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The objective of this work was to investigate the relationsh between soil water content

and rainfall with rice, beans, cassava and corn yields in theemiarid region of Northeast
Brazil. Precipitation and modeled soil water content were @ampared to yields recorded

at the county levels in this region. The results were also iegrated over the area of the
nine States that lie within the of cially recognized regioof semiarid climate in Brazil. The
in uence of water balance components was quanti ed by calcuating their correlation
coef cient with yields of the different crop species over tle municipalities of the region. It
was found that rainfall had higher correlation to crop yieklover most of the region, while
soil water content had lower values of correlation. This rest is consistent with the fact

that average root depth is 40 cm, lower than the layer of soilsed in the model used to

estimate soil water content (100 cm). Plants respond betteto the precipitation in the top

layers of soil, while the water storage in the deep layer of damight be important only in

other temporal and spatial scales of the hydrological cycle

Keywords: soil moisture, rainfall, crop yield, Brazilian semi arid region

INTRODUCTION

Semiarid regions represent 30% of the global terrestrizd ared are located in the Americas,
Oceania, Asia and Africa. In the South American continetigde regions are in Venezuela,
Colombia, Argentina, Chile, Ecuador and Brazil. There argently 1,136 counties included in
the semiarid region of Brazil, occupying an area of 969,58%% which are distributed in eight
States of the Northeast region of Brazil (NEB), excludirg$iate of Maranhao, and including part
of the region southeast (part of the State of Minas Gerais). A [ajoun of 23.15 million people
lives in these regions$scanlon et al., 2006

The semiarid region is characterized by natural vegetatimifedcaatinga high temperatures
and unstable rainfall, both in the temporal and space dimemside main feature of the semiarid
region is frequent drought caused by the prolonged absencainfBarbosa et al., 2015; Barbosa
and Lakshmi Kumar, 2016; Marengo et al., 2016

The social implications related to droughts were pointed ouRaredes et al. (201,8nd may be
of four types: (1) meteorological: when precipitation is fadvethe normal; (2) hydrological: when
the river ow can not attend to demands of a given system ofevatanagement; (3) agricultural:
when there is not enough moisture in the soil for developmeha@rop at any stage of growth;
(4) socioeconomic: when there is reduction of the avaiighilf water and this causes damage and
impacts to the population.

Frontiers in Environmental Science | www.frontiersin.org 1 November 2017 | Volume 5 | Article 73


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2017.00073
http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2017.00073&domain=pdf&date_stamp=2017-11-07
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:luciana.rossato@tsc.upc.edu
https://doi.org/10.3389/fenvs.2017.00073
https://www.frontiersin.org/articles/10.3389/fenvs.2017.00073/full
http://loop.frontiersin.org/people/444906/overview
http://loop.frontiersin.org/people/186584/overview
http://loop.frontiersin.org/people/487360/overview
http://loop.frontiersin.org/people/205599/overview

Rossato et al. Soil Moisture on Crop Yields

Agricultural drought is due to water de ciency in soil and increases in rainfall in the NEB. In 6 of the 9 States of théoreg
consequent water stress to plants, causing the reduction itme precipitation correlated signi cantly with corn harvesthile
the biomass production. Thus, the assessment of soil mastuin 7 of the 9 States, the Southern Oscillation Index (SOl gt
conditions and the estimation of e ects of drought/water egs a strong positive correlation with annual corn yields, sigiig
are relevant, and are important information associated withthat the rate of SOI can be used to predict annual corn yields in
decline in agricultural yield. Thus, the assessment ofsoisture  the NEB.
and rainfall in semiarid regions is crucial to understanglithe However, there are few studies focusing on assessment of
variability in these areas and to support actions to mitigdte t the impact of soil moisture on agricultural productivityféng
e ects of water scarcity. Various studies have been conducte:t al., 2009; Carréo et al., 2(16onsidering di erent crops on
evaluating di erent semiarid regions of the worldihall and a regional scale in the Brazilian semiarid region. Previwask
Kurc, 2002; Ainaetal., 2007; Fischer etal., 2009; AsarkeZ0a1; on water balance primarily considered soil cultivated withrcor
Mupangwa et al., 2011; Pathak et al., 2011; Zhang et al., 20&hd beansAntonino et al., 200§ not including, for example, the
Badel et al., 2013; He et al., 2014; Barbosa et al., 2018ePRarecrops of rice and cassava, which are also basic food products of
et al., 2015; Barbosa and Lakshmi Kumar, 2016 NEB (Metri et al., 200R

The agricultural production in the semiarid region of Brazil Therefore, this study aimed to evaluate the impact of the soil
is predominantly (about 90%) made up of family farms, mostmoisture, estimated by a water balance model, for agricaltur
consisting of dryland systems in plantations, characterizelow  subsistence production (rice, beans, cassava, and corn)tfrem
productivity rates (BGE, 200}k Inadequate availability of water Brazilian semiarid area, using crop average yield inforomeand
in the soil is the main obstacle to agricultural productiongking  meteorological (rainfall and water storage in the soil) imfiation
it the primary limiting factor to achievement of high agri¢utal ~ during the period from 2000 to 2012.
productivity over the years. In addition, extreme varidiilin
climatic conditions also in uences agricultural produdtiy; i.e., MATERIALS AND METHODS
in some years, the water supply to plants is su cient to achieve
high crop yields; while in other years, inadequacy can leadtal ~ Study Area and Climatology
loss of cropsAntonino et al., 2000 As previously pointed out, the semiarid region of Brazil (SAB)

In the northeastern hinterland, the lack of access to wateextends from the northern of the Piaui State to the north of lslsn
resources and recurring drought have aected agriculturaiGerais, as illustrated iRigure 1L Due to their di erent physical
activities for centuries, causing, among other problems,rpoocharacteristics, the region is divided into four sub-regiomid-
nutrition and migration Obermaier, 2011; Marengo et al., 2016 north, wilderness (sertdo), wild (agreste) and forest zammg
The recent great drought that started in 2012 and that exéehd da mata), with the Human Development Index (HDI) varied over
until 2017 produced impacts in about 1.300 counties, a ectingheir geographical areas (mean of 0.6589). The HDI is a sumpmar
more than 10 million people. In the economy, generated a loss oheasure for assessing progress in three basic dimensions of
approximately R$6.8 billion in crop los§8GE, 2013; Mi et al., human development: along and healthy life, access to kn@eled
2014; Marengo et al., 20116 and a decent standard of living)N\DP, 2013.

Future climate projections indicate risk of severe droughts One of the Brazilian semi-arid landscape features is the
rainfall reductions up to 40% and increase of consecutiwe drvegetation of caatinga, which is a biome with great biodiingr
days in semiarid regionsarengo et al., 20)6The impacts of The Caatinga is now one of the most threatened biomes by
these changes may directly a ect about 7 million people linkednappropriate use of its resources. The inappropriate land use
to family farming in the NEB, who are often found in extreme combined with climatic variations and soil characteristimay
poverty (BGE, 2006; Lindoso et al., 2011 lead a deserti cation process and the gradual loss of biokdgi

Whereas agriculture is vulnerable to the impacts of climatesoil fertility (INSA, 2013.
variability, many studies have been conducted to assess theAccording to Ab'Saber (1977)the partial desertication
impact of climate change on crop yield on various cropsprocesses occur in a spreading circular fashion, causing
Recently,Trnka et al. (2015showed the increasing severity of irreversible degradation of the landscape. The process sesult
drought due to climate change, assessing the overall s@gtore  in degradation of the environment to a desert- type landscape
conditions for the period 1961-2012 in Central Europe. Thiscondition, producing loss of soil, scarcity of water res@sic
region has been characterized by a series of drought evermeduction or loss of biological productivity, unproductive
with substantial impacts, especially on agricultural prodwtt agriculture and abandonment of land due to reduction of the
According to the general farming, and vegetation systefmis, t land's ability to sustain human activities, for example, crop
region has been adapted to the uniform distribution of raihfa production, pasture, and fuelRCC, 2014NVG2), resulting in
the region is susceptible to the droughts even in the shorhter reduced quality of life of aected populations. The regions
The authors also pointed out that the drought events are frontocated between the wet and dry areas transition bands su er
multi-decadal climate variability or from atmospheric aitation  more degradation than the caatingas areas that are already
patterns. In BrazilRao et al. (1997analyzed the interannual adapted to semiarid conditions.
variations of rainfall associated with corn yield in the NEB  The Brazilian semiarid region is also characterized by tgavin
The results showed that the Inter-Tropical Convergence Zonkarge spatial and temporal variability of rainfall and freqtie
occurring in southern Brazil is probably responsible for mostdroughts (Vioura and Shukla, 1981; Tendrio, 1989; Hastenrath,

Frontiers in Environmental Science | www.frontiersin.org 2 November 2017 | Volume 5 | Article 73


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Rossato et al. Soil Moisture on Crop Yields

Legend

(] SUDENE Boundary
[ Semiarid Boundary
States of the Semiarid
Bl AL - Alagoas
B BA - Bahia

CE - Ceara

MG - Minas Gerais

PB - Paraiba

PE - Pernambuco

PI - Piaui

RN - Rio Grande do Norte
B SE - Sergipe

Legend

[] states of the Brazil
[] SUDENE Boundary
2] Semiarid Boundary

FIGURE 1 | Geographical location of the Brazilian Semiarid region inrBzil.

2006. Rainfall within the semiarid NEB is concentrated fromhas annual rainfall totals ranging from 600 to 3,000 mm. Its
December to April in the northern sector and from November wettest period runs from April to July, with peak rainfall in May.
to March in the south of the regionFao et al., 1993; Molion According toSilva et al. (2012}the variability of rainfall in the
and Bernardo, 2002 According to Moscati and Gan (2007) Northeast of Brazil has a strong in uence on the agriculture.
in 20 years (1977-1997) few extreme rainfall events (dhinfa The severe droughts caused by climatic variations impair the
above 10 mm day* for at least 4 consecutive days) occurredgrowth of crops and consequently cause serious social prahlem
in this region, 15 cases in the northern sector of the regiorsince much of the population inhabiting the region live in
and 31 cases in the southern sector. The occurrence of heagytreme povertyl(larengo et al., 2009, 20L& hus, the livelihood
rain inside the semiarid region is due to the action of synopti and food security of millions of small farmers are exposed ® th
systems, such as: the frontal system, the cyclone vortice 1§k of drought, since the semi-arid population is conditichi®
high levels (UTCV) and the South Atlantic Convergence Zonesurvive mainly on economic activities related to agricuttand
(SACZ). Other atmospheric systems acting in the NEB regien arflivestock in a highly vulnerable environment. The populatian
Easterly Waves Disturbances, Intertropical ConvergenaeeZo general seeks the best possible utilization of the advetseaha
and Frontal Systems. These phenomena directly and indjrecttonditions, although supported in a weak basic technique ysing
in uence rainfall over the NEB region. Also, the positive andin most cases, traditional technologi€d (DENE, 2014
negative precipitation anomalies over the south of the Naate
are associated with positive and negative phases of the ENF@ricultural Production Data
phenomena, respectivelyi@stenrath, 2012; Marengo et al., 2013 Agricultural yield is highly dependent on interactions beswn
2019. phenomenological stages and interannual variations of herat
Molion and Bernardo (2002)presented a review of the and climate. Losses of agricultural crops are directly relabe
dynamics of the rainfall in NEB, noting that the North Northst  the occurrence of adverse weather (rain, drought, frost, &td.).
(covering the Ceara State and parts of the Rio Grande do Nort&/hen the weather requirements for crop production are not
Piaui, Maranh&o and west of Paraiba and Pernambuco Statesjtis ed, the crop failure will be proportional to the durati@md
is characterized with maximum rainfall in March. The railifa severity of adverse weather conditions.
varies from 400 mm/year (interior) to more than 2,000 mm/yea  Information provided by the Brazilian Institute of Geography
(coastal), while the four wettest months are between Fegruaand Statistics (IBGE) were used for the measurement of farm
and May (FMAM). In the southern part, which covers the State operformance of the four di erent types of crops mentioned (rice,
Bahia, the north of Minas Gerais, the northwest of EspiritotSan beans, cassava and corn) during the dry season and during
the southern parts of the Maranh&o (MA) and Piaui (PI) and theexcessive rains in the Brazilian semiarid region. The @eera
extreme southwest of Pernambuco (PE), the rainfall varmsf performance data (productivity and cultivated area), obéain
600 mm/year (interior) to more than 3,000 mm/year (coastal)from the IBGE (available on the site http://www.sidra.ilggs.
with the wettest period between the months of November tdor/bda/agric/) during the period of 2000 to 2012 were used for
February. The coastal strip, stretching from Rio Grande dotBlor evaluation of the impact of soil moisture in the agricultural
(RN) to south of Bahia (BA), also known as the Zona da Mataproduction of 1,135 counties in the Brazilian semiarid regio
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Rainfall Data and Water Storage in the Soil According to the agricultural data from the IBGE, in the
Rainfall data and water storage in the soil extracted from thperiod of 12 years, the State of Sergipe had the highest rice
MUSA Project (http://musa.cptec.inpe.br/) for the period ofyield (5,000 kg/ha), followed by the State of Pernambucd) wit
2000-2012 were considered in the evaluation of the possibégproximately 2,700 kg/ha. In contrast, the State of Piauithed
impacts of meteorological phenomena on agriculture. Est@mat lowest yields of rice and bean crops, with approximate values of
of the soil water were obtained by integrating soil and weath 850 and 220 kg/ha, respectively. For the bean crop, the State of
information. The soil information is from soil surveys cometed  Minas Gerais stands out as the largest producer (averageofield
by Embrapa (Brazilian Agricultural Research Corporation) and00 kg/ha in 2008), while the State of Piaui presented thedbwe
in the scope of RadamBrasil Project, which include the deptlverage yield (124 kg/hain 2012). The highest yield of cassas
of horizons, soil type, vegetation type, etc. It is noteworthyegistered in the State of Piaui, in the year 2000 (14,008ekg/
that for each horizon, physical (texture, structure, etaada while the lowestwas in 2012 (average yield of 4,090 kg/lsfprA
chemical (organic matter, macro and micro nutrients, carpo the corn crop, the State of Sergipe had the highest yield, iegch
etc.) analyses were performed, as well as for obtaining tHegher than 2,500 kg/ha.
water storage in soil, it was used pedo-transfer functiomg~-P ~ The high productivity of agricultural crops in the State
(Tomasella et al., 20p0The pedo-transfer function (PTF) of Sergipe, according to CODEVASF (Development Company
utilized in this study was adapted from the workf@bssato et al. of the Sdo Francisco and Parnaiba Valeys), is explained by
(2004) which was calculated from data of the basic soil propertiethe use of irrigation adopted by producers of the Lower
(texture, organic carbon content, equivalent moistured dnlk ~ S&o Francisco of Sergipe region and the irrigated sub-region
density), using the van Genuchten retention equatiorar( of Propria, Cotinguiba/Pindoba and Betume, culminating in
Genuchten, 1980 Multiple linear regression techniques wereincreased production of rice, beans, cassava and corn. It is
used, using a second-order polynomial with linear coe cient  emphasized that the partnership between CODEVASF, and the
Weather information utilized for the water balance in the government of Sergipe, through the Secretariat of the State f
soil are derived from the data platform network availableAgriculture (SEAGRI) involved the acquisition of 210 tonsicér
on the National Institute for Space Research (INPE) andeed and passed on to the producers of the three irrigatedmsgio
by the synoptic network data from the National Institute The Bank of the State of Sergipe—BANESE—also decisively
of Meteorology (INMET), which allow the estimation of supported the implementation of the crop by funding various
evapotranspiration using the Penman-Monteith model,irrigation projects for agricultural development (http://www
according to the methodology presented Aien et al. (1998) codevasf.gov.br). Recently, the Most Irrigation Program, loyin
The data necessary for the application of this model are: globthe Ministry of National Integration, invested R$102 million
incident radiation, temperature and relative humidity, wlin to be invested in these three irrigation schemes, focusimg o
speed and pressure. Considering that the synoptic network fromehabilitation of the drainage system (http://www.integaa.gov.
INMET has no radiation sensors available, the estimatesityf da br/web/guest/noticias).
radiation are derived from the information provided by GOES In order to verify the percentage of the yield of each crop in
sensors and by the model proposed Byballos and Moura the di erent States of the SAB in the last 12 years, we caledlat
(1997) the average yield for the period from 2000 to 2012, for the, rice
The daily precipitation gures were obtained consideringalat bean, cassava and corn crops, as illustratelalie 1
observed in situ by rain gauges, from di erent State and nailo Note that, from the values presented in 2012, the largesbloss
centers of meteorology and integrated by INPE. Precipitatio rice crops occurred in the States of CE, Pl and PB. For har¥est o
estimates from the product 3B42 from the Tropical Rainfallbeans, it was observed that the States of CE, PB, AL, and PI had
Measuring Mission satellite (TRMM), available at http://daaca loss of 52, 50, 46, and 43%, respectively. The States of Pl, CE
gsfc.nasa.gov/precipitation/TRMM_README/TRMM_3B42_  and BA had the highest average losses of cassava yield. Androp
readme.shtml, were utilized. The observations were groupetie corn crop yield occurred in the States of Ceara (CE), édag
according to the cells de ned by the resolution of the TRMM (AL) and Paraiba (PB), with values between 60 and 46% below
data (0.25 0.25). The precipitation and soil moisture the average performance from 2000 to 2012.
database were interpolated using Kringing method.

Impacts of Water Availability in Agricultural

RESULTS AND DISCUSSIONS Production

. L . . Considering that agricultural productivity is directly eted to
Spatial Distribution of Agricultural climatic conditions, especially with precipitation and soilter
Performance in the Sab States availability, the daily data from the MUSA Project were evadda

The impact of soil water conditions on yields of rice, beansin relation to the average yield of rice crops, beans, cassala a
cassava and corn was evaluated by farm performance infasmati corn in the semiarid region.

available for 1,136 counties in the Brazilian semiarid orgi Figures 3 4 illustrate the spatial and temporal distribution
during the period of 2000—-201Figure 2 illustrates the time of rainfall (mm/day) and water storage in the soil (mm) anhua
series of the average yield of rice crops, beans, cassavarand averages for the Brazilian semiarid region. For precipitattbe

for each State of the Brazilian semiarid. lowest values are represented by shades of light blue, whle th
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FIGURE 2 | Average yield (Kg/ha) of the seasonal crop production durinthe period of 2000-2012 for each state in the Brazilian semia crop: (A) rice; (B) beans;
(C) cassava; (D) maize.

stronger shades of blue are representative of higher rates. in the Minas Gerais semiarid region. According\arengo et al.
Figure 4, higher water contents in the soil are represented by th€2013, 2016)drought conditions in northeastern Brazil started in
color green, while lower values are in color shades of brown. December of 2011 in the northern sector of the region, andhin t
The results show that for the years 2003 and especially tHellowing months extended to the entire region, with maximum
year 2012, the study area showed lower precipitation valuéstensity reached in the usually rainy season from February t
in relation to those observed in other years. According te th May of 2012. The soil moisture content variability is depeamde
Marengo et al. (20133he El Nifio-Southern Oscillation (ENSO) on precipitation Rossato et al., 20);lalthough they are not
was responsible for the drought above the historical aveirage directly correlated. The results Figure 4show a decrease in the
the Northeast of Brazil during December 2002 to April 2003water storage in soil for the Brazilian semiarid region, tbot
This explains, in large part, the problems that occurred witd th 2003 and in 2012, the last year showing the lowest levelstef wa
rst bean harvest 2002/2003 in the country, which had delayeth soil values.
planting in several regions and caused harvest problems,lynain  In order to verify the degree of correlation between
in the south of the country, with the consequent increase iieg@r precipitation and water storage in the soil for the whole
levels in the second half of November, by which time a drop irof the Brazilian semiarid region, the correlation coe cien
prices usually occurs, with an increase in the quantity suppliedvas calculatedFigure 5 illustrates the spatial distribution of
The drought of 2012 was considered the worst in 30 years in ththe average values during the period 2000-2012, from the
NEB, causing an increase in food pricesif/as etal., 20)2Asan  precipitation and available water content products, as well as
impact of the intensi cation of drought, farm performance was the correlation coe cient obtained between these two valés.
reduced in 2012 in the region, mainly for the bean crops, cornThe results show that both variables are correlated with
and cassava. According Buimaraes et al. (20130 the years values>0.5 for almost the entire region. This result may be
of 2012/2013 only planting and harvesting cassava was possiblesociated with periods of drought in the NEB caused by high
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TABLE 1 | Average percentage of agricultural income for rice crops, éans, cassava and maize during the period of 2000-2012, foihee states of the Brazilian semiarid
region.

Average percentage of agricultural income for the states of th e Brazilian Semiarid region

Year Rice Year Bean

Pl CE RN PB PE AL SE BA MG Pl CE RN PB PE AL SE BA MG
2000 35 2 11 31 39 - 26 26 1 2000 43 16 22 48 11 5 2 17 3
2001 42 26 55 18 9 - 11 27 9 2001 31 43 25 28 25 42 7 16 16
2002 65 5 3 31 4 - 4 20 17 2002 42 10 7 11 14 22 12 0 3
2003 29 19 5 20 3 - 2 15 3 2003 14 20 13 10 33 33 2 0 11
2004 8 10 2 1 26 - 1 11 14 2004 12 17 3 8 6 16 6 4 4
2005 8 15 36 16 6 - 5 5 16 2005 6 9 8 11 9 18 12 15 7
2006 28 29 4 49 13 - 5 18 22 2006 42 51 8 54 15 0 13 6 6
2007 49 22 12 45 14 - 1 11 8 2007 41 18 6 1 2 7 1 13 5
2008 23 24 1 23 2 - 11 1 7 2008 2 43 13 14 43 11 11 10 13
2009 60 15 3 7 4 - 11 5 8 2009 29 15 2 15 21 7 11 8 12
2010 29 24 22 64 3 - 7 23 3 2010 28 33 24 58 16 6 19 7 2
2011 73 28 7 22 14 - 12 20 7 2011 61 47 11 22 2 19 18 13 2
2012 46 25 114 30 73 - 32 26 11 2012 43 52 11 50 9 46 8 30 1
Year Cassava Year Maize
2000 29 3 14 11 1 4 1 10 2 2000 31 21 15 49 31 3 25 14 14
2001 12 2 10 18 6 5 0 5 4 2001 45 48 41 8 60 4 44 32 22
2002 18 11 5 1 5 1 4 8 3 2002 74 18 22 30 12 9 50 6 24
2003 11 13 2 4 2 0 1 3 6 2003 14 35 15 32 29 28 33 13 8
2004 18 14 5 6 2 1 3 8 2 2004 43 21 8 15 25 8 27 2 18
2005 3 16 2 0 3 1 3 5 6 2005 1 30 21 31 19 12 10 17 14
2006 20 21 1 9 3 1 2 5 2006 25 56 7 66 32 0 21 3 37
2007 7 0 3 8 1 4 1 3 4 2007 50 30 11 19 7 5 14 18 17
2008 6 18 7 11 1 0 1 1 5 2008 21 46 23 21 36 27 44 18 12
2009 1 20 7 8 9 0 1 2 8 2009 56 1 11 2 60 19 65 13 11
2010 3 42 2 2 8 5 1 3 1 2010 38 55 38 64 11 0 68 2 14
2011 13 15 8 10 8 6 5 10 2 2011 80 66 9 18 8 42 28 10 9
2012 62 50 9 24 26 2 3 32 10 2012 24 60 1 46 42 60 20 17 18

seasonal and interannual variability during the period 2000 average yield decreased dramatically in some States dilming
2010; however, the most extreme events coincided with thérought year and increased during the neutral year, compared
occurrence of the ENSO episode, as pointed outbyedes et al. to the average. For the rice crop, there was an exception in the
(2015) SE and PE States, which showed a drop of about 1,000 kg/ha in
To assess the impact on agricultural output in det@igure 6  the average performance during the year of 2000 compared to
shows the average annual yield (kg/ha) for 4 di erent cropdiet the average from 2000 to 2012; while in 2012 the average yield
semiarid region of Brazil, according to the rainfall (mm/mtb)  decreased in the States of BA, PE, SE and RN. In other States,
and water storage in the soil (mm), during the 2000-2012 pmkrio the standards in neutral and drought years remained as eggect
It was noted that the largest decreases in precipitation anBor the bean crop, the States in which higher average yield was
water storage in the soil occurred in 2012, mainly a ecting th obtained in 2000 were BA, PB, and RN, while the AL, CE, PB,
productivity of cassava, which had maintained a constantzgee  and Pl States showed the largest drop in performance in 2012.
value of productivity in the previous yearSantos et al. (2012) Regarding the average yield of the cassava crop, it was odserve
noted that the drought of 2012 in the Brazilian semiarid megi that in 2000, the State of Pl showed an increase of 2,000 kg/ha
a ected agriculture, with signi cant losses in crops. Theabt compared to the average. During 2012, the most a ected States
cassava production in 2012 was lower by 71.51% as compansdre BA, CE and IP. Finally, for the corn crop, the States of MG
to the harvest in 2011. The resultEigure 6) show that the and PB showed yield values higher than average. In 2012 lthe A
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FIGURE 4 | Available water content (mm), annual average for the regiaf Semiarid of Brazil during the period from 2000 to 2012.
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FIGURE 5 | Spatial-temporal distribution of rainfall—-PREC (mm/day)na available water content—AWC (mm) annual average over ttperiod of 2000-2012, and the
correlation between the precipitation and storage for the 8mi-Arid region of Brazil.

FIGURE 6 | Average annual production distribution (kg/ha) of differercrops (rice, beans, cassava and maize), precipitation (mfmonth) and water storage in the soil
(mm) for the region of semiarid of Brazil during the perioddm 2000 to 2012.
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FIGURE 7 | Distribution yield (kg/ha) of different crops (rice, beangassava and maize) for each state of semiarid region of Brdzluring the period of 2000-2012.

FIGURE 8 | Time series of precipitation (mm/month) and available wateontent (mm) for each state of the semiarid region of Brazibf three periods of analysis:
climatological average of 2000-2012 (Prec01 and AWCO01) anthe year 2000 (Prec02 and AWCO02) and 2012 (Prec03 and AWCO03).
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CE, and PB States recorded a drop of up to 60% in corn yieldh the neutral year 2000 and both below average in the drought
The CE State was the most a ected by the decline in productiogear 2012.
of bean, cassava and corn, with loss of atleast 50% in edobsaeft  The spatio-temporal distribution of average vyield
crops in the 2012 year. Considering the cassava crop, the tel Sté~igures 8 9) for the four types of crops was also evaluated
was the most a ected, with a loss of about 5,000 (kg/ha) in théor the 3 study periods mentioned. The results show that dgirin
harvest. the neutral year there was an increase in the number of cesnti
Figure 7 shows the rainfall time series (mm/month) and in the semiarid region with higher yield of the 4 crops; while in
water storage in the soil (mm) for each State of the semiarithe drought year, the number of counties with an increase in
region of Brazil, considering three periods of analysis: ayer yield dropped.
climatological, from 2000 to 2012, and neutral and drougtdng Figure 8 shows that the average yield of the rice crop, which
(2000 and 2012 respectively). The results show that both the already reduced in the region, was also a ected by drought.
precipitation and water storage in soil were above the meareval The average water demand for rice culture varies 450-700 mm

FIGURE 9 | The average yield spatia-temporal distribution (kg/ha) ofce crops (1) and beans (2) for three different periods:(a) average of 2000-2012,(b) 2000 year
(c) 2012 year. The white areas there is no data.
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throughout the cycle. Another e ect signi cant in reducingpé Prolonged drought in the Northeast in 2012 also a ected
development of plants under water de cit and drought are alsahe production of cassava and corkigure 10. The negative
related to the soil, that is, the high compression of the stgfa changes in the estimates of production did not allow the
layer, which re ects the increase of bulk density and tenals t production was quickly retaken, from climate average stadslar
reduce porosity, thereby the storage water, as highlighted bin the following year. InFigure 10(2-c)it is possible to evaluate
Carvalho et al. (2013) the sharp decline in average corn crop yield in 2012 througho
According to Santos et al. (200,1}he average cowpea beanthe semiarid region. According tdarengo et al. (2013, 201,6)
yield, grown in rainfed conditions in the Brazilian semiri the NEB declared a state of emergency in most districts in the
region, is around 300 kg/ha of grain and under irrigatedregion due to a drought considered the worstin 30 years, arggti
conditions, can reach 1,520 kg/ha of grain. Figure 9 (2-c)  more than 4 million people. According to local newspapers, from
there is a decrease in counties with average performancebeldanuary to May 2012, the drought had already destroyed large
500 kg/ha. areas of farmland, caused shortage of drinking water in haddr

FIGURE 10 | The average yield spatia-temporal distribution (kg/ha) ofassava crops(1) and maize (2) for three different periods:(a) average of 2000-2012,(b) 2000
year (c) 2012 year. The white areas there is no data.
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of cities and towns across the region and left farmers sfingg moisture are correlated, the impact of the crop impact is more
to feed and supply water to cattle. in uenced by rainfall (as showfigure 17).

In general, to achieve the maximum yield of the corn crop, the ANOVA tests ([Table 3 demonstrate that F has a higher value
amount of rainfall required is 500-800 mm on average; howeve(21.33) when obtained with available water content. Thedt te
such performance also depends on soil moistirerenbos and is used to determine whether two independent estimates of
Kassam, 197%9In the case of drought, the loss in productivity is variance can be assumed to be estimates of the same variance
minimal during the growing season and the maturation period;(Jacobs et al., 2004Thus, this result can be explained by
however, it is signi cant during the owering and the formian  di erence between the correlation of all four crops with soil
periods. water, as discussed previoushigure 11). For rainfall dataset,

To better assess the degree of association between crdp yikitle di erences of F were observed. Probably this di erence
performance and water variables (precipitation and wateragjer between F values (for rainfall and soil moisture) correspond
in the soil), the correlation coe cients of average croplgievith  to root penetration capacity (super cial and depth). Therefore
rainfall (Figure 11-1) and with soil water storage~{gure 11-2)  rainfall reaches the layer of root crops more rapidly that soil
were calculated. The results show that the performances| of alater. Finally, statistically, it is observed rainfall hasn uence
four di erent crops were better correlated with rainfall thavith  directly on the crops. Soil moisture has an important impact on
soil water storage. For the soil water storage, it appears thttie crop yields, but it a ects indirectly.
the values of correlation coe cient are smaller. This di eree
may be associated with the layer used to calculate the stefwa
storage, ie the depth of the root system of each crop is on geeraCONCLUSION

40 cm; the water storage in soil was determined using a depth e jmpact of drought on agricultural income, considering
100 em. Thus, precipitation, which reaches the layer of roopsr precipitation data (mm/month) and water storage in the soll

more rapidly, is correlated better with crop yieldgohanty and ) \yas evaluated for di erent crops (rice, beans, cassava and
Skaggs (200have concluded that at a particular point in time ¢y i the semiarid region of Brazil, during three periodeam

soil moisture content is in uenced by precipitation, textuod (2000-2012), neutral (2000), and drought (2012). The tesul
the soil, slope of land surface and vegetation and land céwer.

this reason, di erents studies about statitistical analiisige been

used to understand soil moisture variabilityeCobs et al., 20p4 TABLE 3 | Analysis of variance for rainfall (month/month) and availlbwater
In this study, statistical analysis (mean and ANOVA) weresontent (mm) during 20002012 period, 2000, and 2012 in Braitian Semiarid

developed for each states of the Brazilian Semiarid regioimgu region.

3 periods: 2000-2012, 2000, and 20Iables 2 3 show values

obtained to identify relationships with di erent crops.
Evaluating the soil moisture mean for dierent period Ssum Mean Variance = Probablity

(neutral, humid and dry years), we had observed that thisade

is in uenced by rainfall and consequently a ects the croplgie  Rainfall (mm/month)

for di erent soil and climate conditions, speci ed for nineates  2000-2012 25743 28.60 39.84

of the Brazilian Semiarid. However, this in uence of thenfaill 2090 s01.87 3354 131.76 6.28 4.738-06

on the soil moisture is small, when analyse the spatial-terauipor2012 86.16 957 31.09

distribution of the correlation coe cient between the ricgops.

Analysis of variance (ANOVA)

Available water content (mm)

According toLima et al. (1999)the potential of the soil moisture 59092012 563.73 62.64 69.74
in semiarid regions provides little contribution to redugmisks 2000 632.81 70.31 156.05 21.33 2.73E-08
of low agricultural productivity. Although the rainfall andoil 2012 291.52 32.39 50.85

TABLE 2 | Mean values of the crop (kg/ha), rainfall (month/month), avable water content (mm) for 2000—2012 period, 2000 and 2012humid and drier year respectively,
in each Brazilian Semiarid States.

State Crop (kg/ha) Rainfall (mm/month) Available water content (mm)

Rice Bean Cassava Corn 2000-2012 2000 2012 2000-2012 2000 20 12
AL - 416.01 9,908.01 537.89 55.64 51.30 29.96 24.60 15.19 4.75
BA 1,914.40 503.29 11,794.922 716.04 55.48 67.43 31.23 21.13 25.47 9.05
CE 1,787.39 310.96 8,758.53 770.62 71.77 82.24 39.61 38.23 46.25 9.59
MG 1,167.04 701.20 12,316.44 1,268.05 71.84 83.57 46.63 35.99 43.21 23.77
PB 1,072.26 317.02 8,508.44 481.10 64.97 76.15 32.02 33.63 48.67 6.89
PE 2,677.96 344.20 9,050.04 420.09 47.89 48.75 22.19 23.53 25.85 5.76
Pl 852.62 218.67 10,860.57 651.71 67.09 73.31 31.93 21.75 2533 8.54
RN 1,405.09 392.09 9,090.82 517.65 60.06 73.05 26.07 29.96 39.83 8.94
SE 4,961.28 540.37 12,419.28 1,605.28 68.98 77.01 31.89 2862 32.07 8.87
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FIGURE 11 | Spatial-temporal distribution of the correlation coef ci@t between the rice crops(a), bean (b), cassava(c), and maize (d) and the precipitation(1) and
the water storage in soil(2) during the period of 2000-2012. The white areas there is no da.

show that for the years 2003 and especially the year 2012, tfar obtaining high agricultural productivity, so that the e

study area showed lower precipitation values in relation wsth  supply to plants is su cient. It could be concluded that the

observed in other years. That has led to a decrease in the wat/erage crop yield is directly associated with practice$ tha

storage in soil for the Brazilian semiarid region, both ir03&nd increase soil moisture at the depth of the root system in order

in 2012, the last year showing the lowest levels of wateriln sdo reduce the e ects caused by drought. This di erence may be

values. In fact, the drought of 2012 was considered the wiorst associated with the layer used to calculate the soil wabeage,

30yearsin the NEB, leading to decrease in crop productiohént ie the depth of the root system of each crop is on average 40 cm;

region, mainly for the bean crops, corn, and cassava. the water storage in soil was determined using a depth of 100 cm.
The results also showed that precipitation and water storagéhus, precipitation, which reaches the layer of root crops more

in the soil are correlated with values greater than 0.5 forcat ~ rapidly, correlated better with crop yields.

the entire region. Thus, the precipitation and water storage i

soil were above the mean value in the neutral year 2000 arid boAUTHOR CONTRIBUTIONS

below average in the drought year 2012. On the other hand, the

performances of all four di erent crops were better correlatedLR has investigate the relationship between water balammziem

with rainfall than with soil water storage. These highlight with culture yields of in the semiarid region of Northeasizgil.

indicate that precipitation constitutes one of the limitingctors  Moreover, the author has presented all description of this ytud
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