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Abstract: In order to assist in high-yield agricultural management in multiple cropping systems, it
is essential to understand the link between the rainy season onset and crops sowing dates, since it
considerably affects the management, yield and output. We built crop calendars derived from remote
sensing products and investigated the link between sowing dates and the onset of the rainy season
in irrigated and rainfed agriculture in Western Bahia, a new and important agricultural frontier in
Brazilian Cerrado. Crop sowing dates were obtained from green-up dates from 2001 to 2019. Rainy
season onset dates were determined using CHIRPS daily precipitation data. Results indicate that
sowing occurs from 26 October to 15 November and the rainy season starts from 17 to 27 October.
Rainfed sowing dates are strongly correlated to rainy season onset and are particularly affected in
years where rains are delayed. Sowing dates in irrigated pixels occur up to 25 days earlier than
rainfed and are not correlated to rainy season onset. Irrigated farms are sowing earlier and in a
shorter window than rainfed, with a stronger resilience in years where rains are delayed, and have
adapted their sowing operation towards a more intensive agriculture and efficient water use during
the rainy season.

Keywords: Western Bahia; MODIS; sowing dates; irrigation; rainfed agriculture

1. Introduction

The importance of the agriculture sector to the Brazilian economy is prominent. In
2020/2021, this sector contributed ~22% of gross domestic product (GDP), with expectations
of a 2% increase in 2022 [1]. During the same period, soybean (Glycine max) exports
increased by 21% compared to 2016/2017. Other crops also contributed positively to
Brazil’s export balance, with cotton and maize standing out [1].

Brazil is currently amongst the world’s greatest exporter of soybean, maize (Zea mays)
and cotton (Gossypium hirsutum L.), with exports increasing mostly as a result of techno-
logical advancements and mechanization, especially in the Cerrado [2]. The MATOPIBA
region (acronym for the states of Maranhao, Tocantins, Piaui and Bahia), located in the
Cerrado, is one of the most recent agricultural frontiers, with a high yield of soybean,
cotton and maize crops, reaching a national record of 7.4 million tons in the 2016,/2017
harvest [3]. The importance of MATOPIBA is related to the rapid growth of agriculture in
the western part of Bahia state (hereafter called Western Bahia, WB), where the average
maize yield increased to 10.5 ton.ha~! in the 2020,/2021 harvest, with a potential output
of 11 ton.ha™! predicted for the year 2023 due to investments in high technology and
irrigation [4]. In addition, high productivity levels were achieved in the cultivation of
soybeans, with 4 ton.ha—! [4], and cotton, with 4.5 ton.ha~!, in the 2021/2022 harvest [4].

Western Bahia continues to stand out for its worldwide market position, with approxi-
mately 40% of cotton output, or 600,000 tons, exported to Asian nations (China, Indonesia,
Bangladesh, and Vietnam), and 60% of soybean production, or 3.18 million tons, exported
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to China and the Netherlands [4]. The high production and export rates achieved by
the region could be partly explained by the adoption of double cropping systems, where
farmers sow a second crop (maize or cotton) in the middle of the rainy season after sowing
soybeans in the beginning of the rainy season [5,6]; and the wide adoption of irrigation,
which increased its area by around 800% from 1990 to 2020 [7].

Double cropping systems are favored in regions with a high annual precipitation rate,
a long rainy season (>200 days), and a low variability in the rainy season onset [5,6,8]. The
viability of double cropping depends on farmers successfully sowing soybeans right at the
beginning of the rainy season. A delay in rainy season onset retards the sowing operation
of the first crop, leaving less time for the second crop to grow before rainy season ceases.
Irrigated farms may have strategic advantages over rainfed farms, but its success depends
on the availability of water in rivers at the end of the dry season. The rivers in WB are
regulated by the Urucuia aquifer, which showed a groundwater level drawdown of up to
5 m from 2011 to 2015 [9]. In addition, rainfall and rivers discharge are reducing in the
region [10], creating a potential to cause conflicts over water use during the dry season.

Recent studies indicate that the rainy season is starting later and shortening in central
Brazil [11-14] due to both climate change and widespread Amazon and Cerrado deforesta-
tion. This worrying scenario is projected to intensify in the future [15], with disastrous
potential impacts in case local farmers fail to adapt [5,6].

As sowing dates have a significant impact on the double cropping viability and
production, historical sowing calendars are needed to properly assess the effects of a
delayed rainy season onset on agriculture. However, information on sowing dates in Brazil
are restricted to the last decade and are not spatialized, especially for WB, hampering the
evaluation of the impacts of rainy season delays on the regional agricultural calendar and
the investigation of potential adaptation measures.

Despite the difficulty in determining sowing dates for large areas in Brazil, recent
studies achieved favorable results in the state of Mato Grosso, which has significant im-
plications for the national and international agricultural scenario [14]. However, sowing
calendars for WB are still missing.

Fortunately, several recent studies have designed methods that enable the identifica-
tion of sowing dates based on the determination of phenological phases in a dense time
series of vegetative indices acquired from orbital images [16-18]. Even though satellite im-
agery might show some limitations for agriculture monitoring due to temporal resolution,
sensors such as the Moderate Resolution Imaging Spectroradiometer (MODIS) provide
precise temporal crop information for regions such as WB, with large-scale monoculture on
flat terrains.

In this study, we aim to build crop calendars and evaluate the relationship between
crop sowing dates and rainy season onset in irrigated and rainfed agriculture in Western
Bahia from 2001 to 2019. We believe that it provides important and strategic information
for the adaptation of double cropping systems to climate change.

2. Materials and Methods

We estimated crop sowing dates using the normalized difference vegetation index
(NDVI) and daily temperature data from MODIS. Rainy season onset dates were de-
termined using daily precipitation data from Climate Hazards Group InfraRed Precipi-
tation with Stations data (CHIRPS [19]) and the anomalous accumulation method [20].
In this study, we distinguished rainfed and irrigated croplands based on land use and
land cover data from Pimenta et al. [7], from 2001 to 2019 (Figure S1 and available at
http://obahia.dea.ufv.br/; accessed on 1 June 2022).

In summary, we began by filtering any noise from the NDVI time series and evaluat-
ing a variety of interpolators (Figure 1, first step). We determined the sowing dates from
green-up date and air temperature (Figure 1, second step). Finally, we sought to estab-
lish a relationship between the sowing dates and the rainy season onset dates (Figure 1,
third step).
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Figure 1. Steps for the determination of sowing and rainy season onset dates in Western Bahia.

2.1.

Study Area

Western Bahia (Figure 2) covers approximately 130,000 km? and is part of the most
recent agricultural frontier in the Brazilian Cerrado biome, called MATOPIBA. The region is
characterized by rapid expansion followed by mechanization and intensification, resulting
in high yields of crops such as beans (Phaseolus vulgaris), cassava (Manihot esculenta), coffee
(Coffea canephora), cotton (Gossypium hirsutum L.), maize (Zea mays), rice (Oryza sativa) and
soybeans (Glycine max) [10,17,21].
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Figure 2. Location and land use/land cover for Western Bahia in 2019, according to Pimenta et al. [7]
and available at: http://obahia.dea.ufv.br/ (accessed on 1 June 2022).

Western Bahia stands out from other agricultural regions in Brazil due to its rapid and
recent expansion, especially irrigated lands. In summary, 100,000 km? are dedicated to
rainfed agriculture and 2000 km? are occupied by irrigation systems (mainly center pivots).
Approximately 85% of the farms in the region have more than 5 km? of land [7].

Part of the high yields observed in the region can be attributed to the favorable climatic
and geographical conditions. Rainfall in WB typically ranges from 0-10 mm.month~! in
the driest months (June, July and August) and approximately 150-200 mm.month~! in the
wettest months (December and January) [10]. The average annual rainfall in the extreme
west is 1400 mm, gradually falling to 800 mm in the east, on the border with the Caatinga
biome [3]. The region has flat terrain suitable for the use of large agricultural machinery.

2.2. Remote Sensing Data and NDVI Interpolators

NDVI data were derived from MODIS MCD43A4.V006 product, which shows long-
term stability and widespread application in agricultural phenology studies [16,22].
MCD43A4.V006 has a spatial resolution of 500 m, seven spectral bands ranging from
visible to near-infrared wavelengths and nadir-adjusted reflectance (NBAR) scenes gen-
erated by daily bidirectional reflectance distribution function (BRDF) centered at midday
solar and generated from short-term resampling (16 days) by an algorithm based on the
inversion of radiative transfer models present in the V006 [22,23].
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Approximately 7000 images were acquired from July 2001 to December 2019. Low
quality pixels were discarded using MCD43A2 product (incomplete BRDF inversions).
Following the acquisition of MDC43A4.V006 images, only pure pixels were selected, or
those that contain only one land cover class and are rid of external interference from other
spectral signals, such as exposed soil and varied vegetation [24]

We employed a Savitzky-Golay filter to reduce NDVI time series contamination caused
by clouds, atmospheric variability, suspended particles and crop management changes [25].
We tested four methods for NDVI interpolation: asymmetric Gaussian, Beck et al. [26],
Elmore et al. [27], Gu et al. [28] and Zhang et al. [29].

2.3. Determination of Green-Up Date

Green-up is the first detectable moment of greenness in vegetation after emergence
and is a good indicator of a new cycle of plant growth. It can be detected when NDVI
exceeds a threshold value, which may vary among crops.

We selected the best NDVI interpolator (Section 2.6) and combined it with six different
methods to detect crops green-up dates. Due to the size of the study area and the multi-
plicity of crops and management practices, a single method would likely not be able to
capture the heterogeneity of green-up dates in WB. Therefore, to account for the diverse
field conditions in the study area, we assessed multiple methods to detect the green-up
dates: the relative threshold method (TRS), the derivative method (DES) and the methods
described by White et al. [30], Gu et al. [28] and Zhang et al. [29]. We assumed that a
high concordance with field data is achieved when several methods point to the same
green-up date pattern. This approach has shown to be effective in capturing green-up dates
in different areas, as shown in [14,31-36]. The best green-up methods were determined
through the comparison of the sowing dates calculated in this study (Section 2.4) with
observed sowing dates, and were therefore applied to the entire region and time-series.

2.3.1. Relative Threshold Method (TRS)

The threshold method (TRS) pinpoints phenophase transitions during crop devel-
opment by setting threshold NDVI values defined by the user. NDVI thresholds can be
absolute or relative (percentage of the NDVI amplitude). Due to the variety of crops
and management practices in the study area, we chose to evaluate relative rather than
absolute thresholds. We tested the relative thresholds of 20%, 50% and 60% of the NDVI
phenological curve amplitude to determine green-up dates.

2.3.2. Derivative Method (DES)

The derivatives of vegetative indices enable the identification of transitions in phe-
nological phases [37]. The derivative method (DES) identifies green-up date as the day
when NDVI curve first derivative reaches its maximum value [37]. Likewise, gray-down is
identified as the day when NDVI curve first derivative reaches its minimum value.

2.3.3. Gu-Based Method

Gu et al. [28] model the seasonal cycle of vegetation as approximately linear processes
using recovery lines for crop emergence (green-up). The recovery line is defined as the line
passing through the maximum point of the first derivative of the NDVI phenological curve
and with the slope of the peak recovery rate. The peak recovery rate is the maximum value
of the first derivative of the NDVI curve [31].

2.3.4. Zhang-Based Method

Zhang et al. [29] explain variations in vegetation phenological phases using the rate of
change in logistic functions. Transition dates are defined as the points at which the rate of
curvature change in NDVI data approaches local minimum or maximum. The green-up
date is determined when the logistic function reaches its first local maximum.
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2.4. Determination of Sowing Dates from Green-Up Dates

To determine the sowing date (Doysow) from green-up date, we applied a modified
version of Soltani and Sinclair’s [38] biological day computation method as a function of
degree-days (Equation (1)). We assumed that, from sowing (Doysow) until crop emergence
(Doygreen-up), the accumulation of pre-defined temperature units (CTUsow-gup) is neces-
sary, according to crop energy requirements. Here, we considered that green-up date is
equivalent to the crop emergence date.

CTUSOW-8up

i e))
Y hoy—1 DTU

Doysow = DOYgreen—up o

where CTUsow-gup (°C) is the cumulative temperature units required for the transition
from sowing to green-up (here assumed as 70 °C), k is the day of the year when the required
cumulative temperature units for the transition from sowing to green-up is achieved and
DTU is the daily temperature unit (°C.day '), calculated as in Equation (2).

DTU = (TP1D — TBD) x tempfun (2)

where TP1D is the lowest optimum temperature for crop growth (21 °C), TBD is crop
basal temperature (10 °C) and tempfun is the relative development response of crops to
temperature (Equation (3)).

tempfun =0 if TMP < TBD
= (IMP — TBD)/(TP1D — TBD) if TBD < TMP < TP1D 3
= if TP1ID < TMP < TP2D
= (TCD — TMP)/(TCD — TP2D) if TP2D < TMP < TCD

where TMP is the daily average air temperature (°C), calculated as the average of four
observations (night and day) of MOD11A1 (MODIS-Earth) and MYD11A1 (MODIS-Aqua)
products, TP2D is the highest optimal temperature for crop development (36 °C) and TCD
is the maximum (ceiling) temperature at which the plant develops (43 °C).

In Brazil, field-level data for irrigated and rainfed agriculture are scarce or non-existent
for large territorial extensions. To validate the estimated sowing dates, we compared them
with two datasets. The first contains field-level sowing dates in irrigated lands gathered
between 2017 and 2019. During this period, a total of 58 center pivots were sown with
different crops (soybeans, maize, bean and cotton). Field sowing dates were derived from
an irrigation management platform (Valley Scheduling software, Irriger Connect platform)
and are described by Santos et al. [39] and Table S2. The second dataset is derived from
aggregated sowing windows of the agricultural zoning of climate risk (ZARC), followed by
many rainfed farmers to reduce yield losses and to attend to the demands of agricultural
credits programs

2.5. Onset of the Rainy Season

The anomalous accumulation method (AA, Equation (4)), developed by Liebmann
et al. [40] and modified by Arvor et al. [20], was used to determine the rainy season onset
in the study area. This method is based on the premise that crops cannot be exposed to
extended dryness following the onset of the rainy season. The lowest and highest values of
the AA series correspond to the rainy season onset and cessation dates, respectively.

AA() = Y [R(n) — Reef] @

n=1

where R, is the lowest amount of water required by crops during their early pheno-
logical phases, here assumed as 2.5 mm.day ! [5], and R(n) denotes daily precipitation
(mm.day_l).
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Precipitation data from July 2000 to December 2020 were derived from the Climate
Hazards Group InfraRed Precipitation with Stations (CHIRPS) product, with high temporal
(daily) and spatial (5 km) resolution [19,41].

2.6. Statistical Analysis

The best NDVI interpolator method was determined as the one with the highest
number of pixels that met the following conditions when compared to the observed data:
Pearson correlation (R) > 0.95; root-mean-square error (RMSE) < 0.5; Nash-Sutcliffe
efficiency (NSE) > 0.85.

Tendencies in sowing dates and rainy season onset were assessed through Mann—
Kendall test (x = 5%). Trend magnitudes were determined by Sen’s slope and possible
change points in time-series were assessed by Pettitt’s test (o« = 5%). The relationship
between sowing and rainy season onset dates was assessed through the pixel-by-pixel
correlation coefficient (only pixels cultivated for more than 10 years were considered).

3. Results
3.1. NDVI Interpolation and Green-Up Determination Methods

For all the NDVI interpolation methods tested, the southern portion of the region had
the lowest average Pearson correlation coefficient (Figure S2A-E), ranging from 0.85 to 0.90,
with a standard deviation of 0.05 to 0.15. A similar pattern was found for the Nash-Sutcliffe
efficiency coefficient (Figure S2K-0O), ranging between 0.6 and 0.8 in the southern portion of
the region. The region’s extreme west exhibited the highest Pearson correlation coefficient
(R: 0.90; standard deviation: 0.10) and a higher Nash-Sutcliffe model efficiency (NSE: 0.8;
standard deviation: 0.2). The improved results for the western part of the region might be
related to the higher planting density, which results in a lower daily fluctuation of NDVL

In general, the asymmetric Gaussian and Gu et al.’s [28] NDVI interpolation methods
showed the best adjustment to observed NDVI data. Indeed, Gu et al.’s method found the
best agreement with observed data, with 31% of the study area having phenological curves
with an R and NSE higher than 0.95 and 0.90, respectively (Figures S3 and S4), and was
therefore selected as the NDVI curve interpolation method in this study.

Based on the NDVI curves calculated from Gu et al.’s [28] method, the green-up dates
determined by the relative threshold (TRS, 20% and 50%) and the derivatives (DES) methods
had the best green-up and sowing dates estimation compared to field data, and, therefore,
the estimated sowing dates for each pixel throughout the time series were calculated as the
average of these methods. Estimated dates in irrigated lands agree with observed dates,
with R? 22 0.99 and an average error of approximately 3 days (Figure 3).

&
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Figure 3. NDVI-derived sowing dates versus field sowing dates.
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To test our results for rainfed areas, we compared estimated sowing dates to ZARC
sowing windows (Table S1). We selected the sowing window of short-cycle soybean
cultivars (Group I) for each municipality in WB, since soybean dominates as the first
crop in multiple cropping systems in the region. Estimated sowing dates agree with the
lower limit of the ZARC sowing window, which matches the farmers’ preference to sow
as early as possible in the beginning of the agricultural calendar, especially in multiple
cropping systems.

3.2. Sowing Dates

First crop sowing dates in rainfed pixels varied from 26 October to 15 November
(Figure 4T), with the region’s historical average on 29 October and median on 1 Novem-
ber. In general, rainfed sowing dates occur approximately 15 days earlier in eastern
(~44° W) and southern (~15° S) WB than in the western and northern parts of the region
(Figures 4T and 5).

Two years were atypical and stood out in the time-series: 2004 and 2007
(Figures 4D,G and 5. In 2004 (Figures 4D and 5), more than half of the total agricultural
land’s first crop was sown between December 5th and January 14th, 40 to 60 days later than
the regional historical average. In 2007 (Figure 4G), on the other hand, first crop sowing
occurred approximately 30 to 40 days before the historical average in the central and eastern
portions of the region, taking place between September 16th and October 6th. Despite this
fact, 50% of the region was sown from 7 October to 27, especially in the extreme western
portion of WB. In 2004, a long dry spell and subsequent delay in the rainy season onset had
a direct effect on the rainfed sowing date, which varied, on average, between December 5th
and January 14th. The delay in the rainfed sowing operation in 2004 may have been caused
by a significant warming of the Pacific and North Atlantic oceans. The warmer Pacific
resulted in an El Nifio event and a reduction in precipitation throughout the Northeast
of Brazil that prompted farmers in MATOPIBA to delay planting dates, particularly for
soybeans [42,43]. The warmer North Atlantic caused a shift in the intertropical convergence
zone (ITCZ) northward of its climatological position from 21 September to 5 October [44],
intensifying the rainfall reduction in the region [45].

Rainfed second crop sowing dates varied from 7 March to 12 May—a shorter sowing
window than the first crop—with the regional average on March 30th and median on April
15th (Figure 5). The delay and advance in first crop sowing dates in the atypical years of
2004 and 2007, respectively, did not impact the second crop sowing operation with the
same intensity. Finally, no significant trend in the median of rainfed sowing dates, for both
first and second crops, was detected during the study period (Table 1).

Table 1. Tendency in rainy season onset and sowing dates for Western Bahia.

Onset/Sowing Dates Tendency (Days.Year—1) p-Value Change Point
Rainy season 0.500 0.483 -
Rainfed, first crop —0.500 0.139 -
Rainfed, second crop —0.167 0.226 -
Irrigated, first crop —0.804 * 0.0358 2013
Irrigated, second crop —0.364 * 0.0154 2010

* Statistically significant (« = 0.05).

First crop sowing dates for irrigated pixels also varied from 26 October to 15 November
on average (Figure S5T and Figure 5). As irrigated pixels are concentrated in a small region
in western WB (Figure S1), no special spatial pattern emerges like in the rainfed case.
However, the temporal distribution of the sowing operation indicates a transformation
in the irrigated farmers’ behavior. From 2001 to 2013, sowing occurs in a wide temporal
window that begins as early as 40 days before and ends up to 40 days after the rainy season
onset average. From 2014 on, most of the pixels sow the first crop in a shorter time window
and up to 25 days before the rainy season onset average and the rainfed pixels (Figure 5).
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Indeed, differently than rainfed, a significant trend both in first and second crop sowing
dates was found in irrigated lands: they advance ~0.8 days.yr ! and ~0.4 days.yr ! in first
and second crops, respectively (Table 1). This tendency translates into ~15 and ~8 days for

the first and second crop, respectively, throughout the study period.
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Figure 4. Sowing dates in rainfed areas in Western Bahia from 2001 to 2019 (A-S). Panel (T) shows

the average sowing date for each pixel.
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Figure 5. Distribution of rainy season onset, rainfed and irrigated sowing (first and second crop)
dates from 2001 to 2019. Lines indicate the median of rainy season onset (blue) and sowing dates for
each crop and management practice.

In addition, the difference in the sowing dates for the different management practices
is even more evident in years where the rainy season onset was delayed, as in 2004, 2015
and 2016 (Figures 5 and 6). Among these years, 2004 stands out, with irrigated sowing
being carried out up to 1.5 months before rainfed systems (Figure 5).

Second crop irrigated pixels were sown between March 24th and April 5th (Figures S5 and 56),
a smaller window than the first crop, similarly to the rainfed case. Importantly, second
crop irrigated sowing dates occur much earlier than rainfed pixels in all years, a completely
distinct behavior to that observed in the first crop sowing operation. In fact, most irrigated
pixels are already sown before the rainfed pixels start the sowing operation (Figure 5).
The capacity to sow the second crop earlier benefits irrigated lands that sow a third crop
(commonly beans) in the same agricultural calendar, which is common in local farms, and
lowers costs of irrigation at the end of the rainy season.
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Figure 6. Rainy season onset dates in Western Bahia from 2001 to 2019 (A-S). Panel (T) shows the
average onset date for each pixel.

3.3. Onset of the Rainy Season

In general, the rainy season starts earlier in the western part of the region (up until
17 October and later in the east (late November and early December). Therefore, a west—
east gradient of rainy season onset is evident in the climatological average (Figure 6T).
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However, in 2007, 2008, 2012 and 2017, the rainy season started homogeneously in the
study area, with a short delay from the climatological average.

The rainy season started 20 days earlier than the climatological average in 2001, 2006,
2009 and 2011 (Figure 6A,ELK). On the other hand, it was delayed by ~30 days in 2004,
2007, 2012 and 2015 (Figure 6G,0).

In addition, in every year after 2012, the rainy season starts later (by the end of October
and early November) than the climatological average in the extreme west part of the region,
exactly where agriculture is located (Figure S2). Nonetheless, no statistically significant
trend was detected in rainy season onset in WB from 2001 to 2019 (Table 1, Figure S8).

3.4. Onset of the Rainy Season and Sowing Dates in Rainfed and Irrigates Systems

Rainfed systems generally sow crops after the onset of the rainy season in most of the
area (Figures 4 and 6). The historical and regional median of sowing dates in the rainfed
area is 20 days (4 days on average) after rainy season onset. Specifically, in 2001, 2004, 2006,
2009, 2011 and 2013 (Figure 7A,D,EIK,M), rainfed pixels were sown up to a month after
rainy season onset. After 2014, rainfed systems still sow after rainy season onset, but with
shorter delays (Figure 7).

As stated in Section 3.2, 2007 was an atypical year for rainfed systems, where sowing
dates occurred much earlier than rainy season onset. In that case, two sowing peaks were
observed (Figure 5), and the rainy season onset was delayed expressively throughout the
region (Figure 6G). This pattern might indicate an anomalous behavior of rainy season
onset, with an initial period of precipitation (47.3 mm) that prompted farmers to start
sowing, but followed by a succession of almost 30 consecutive dry days that might have
caused crops loss in part of the region. Therefore, farmers who lost their crops were forced
to resow their lands after precipitation stabilized. Other than farmers who lost their first
sowing, this pattern might also be related to farmers that waited until the stabilization of
rains to start their sowing operation, with a smaller climatic risk.

The irrigated pixels sowing date median is 1 day after the rainy season onset (average
of 3 days), even though, in recent years (after 2013), most pixels were sowed before rainy
season onset (Figure 4 and Figure S7, Table 1). In particular, in years where rainy season is
delayed, irrigated pixels sowing dates are less affected than rainfed pixels. In addition, in
years that rainfed farmers are forced to resow after crop failure (two-peak sowing pattern
in Figure 5), no second sowing peak is evident for irrigated lands, indicating resiliency
through dry spells in the beginning of crop development.

The sowing of the irrigated second crop, on average, occurred 159 days following the
onset of the rainy season, whereas the rainfed second crop occurs, on average, 20 days after
irrigated pixels. Naturally, both in rainfed and irrigated pixels, a delay in irrigated first
crop sowing results in later second crop sowing dates.

Rainfed first crop sowing dates are positively correlated to the rainy season onset,
with an average correlation coefficient of 0.473 (and median of 0.510), whereas irrigated
first crop sowing dates are weakly correlated to the rainy season, with an average and
a median correlation coefficient of approximately 0.036 and 0.013, respectively (Table 2).
These results indicate that rainfed systems are strongly dependent on rainy season onset
to start the sowing operation, as expected, whereas irrigated farms can maintain sowing
dates (or even advance them) even in years when the rainy season is delayed.

Table 2. Pearson correlation coefficient of rainy season onset and sowing dates in Western Bahia.

Sowing Dates

First crop Second crop

Rainfed Irrigated Rainfed Irrigated
0.473 (0.510) 0.036 (0.013) —0.056 (—0.067) —0.034 (—0.040)
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Figure 7. Spatial distribution of the difference between rainfed sowing dates and rainy season onset
from 2001 to 2019 (A-S). Panel (T) shows the average anomaly for each pixel.

4. Discussion

The limited spatiotemporal information about sowing and harvest dates in Brazil is
the main barrier to the large-scale assessment of the crop—climate relationship and how
it determines the total output or viability of multiple cropping in the country [6,14]. By
building a sowing calendar time series (from 2011 to 2019) in a high spatial resolution
(~500 m), we fill this gap for a complex and dynamical area such as Western Bahia, with
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the potential to expand to other regions. This historical sowing calendar allowed for the
identification of how farmers of rainfed and irrigated farms have responded in abnormally
dry years (when economic impacts are potentially high) and the modification of sowing
patterns throughout time.

Our results show that the sowing operation in WB starts at the eastern part of the region
(late September—early October) and follows to the west (late November—early December),
in an east-west gradient. Rainy season onset, contrastingly, starts earlier in the west (early
October) and later in the east (late November). This counterintuitive relationship is due
to a combination of factors. First, phytosanitary measures to control Asian soybean rust
(Phakopsora pachyrhizi) prevents soybean sowing (first crop) before October 15th in central
and western WB [46], leaving early sowing restricted to the east of the municipalities of
Luis Eduardo Magalhaes, Sao Desidério, Barreiras and Correntina [21,46]. Second, other
municipalities located in the eastern part of the region, such as Barra (sugar cane, beans and
cassava), Candapolis (sugar cane, beans and cassava), Cristopolis (beans) and Feira da Graca
(sugar cane, beans and cassava) cultivate crops that are not restricted by the phytosanitary
regulations that affect soybean sowing [47], and sow in the beginning of October.

In addition, our analysis indicated that rainfed sowing dates are late, positively
correlated to rainy season onset dates and are particularly affected in years where rains
are delayed, but that was not the case for irrigated lands. For the latter, by the time rainy
season starts, most of the pixels have already sown their crops, even in years where rains
are delayed. Moreover, while no significative trend was detected in rainy season onset
dates, irrigated lands are sowing earlier every year. Even though the possibility to sow
early (even before rainy season onset) carries a higher hydrologic risk, it also brings many
advantages. First, the water volume required for irrigation in the beginning of the cycle is
small, as well as the energy costs. By the time the crop demands higher volumes of water
(during grain filling, for example), rains are already consolidated in the region. Therefore,
farmers might only irrigate again during a short period in the end of the second crop cycle,
optimizing irrigation use in farms and saving energy costs. Second, because farmers make
better use of the rainy season, they might even sow a third crop and cultivate five crops in
2 agricultural years. This ability increases the farms’ income and preserves soil properties.
Finally, early sowing also leads to advantages regarding phytosanitary diseases (soybean
rust) because, by the time the fungus spreads in the abundant rainfed farms, crops in
irrigated lands are already mature and close to harvesting. In that case, productivity levels
are less affected and costs with pesticides are lower.

In addition to early sowing, irrigated farms sowing windows (both first and second
crops) are shorter in the end than in the beginning of the study period and when compared
to rainfed farms, regardless of the year analyzed. In addition, irrigated lands are more
resilient to rainy season delays and avoid the “two-peak” seeding, as in 2007, when a small
volume of rains prompted farmers to initiate the sowing operation (by the end of October),
followed by a long dry spell (~30 days) that caused crop failure. Many rainfed farmers
needed to resow their lands, with economical losses and impacts in crops productivity This
analysis indicates that irrigated farms have adapted their sowing operation towards a more
intensive agriculture and efficient water use during the rainy season. In a scenario where the
rainy season is projected to be frequently delayed in the next decades [48], this management
practice could be an important adaptation strategy to keep high productivity levels.

However, the intense water use in the watersheds and the recent reduction in annual
precipitation in the region might trigger water use conflicts, especially at the end of the dry
season, when river flows are minimal [10]. In the transition months from dry to wet season,
in addition to a lower available water volume, energy costs are higher, which could limit
irrigation or increase products prices. Therefore, increasing the efficiency of the irrigation
systems is also an important adaptation measure.

Indeed, severe droughts between 2012 and 2015 that hit Northeast Brazil were reflected
in this study: during these years, rainy season onset occurred later than the region’s
historical average. Despite that, rainfed sowing dates were not delayed, probably because
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precipitation in these years was still within acceptable standards for soybean seeding. Rains
began on October 31st on average in 2012 and November 15th on average in 2015 (Figure 6).
Even though sowing was not delayed, the region’s grain production decreased by 35% in
2015 [42]. In contrast, irrigated pixels sowing took place up to twenty days before rainfed
in 2015, even though the region experienced water conflicts [10], including the temporary
suspension of water use concessions. During this period, the water table level of the Alto
Grande basin, one of the most expressive in WB, also decreased by up to 5 m [9], indicating
a potential increase in hydrological risk in the region.

In addition to the investigation of historical crop—climate relationships and how
farmers responded in dry years, crop sowing date time series show important regional
information that is crucial, especially for local government and policymakers, to support
the future adaptation of multiple cropping systems in case predictions of increasingly
extreme climate conditions are confirmed. In particular, sowing dates have been sug-
gested as an important adaptation measure to maintain high yields in single or multiple
cropping in regions where extreme climate conditions are increasing, especially longer
dry seasons [8,14]. Indeed, our results strongly indicate that rainfed multiple cropping is
particularly vulnerable to changes in rainy season onset (and rainy season length, since
late sowing potentially inhibits the cultivation of a second crop) and, in case irrigation is
not an option, would need to be based on diverse adaptation measures in a future drier
climate, especially in WB, where the predominantly sandy soils show a high porosity and
low water retention [49].

Finally, uncertainties and limitation of the results are related to: (i) the low availability
of field data to perform a more robust validation of both management systems, perennial,
or semi-perennial crops, as well as a third crop in irrigated lands; and (ii) the potential
variation in NDVI behavior after green-up in the variety of crops cultivated in the region.

5. Conclusions

This is the first study that provided high spatial (~500 m) and temporal (yearly, from
2001 to 2019) maps of first and second crop calendars in Western Bahia, a complex area with
continuous agricultural development, using a dense time series of vegetative indices. We
were able to provide sowing dates for both rainfed and irrigated systems in the region. In
addition, this is the first study that analyzes the rainy season onset-owing dates relationship
in a high spatiotemporal resolution in the region.

Our main findings are: (i) irrigated farms sow both first and second crops earlier and
in a narrower window than rainfed; (ii) delays in rainy season onset affect first crop sowing
dates in rainfed systems, but not in irrigated lands, which could sow up to 25 days before
rains start in years of severe drought; (iii) delays in rainy season onset potentially causes a
first sowing loss and subsequent resow in rainfed systems. In summary, irrigated lands
show a stronger resilience in years where rains are delayed, and have adapted their sowing
operation towards a more intensive agriculture and efficient water use during the rainy
season. However, this resilience is threatened if the trend towards increasing water use and
total precipitation reduction continues.

Finally, as recent climate projections indicate that the rainy season might be delayed
more frequently in the future, double cropping farmers in Western Bahia could benefit
from the investigation and investment in adaptation measures in order to maintain high
productivity levels. Some of these measures include: hydrometeorological monitoring,
rainy season onset and river flows forecast systems, more efficient irrigation systems and
agroclimatological zoning.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12071679/s1, Figure S1: Rainfed and irrigated croplands
in Western Bahia from 2001 to 2019; Figure S2: Average Pearson correlation coefficient (A, B, C, D and
E), its standard deviation (F, G, H, I and J); Nash-Sutcliffe model efficiency coefficient (K, L, M, N
and O), and its standard deviation (P, Q, R, S and T) for each NDVTI interpolation method; Figure S3:
Percentage of cultivated area and Pearson’s correlation coefficient; Figure S4: Percentage of cultivated
area and Nash-Sutcliffe model efficiency coefficient; Figure S5: Sowing dates of irrigated areas (first
crop) in Western Bahia from 2001 to 2019; Figure S6: Sowing date of irrigated areas (second crop) in
Western Bahia from 2001 to 2019; Figure S7: Spatial distribution of the difference between irrigated
sowing dates and rainy season onset; Figure S8: Rainy season onset tendency (days.year!) and
statistical significance (o« = 5%). Table S1. Sowing interval for the main soybean (first crop) producing
municipalities in Western Bahia. Planted soybean area (hectares and percentage) derived from the
SIDRA platform. Mean + SD (DOY) are data obtained in this research. Sowing range (DOY) derived
Portaria number 114, of 11 of May of 2021. Table S2. Observed and estimated sowing dates (DOY),
and cultivated crops in each sampled center pivot in WB.
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