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ABSTRACT
Despite the knowledge of the influence of rainfall on vegetation dynamics in semiarid tropical Brazil, few
studies address and explore quantitatively the various aspects of this relationship. Moreover, Northeast
Brazil is expected to have its rainfall reduced by as much as 60% until the end of the 21* Century, under
scenario All of the IPCC Report 2010. We sampled and analyzed satellite-derived monthly rainfall and
a vegetation index data for 40 sites with natural vegetation cover in Paraiba State, Brazil from 2001 to
2012. In addition, the anomalies for both variables were calculated. Rainfall variation explained as much
as 50% of plant productivity, using the vegetation index as a proxy, and rainfall anomaly explained 80%
of the vegetation productivity anomaly. In an extreme dry year (2012), with 65% less rainfall than average
for the period 2001-2012, the vegetation index decreased by 25%. If such decrease persists in a long
term trend in rainfall reduction, this could lead to a disruption in this ecosystem functioning and the
dominant vegetation could become even more xeric or desert-like, bringing serious environmental, social

and economical impacts.
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INTRODUCTION

Rainfall is one of the most important drivers of
ecosystem dynamics and productivity (i.e. Weltzin
et al. 2003). Nevertheless, studies analysing the
impact of extreme climate on Brazilian ecosystems
are scarce and, of these, most regard the Amazon
Forest (i.e. Anderson et al. 2010, Saatchi et al.
2013). In semiarid Caatinga, a few studies have
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addressed the issue and have shown a trend of
enhanced aridity over the last decades (Barbosa et
al. 20006) and a tendency of rainfall reduction in the
future, according to 23 climatic models developed
by the Intergovernmental Panel on Climate Change
(IPCC), under A1B scenario (Malhi et al. 2008).
In the past, Northeast Brazil was under
wetter climates, as suggested by geological,
geomorphological and ocean sediment data (Arz
et al. 1998, Auler and Smart 2001). These wet
periods have been associated with the southward

displacement of the Intertropical Convergence
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Zone (Wang et al. 2004). Today, Northeast Brazil
is a drought-prone semi-arid region, with high
rainfall variability, characterized by xeric shrubland
(savanna) and sparse forests of deciduous thorny
trees (dry forests). The semi-arid region is suffering
a major drought since 2012 (Pereira et al. 2014),
claimed to be the worst drought in 30 years (Novaes
etal. 2013).

Modelling studies suggest that the Caatinga
ecosystems return about 75% of the annual rainfall
to the atmosphere (Pinheiro et al. 2016). Although
it has been suggested that dry region vegetation
shows resilience after prolonged drought periods
(Campos et al. 2013, Donohue et al. 2013), the 2012
drought strongly influenced net primary production
in the Caatinga, reducing its annual net ecosystem
exchange (Pereira et al. 2014). Gross and Net
Ecosystem Productivity (GEP and NEP) are usually
measured directly with a variety of equipments and
techniques, mostly using eddy covariance towers
and infrared gas analysers; demanding heavy
infrastructure and long term field campaigns (Ran
et al. 2016). The use of remote sensing data allows
researchers to survey large areas with a moderately
large temporal and spatial resolution at relatively
low cost and comparatively little time consumption.
One of such indirect approaches to address NEP is
the use of vegetation indices, which are a proxy
for leaf area index (LAI). Vegetation indices also
seem to respond clearly to severe droughts (Wagle
et al. 2014). In tropical savannas, the Enhanced
Vegetation Index (EVI) is correlated to ground
measurements of GEP (Xuanlong et al. 2013).

Although Caatinga vegetation is driven by low
rainfall with low productivity and biomass, they
vary greatly spatially and temporally (Erasmi et al.
2014). At the same time, Northeast semiarid Brazil
is populated by more than 20.5 million inhabitants
(INSA 2012), who depend on this biomass
production, livestock and water availability in
this region, which encompasses almost 11% of
the Brazilian territory. Due to these characteristics
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(low ecosystem productivity and great human
population), it is important to understand the
variability and vulnerability of Caatinga production
to climatic anomalies, mainly in the light of
predicted scenarios of 60% rainfall reduction until
the end of the 21* (scenario AIl, IPCC, Marengo et
al. 2009).

In this study we focus in the state of Paraiba;
which has some of the lowest rainfall records
in Northeast Brazil. This study aims to quantify
the relationship between the rainfall anomalies
and ecosystem productivity. To empirically and
quantitatively test it, we analysed rainfall data
and remote sensing derived vegetation index as a
proxy for NEP. Then, we estimated the vegetation
resistance to severe drought events by correlating
rainfall anomalies with vegetation index anomalies.
Specifically, we (1) estimated the time lag between
rainfall events and vegetation response; (2)
determined locally the correlation between the
vegetation index and rainfall; (3) calculated rainfall
and vegetation index anomalies; and (4) estimated
how much of the vegetation index anomaly
correlates with rainfall anomaly.

MATERIALS AND METHODS

We use the Enhanced Vegetation Index (EVI-2) in
this paper due to (1) its ease of access (EVI-2 data
directly extracted from the National Institute for
Space Research [INPE]); (2) response to rainfall
(Wagle et al. 2014); and (3) significant correlation
with GEP (Xuanlong et al. 2013). Since the aim of
this paper is not the index per se, but its relationship
with rainfall anomalies in semiarid ecosystems,
details for the remote sensing techniques and
methods are provided elsewhere (Jiang et al. 2008,
Freitas et al. 2011). We assumed that since we are
using one time-series of vegetation index derived
from the same sensor, all inherent and probable
biases and errors are systematically and equally
distributed to all sites.



RAINFALL AND CAATINGA PRODUCTIVITY

This study encompasses a time series from
2001 to 2012. Although not a long historic series,
this period encompasses both rainy and very dry
years, therefore representing well interannual
rainfall patterns for the region. Data for the
modified Enhanced Vegetation Index (EVI-2;
Jiang et al. 2008, Huete et al. 2002) and rainfall
from the Tropical Rainfall Measuring Mission
(TRMM) available from NASA, were both
extracted and downloaded from INPE’s website
(https://www.dsr.inpe.br/laf/series/). We sampled
40 randomly selected points from 4 municipalities,
by overlapping a point grid on Paraiba State under
Google Earth Pro environment. Each point on the
grid was at least 500m away from each other. After
random selection, each point was checked by visual
inspection in high resolution imagery at viewing
point altitude of 1000m to ensure that the site was
covered by natural vegetation. If the location of
the random point coincided with a clear-cut area,
the closest grid point with natural vegetation was
selected. For each of the 40 points (Figure 1),
latitude and longitude were used to extract EVI-2
and rainfall data. The EVI-2 data referred to a 15-
day composite, while the rainfall data presented a
monthly time-step. In order to generate the monthly
EVI-2, the average per pixel was calculated.
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Historic series for the 40 points. Each point refers
to the monthly data from 2001 to 2012, summing
144 months. The EVI refers to the monthly average
between two measurements, while rainfall refers to
the monthly cumulative data. These data were then
organized and statistically analysed.

To test the time lag for all 40 points, we
regressed monthly rainfall with EVI data of the
previous, same, +1, +2 and +3 months to check
which showed the highest regression coefficient
(r"). The 1’ for these regressions were tested for
significance by the Kruskal Wallis test. For all other
objectives, we ran linear regression models, in R
environment (R Development Core Team 2008).

To estimate interannual variation of both
rainfall and EVI, we used an Anomaly index
(z-score), which is a measure of how much different
each year is in relation to the studied period’s
average (1):

(1 zi = (Vi— Xi)/Xi
where: zi (i anomaly); Vi (i value); Xi (i average).

RESULTS AND DISCUSSION

Rainfall data for all 40 sites, from 2001 to 2012,
showed an annual average of 881£160 mm
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Figure 1 - The semiarid (SA) region of Northeast Brazil and Paraiba state with the 40 target points selected for this study.
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(maximum=1,670 mm; minimum=238 mm). For
all sites, November had the lowest rainfall, with
an average of 6 mm, and February the highest one,
with an average of 139mm (Figure 2). EVI data for
the 40 sites had an annual average (2001-2012) of
0.286+0.043 (maximum=0.75; minimum=0.15) -
November having the smallest EVI, with an average
of 0.18, and February the highest one, with an
average of 0.43 (Figure 2). A table with all data and
numerical results is available as a Supplementary
Material (Table SI).

A seasonal one month phase lag in the response
of vegetation to rainfall was observed for all sites
(p<0.001; n=40), the same lag reported for the
whole Northeast region (Schucknecht et al. 2012).
Probably, the actual vegetation response is a little
shorter than one month, but since we used the
TRMM monthly rainfall data, this was the best fit
obtainable. Therefore, all analyses hereafter were

made using a one month lag for EVI-2.

CORRELATIONS BETWEEN RAINFALL AND
ECOSYSTEM PRODUCTIVITY (EVI)

All 40 individual correlations between rainfall
and EVI were statistically significant (p<0.001;
n=144). The average individual correlation was
’=0.47+0.12 (max=0.68; min=0.22). When we
averaged annual data of all 40 points for both
rainfall and EVI, we found a marginally significant
relationship between rainfall and EVI (; r’=0.32;
p=0.08; n=40), showing that on an annual and at the
landscape scale, higher annual rainfall also implies
in a larger ecosystem productivity. For the average
monthly data of all 40 points rainfall variation
explained as much as 68% of EVI (Figure 3).

All these results, from local to landscape scale,
show at different degrees (r* from 0.47 to 0.68) the
same pattern: ecosystem productivity of Caatinga
vegetation is closely linked to rainfall variation.
Schucknechtetal. (2012), using EVI, and Becerra et
al. (2015), using ND VI, found similar relationships
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Figure 2 - Average seasonal variation (2001-2012) for both rainfall and ecosystem productivity (Enhanced Vegetation
Index [EVI] as proxy) in 40 Caatinga sites in Paraiba State, Brazil.
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Figure 3 - Relationship between monthly average Enhanced Vegetation Index (EVI) and average rainfall for 40 Caatinga sites

in Paraiba State, Brazil.

(r"=0.64 and r’=54, respectively) for Paraiba state
as a whole (including the Atlantic Rainforest).

ANOMALIES

The year 2009 had the greatest positive rainfall
(+39%) and EVI (+16%) anomalies and 2012 the
most negative anomalies (rainfall, - 65%; EVI, -
25%) during the studied period (Figure 4a). This
last rainfall characterizes a severe drought. When
we correlated the rainfall anomaly with EVI
anomaly (Figure 4b), we found a significant and
strong relationship (r°=0.86; p<0.001).

Another marginal and weak, but ecologically
important relationship, was also observed between
the “rainfall x EVI” 1* and the angular coefficient of
the regression between both anomalies of rainfall
and EVI (r’=0.10, p=0.057). This relationship
indicates that during severe droughts, the influence
of rainfall deficit is greater on the ecosystem

functioning than during regular years.

The equation that describes the anomalies’
relationship is y= 0.38x + 6.8E-18 (1’=0.86;
n=12; p<0.0001). Since the linear coefficient was
practically zero (6.8E-18), one can assume that the
angular coefficient (slope) represents the almost
exact percentage of increase in Y, for each increase
in X. Therefore, ecosystem productivity anomaly
(expressed as EVI anomaly) is only 38% of the
rainfall anomaly. If we apply the 38% decrease
(slope for the anomalies relationship) in EVI for
a 65% decrease in rainfall, for all 40 sites, the
average annual EVI drops to 0.18+0.03; which is
more typical of semi-desert perennial grasslands
and desert shrublands (Huete et al. 2002).

Our results suggest that if severe droughts
become more frequent in the next decades, or even
become the mode, not the exception (as projected
by A2 scenarios of IPPC; Marengo et al. 2009),
ecosystem productivity may be reduced from 25
to 38%, or even more (we do not have data on the
effect of subsequent severe droughts on EVI). Such

An Acad Bras Cienc (2018) 90 (2 Suppl. 1)



2126 CLEBER SALIMON AND LIANA ANDERSON

0.8 r
0.6 -
0.4

® EVIanomaly

$

# rainfallanomaly

0.2
= °
T 0
5
S.02 l
< 04
-06 | ‘
-08 -
2000 2002 2004 2006 2008 2010 2012
Year
0.3
02 - b
}H -
>
5 O.IT— T L1
£ |
o
é -0.7 0.1 03 0.5
s ]
w

y=0.3831x+ 7E-18
J R?=0.8616
p < 0.001

-03

-0.4 -
Precipitation Anomaly

Figure 4 - a: Interannual anomalies for rainfall and Enhanced
Vegetation Index (EVI), from 2001 to 2012, in 40 Caatinga
sites, in Paraiba state, Brazil. b: Correlation between rainfall
anomaly and EVI anomaly for the 12-year study period.

a reduction certainly will diminish the amount of
food, wood and fodder availability for local people
and livestock. Such trend could cause ecosystem
disruption and drive the landscape to a new mode
of stability, to an even more xeric ecosystem, in
this case probably a desert. In such a scenario, the
number of environmentally displaced people could
be enormous, with serious impacts in coastal cities.

CONCLUSIONS

We have shown, with a very simplistic two-
dimensional approach, that about 50% (from
local average 47% to landscape level 68%) of
Caatinga vegetation productivity in the semiarid
area of Paraiba state is correlated to rainfall
variability. Rainfall anomalies explain more than
80% of ecosystem productivity anomalies (EVI
as a proxy), although the vegetation amplitude
anomalies is narrower than rainfall. These strong
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and significant relationships are important signs of
how a decrease in rainfall could impact or even
disrupt the predominant type of vegetation in the
Brazilian semiarid region, under a possible future
climate change scenario.
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