetland, in the lowlands of northern
Bolivia, a non-forest biome (S12), and (c) Bamboo-dominated or Bamboo-susceptible
forests along the border between Peru and the Brazilian state of Acre. Amazon forests
dominated by Bamboo are rare (found nearly exclusively in the area depicted here), with
low rates of tree recruitment and low biomass (S13). Bamboo are thought to take hold in
regions where dense soil horizons block tree taproot penetration, and hence, they are a
possible indicator of forests with relatively limited access to deep soil water (S14).
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