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ARTICLE INFO ABSTRACT

Handling Editor - Dr Z Xiying Drought events and water use conflicts drive the need for more efficient water management in rice-growing areas
of the Brazilian Cerrado. Recent studies have shown the advantages of adopting water-saving irrigation in the
region but a comprehensive assessment is needed. This study aims to model the performance of rice cultivation

Rice and water productivity in the tropical floodplains of the Cerrado biome of northern Brazil in response to irri-

Keywords:

Irrigation . gation management under contrasting seasonal rainfall levels. Twenty-seven scenarios of rice cultivation,
Water productivity . o . e . .

SWAP model resulting from the combination of three sites, three irrigation treatments, and three rainfall regimes, were
Cerrado simulated with the calibrated and validated hydrological model SWAP/WOFOST. The rainfall levels high (1501

mm), intermediate (952 mm), and low (510 mm) were relative to 120 days and obtained from weather stations
located in the region. Two irrigation methods (flooding and water-saving irrigation) were compared against
rainfed cultivation. Actual transpiration of the flooding and water-saving irrigation was 9 % and 4 % higher in
the intermediate and high rainfall scenarios while it was 30 % and 20 % higher in the low rainfall scenario
compared to the rainfed treatment. The largest deep percolation loss was 12700 mm per season for flood irri-
gation in the low rainfall scenario, whereas the lowest one was 349 mm for the rainfed treatment in the low
rainfall scenario. Changing from flooding to water-saving irrigation increases water productivity by an average of
9 % and decreases relative grain yield by 5-12 %. Water productivity based on bottom flux increased on average
by about five times (high rainfall scenario) to ten times (low rainfall scenario) when comparing flooding with
water-saving irrigation. Results suggest that saving irrigation based on crop transpiration can reduce deep
percolation losses and increase water productivity in the rice-growing areas of the Brazilian Cerrado.

1. Introduction

Rice is one of the most produced commodities in Brazil (over 10 Mt in
2021/22), with 92 % of the production coming from lowland irrigated
agrosystems (CONAB, 2022). The country’s largest rice cultivation area
is located in the subtropical lowlands in South Brazil, which account for
83 % of the national annual production. Farmers in South Brazil employ
the traditional method of continuously flooding fields throughout the
crop season, which is also the most practiced strategy worldwide [e.g.,
California Valley (Perry et al., 2022), Mekong Delta (Tong, 2017), Indo
Gangetic Plain (Choudhury and Singh, 2016)]. Rice is the staple food in
South America, and due to the increasing demand for its consumption,
rice cultivation in Brazil has expanded to new agricultural areas since
the early 2000s (Fig. 1). Many growers employ the management prac-
tices such as continuous flooding suited to the traditional regions in
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these new areas without having proof of whether they are the best op-
tion, whereas continuous flooding may often lead to productivity losses
or overusing of natural resources.

Water ponding occurs on top of the soil surface when rainfall or
irrigation intensity exceeds soil infiltration capacity. Water management
and use in flood irrigation are highly sensitive to soil hydraulics and
internal drainage characteristics. Lowland Cerrado soils do not present
the typical dense and impermeable layer below the root zone that re-
stricts water percolation in traditional rice-growing regions (Bouldin,
1986) but may contain plinthite and a textural gradient that reduces
water infiltration rate and helps to keep the soil water content
near-saturation (Embrapa, 2008). Depending on the soil attributes and
the agricultural practices employed by the farmer, flood irrigation in the
tropical floodplains of the Cerrado biome can demand a large amount of
water. Up to 35 mm d~! of water is needed to maintain the ponding
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layer in the flooding condition in tropical lowland soils (Embrapa,
2008), which is substantially higher than the requirements for sub-
tropical soils - from 6 to 15 mm a! (SOSBAL, 2018). The rainfall regime
affects the quantity of water needed for continuous flood irrigation.
During the wet season, the water table level can be close to the soil
surface in lowland Cerrado soils and its presence affects soil drainage. If
the water table level is close to the soil surface, the drainage is poor,
benefiting the formation of a ponding layer over the soil surface.
Therefore, the suitability of using flood irrigation in the lowland areas of
the Brazilian Cerrado needs a better evaluation focusing on the recom-
mendation of sustainable irrigation management.

Irrigation strategies like shallow-wet irrigation, controlled irrigation
(Zhuang et al., 2019), intermittent flooding, alternating wetting and
drying (Carracelas et al., 2019; Yamaguchi et al., 2019), and irrigation
based on soil water content or matric potential (Singh et al., 2021;
Kadiyala et al., 2015; Kukal et al., 2005) are some of the alternatives to
continuous flooding that can save water in lowland rice production.
Wang et al. (2020) concluded that for rice paddies in China, alternating
wetting and drying irrigation slightly benefited yield and reduced the
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amount of water needed. Zhuang et al. (2019) indicated that using
controlled irrigation, in which surface water is maintained only in the
“turning green” and the “early tillering” stages, had the highest average
water-saving rate and the highest average pollutant reduction rate in
paddy fields in China. Borja Reis et al. (2018a, 2018b) experimentally
evaluated irrigation methods for rice cultivation in lowland areas of the
Cerrado. They concluded the rainfed (aerobic) rice systems had equiv-
alent or better crop performance and water productivity than other
irrigation regimes. However, Borja Reis et al. (2018a, 2018b) did not
consider different soils and climate scenarios. Few studies on rice irri-
gation have been carried out in the Brazilian tropical floodplains and,
therefore, more investigations are needed to assess the rice performance
response to the irrigation regime.

Field experiments can help analyze irrigation management con-
cerning soil characteristics and rainfall regimes, but they are expensive
and labor-intensive. Process-based simulation models such as SWAP
(Kroes et al., 2017), DAISY (Hansen et al., 1990), and HYDRUS (Siminek
et al., 2008) are recommended to evaluate scenarios in which it is
necessary to obtain data in the short term and at a relatively low cost.

50-141
B 141 -320
B 320-638

Fig. 1. Rice production (metric ton) in Brazil per municipality in 2020 (IBGE, 2022), traditional (subtropical lowland plains), and new (tropical lowland plains)

rice-growing regions.
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The SWAP model has been used in several agricultural research projects
(Gelsinari et al., 2021; Bonfante et al., 2020; Ismail et al., 2020; Pinheiro
etal., 2019; Yuan et al., 2019; Kroes et al., 2019; Taufik et al., 2018) and
has shown its effectiveness in describing soil water dynamics and
applicability to case studies of crop performance in Brazil (Melo and De
Jong van Lier, 2021; Turek et al., 2020; Pinheiro et al., 2016; Durigon
etal., 2012). The SWAP model contains the detailed crop growth routine
WOFOST (De Wit et al., 2019) developed to simulate potential yields
and water-limited yields and applied for over two decades as part of crop
yield forecasting operating systems.

We hypothesize that conservative or water-saving irrigation methods
could be employed to improve rice cultivation in the tropical floodplains
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of the Brazilian Cerrado area by significantly reducing the use of water
with little or no yield penalties compared with traditional irrigation
management (flood irrigation). In this context, we carried out model
simulations to evaluate the performance of rice cultivation in these areas
in response to flooding and water-saving irrigation treatments. Our
objective was to assess soils with distinct hydraulic properties and
cultivated with rice crops regarding water use and crop productivity
under various rainfall and irrigation amounts.

® Sites
I Rice fields
— Rivers
Soil class

25 50km

Fig. 2. Location of the soil sampling experimental sites (sites 1-3) on a soil map. Soil types use acronyms from the Brazilian Soil Classification System (Santos et al.,
2018a, 2018b). Classes correspond to the WRB (FAO, 2006) Plinthosols (FF, FT, and FX), Gleysols (GX), Ferralsols (LA, LV, and LVA), Acrisols (PVA), Leptsols (RL),
and Arenosols (RQ). The soils at sites 1, 2 and 3 are Plinthosols. Rice fields refer to the season 2019/2020.
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2. Materials and methods
2.1. Experimental data

Experiments were carried out in the municipality of Lagoa da Con-
fusao, State of Tocantins, in Northern Brazil (10°46'39.80" S;
49°55'20.94” W) during the years 2014, 2015, and 2016. Two seasons of
rice cultivation were chosen for the experimental measurements: 1)
Season 2014,/2015, from November 18, 2014, to March 20, 2015; and 2)
Season 2015/2016, from December 9, 2015, to April 7, 2016. See Borja
Reis et al. (2018a, 2018b) for more information on the experimental
design.

Three locations (site 1, Lagoa da Confusao 10°46/39.80" S;
49°55'20.94"” W; site 2, Unitins 12°0’ S 49°41’ W; site 3, Urubu 10° 53'S
49° 39’ W) of different soil types were selected for soil sampling (Fig. 2).
Undisturbed soil samples were taken from the soil layers 0-10, 10-20,
20-40, 40-90 cm in each of the three sites to determine the soil hy-
draulic parameters 65, 0,, n and o (Table 1).

2.2. The SWAP hydrological model

2.2.1. Water flow and balance

The SWAP hydrological model (Kroes et al., 2017) is a Richards
equation-based model that simulates water, solutes, and heat transport
in the soil vadose zone. SWAP transport processes are predominantly
vertical (one-dimensional), and the model simulations are at the field
scale. The vertical domain of the model ranges from just above the
canopy to the shallow groundwater.

The Richards equation in one dimension added by the sink terms S is
implemented in SWAP to calculate the water movement in the soil
matrix (Van Dam and Feddes, 2000) as follows:

C(h)% = a% {K(h) (3—? + 1)} —S(h) @

where C is the differential water capacity (06/0z) (cm_l), 0 (cm®em ™) is
the volumetric soil water content, t (d) is time, and S (cm®em3d Y is
the water extraction rate by plant roots. SWAP uses the Richards
equation for describing water flux in the unsaturated and saturated
zones of the soil and solves Eq. 1 numerically, using the relations be-
tween 0, h, and K, with the Mualem-Van Genuchten functions, 6(h) and K
(h) (Mualem, 1976; Van Genuchten, 1980).

Table 1
Soil water retention parameters and saturated hydraulic conductivity of the
three experimental sites.

Depth (em)  6;(cm®cm™3)  6,(cm®em™) n afem™) K, (cmd™)
Site 1

0-10 0.59 0.00 1.22 0.0049 54
10-20 0.51 0.00 1.25 0.0026 31
20-40 0.50 0.00 1.21 0.0014 19
40-90 0.44 0.00 1.28 0.0004 10
Site 2

0-10 0.37 0.00 1.51 0.0002 13
10-20 0.40 0.00 1.54 0.0003 13
20-40 0.45 0.00 1.26 0.0012 17
40-90 0.43 0.00 1.26 0.0006 12
Site 3

0-10 0.35 0.18 1.51 0.0050 14
10-20 0.35 0.00 1.25 0.0034 9
20-40 0.33 0.00 1.30 0.0020 12
40-90 0.36 0.00 2.06 0.0002 9

Note: 0, saturated soil water content; 0,, residual soil water content; n and a,
shape parameters of the soil water retention curve (Van Genuchten, 1980); K,
saturated hydraulic conductivity.
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2.2.2. Plant module

In this study, the detailed crop model available in SWAP was used to
simulate crop growth performance in irrigated rice fields. The detailed
crop module is an adaptation of the World Food Studies (WOFOST)
model (Boogaard et al., 2014) and simulates absolute productivity. The
prediction of potential production is determined by solar radiation, air
temperature, CO; concentration in the atmosphere, crop characteristics,
and planting date. It requires plant biometrics, CO, assimilation, dry
matter partitioning data, and other crop information. SWAP-WOFOST
simulates the reduction of potential crop productivity due to water,
salinity, and nutrient deficit (Kroes et al., 2017). The transpiration
reduction function of Feddes et al. (1978) rules the reduction in crop
productivity due to water stress. Nutrient deficiencies and salinity were
not considered limiting factors to crop performance.

2.2.3. Soil evaporation

Soil evaporation E (cm d 1) is predicted in SWAP using the Penman-
Monteith equation (Monteith, 1981). For wet soil or in ponded condi-
tions, the actual soil evaporation simulated by SWAP equals the poten-
tial soil evaporation E,. When the soil gets drier, the soil hydraulic
conductivity decreases, and the evaporation is reduced to the actual
evaporation rate (E;) (Kroes et al., 2017). In SWAP, the maximum
evaporation rate sustained by the topsoil, E;q, (cm d’l), is calculated
according to Darcy’s law (Eq. 2).
Ram — Iy Zl> 2)

Epee = — K12 < 2
where K 5 is the average hydraulic conductivity (cm d~!) between the
soil surface (hgem) and the first soil compartment (hy) in SWAP, hgyy is the
soil pressure head (cm) in equilibrium with the air relative humidity, h;
is the soil water pressure head of the first soil compartment, and z; is the
depth (cm) at the middle of the first soil compartment. hgpy, is initially
equal to — 2.75.10° cm in SWAP and is updated according to the at-
mospheric and soil water conditions. z; is automatically calculated ac-
cording to the soil compartments chosen by the model user.

2.2.4. Bottom boundary condition

The free drainage bottom boundary condition was used in this study.
In this lower boundary condition, water is considered to move vertically
by gravity alone, under a unit hydraulic head (0H/0dz) gradient. Conse-
quently, a bottom flux (gpe) equal to the saturated hydraulic conduc-
tivity of the lowest soil compartment (K.) is established:

0H o0z

—=—"=1

0z 0z )
Gbor = — Kie @

Eq. (3) indicates that only the gravity potential influences the soil
water movement in the bottom of the soil profile, i.e., the hydraulic head
H equals z (0H/dz = 1). Eq. (4) is the Darcy equation for water flux
considering water moves only with the gravitational potential.

2.3. Data input

Soil water retention curves were obtained by measuring the soil
water content after submitting soil samples to pressure heads of — 10,
— 20, — 60, — 330, — 1000, — 3000, and — 15,000 cm in porous plate
pressure chambers. The Van Genuchten (1980) model was fitted to 6-h
data pairs for each of the four sampled soil layers using the RETC soft-
ware (Van Genuchten et al., 1991). RETC generates the means, standard
deviations, and the correlation matrix of the Van Genuchten parameters
0, O, a, and n. Table 1 shows the mean values of the Van Genuchten
parameters for the three sites and four analyzed depths. Fig. 3 shows the
mean retention curves of the three study sites, in which each curve was
built with the mean of 6-h pairs obtained for the four depths. Saturated
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Fig. 3. Soil water retention curves of the three study sites. Each curve was built
with the mean of 6-h pairs obtained for the four analyzed depths. Soils at all
three sites are classified as Plinthosols.

hydraulic conductivity K (Table 1) was obtained by Neural Network
Analysis (Rosetta software, v. 1.1) using soil texture, dry bulk density
(complementary material), and water content at pressure heads of
— 330 cm and — 15,000 cm as inputs. Most SWAP crop-file parameters
(Table 2) were taken from the WOFOST data set online (De Wit, 2022).

Table 2
Plant parameters used in the simulation with SWAP-WOFOST.
Description Parameter  Rice Unit
Plant factor (maximum value) CFnax 1.20 cm
Temperature sum from emergence to Tsumea 1250* °C
anthesis
Temperature sum from anthesis to Tsumam 690* °C
maturity
CO, assimilation rate (maximum value)  Apax,a 47 kg ha'h!
Extinction coefficient for diffuse visible kai 0.40
light
Extinction coefficient for direct visible kair 0.75
light
Light use efficiency € 0.48* kgha ' h™!
Jlgm?s7?
Efficiency of conversion into leaves Cy 0.78 kg kg ™!
Efficiency of conversion into storage Cyo 0.79 kg kg ™!
organs
Efficiency of conversion into roots Cyr 0.72 kg kg-!
Efficiency of conversion into stems Cys 0.69 kg kg™?
Relative increase in respiration rate Ri 2.00 kg CH,0 kg !
with temperature d?!
Relative maintenance respiration rate of Ry 0.03 kg CH0 kg’1
leaves d!
Relative maintenance respirationrate of Ry 0.002 kg CH,0 kg™!
storage organs d?!
Relative maintenance respirationrate of Ry, 0.010 kg CH20 kg 1
roots d!
Relative maintenance respiration rate of Ry 0.015 kg CH,0 kg™?
stems d?!
Relative death rate of leaves due to Pg 0.03 d!
water stress (maximum value)
Critical pressure heads** h 100 cm
hy 55 cm
ha 55 cm
hsn -460 cm
hs -530 cm
hy -16000 cm
Interception coefficient a 0.25 cm
Root depth (maximum value) Rram 35 cm

* Parameters fitted during calibration.
** hy , and h3 | were obtained from the experimental measures presented in
Santos et al. (2018a, 2018b). hy was set according to Singh et al. (2006).
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2.4. Model calibration and validation

Two datasets of experimentally obtained values of field water con-
tent 0 (Borja Reis et al., 2018a, 2018b) were used to evaluate model
performance. The first dataset refers to 6 values measured with six
replicates between December 1 and December 20, 2014; the second data
set refers to 6 measurements with two replicates between January 20
and April 7, 2016. The first dataset corresponds to irrigation methods
employed in the studies of Borja Reis et al. (2018a, 2018b). Only the
interval of rainfed rice cultivation (the first 25 days of cultivation
approximately) was considered for model calibration in the 2014/2015
season because SWAP requires daily irrigation quantities for simula-
tions. Such data were not available in the studies of Borja Reis et al.
(2018a, 2018b). The second dataset consists of continuous measure-
ments of O in two different plots of rainfed rice cultivation in the
2015/2016 season and was used to validate the model.

A few crop parameters were selected to be fitted manually in the
calibration step of the crop module of SWAP (WOFOST). The calibrated
parameters were the temperature sum required to complete the vege-
tative stage (Tsymeq), the temperature sum needed to complete the
reproductive stage (Tsumam), and the light use efficiency (¢). Data of leaf
area index (LAI), aboveground biomass (AGB), and soil water content (0)
measured experimentally at site 1 with no irrigation during the 2014/
2015 season were used to assess the effectiveness of the model to
simulate LAI, AGB, and 0 in the calibration step. The simulated values
were compared with experimentally obtained values during the season
2015/2016 in the validation procedure of the model.

Stochastic simulations with SWAP were performed to obtain the
confidence interval in which the experimental values of 0 should be
situated and to determine the quality of the simulations. The means,
standard deviations, and the correlation matrix of the soil hydraulic
parameters obtained from the fit of the experimental 6-h pairs to the Van
Genuchten model generated a dataset of ten thousand (10,000) re-
alizations of 6;, o, and n for each soil type and soil layer. Stochastic re-
alizations of the Van Genuchten parameters were obtained using the
Cholesky decomposition technique (Pinheiro and De Jong van Lier,
2021), considering the correlation matrix between soil hydraulic pa-
rameters. Each generated realization of the parameters 6;, a, and n was
used in SWAP to simulate a complete rice cultivation season. As a result,
10,000 simulated values of & were obtained for each day of the rice
season. The 5th, 50th, and 95th percentiles were selected from these 0
values, and an interval of 0 data was created, representing the most
probable results of 0 for the two simulated scenarios (seasons
2014/2015 and 2015/2016). The 5th, 50th, and 95th percentiles limits
for the simulated 0 validated the model simulations.

2.5. Statistical analysis

The Root Mean Square Error RMSE (Eq. 5), the index of agreement
d (Eq. 6), and the Nash-Sutcliff model efficiency NSE (Eq. 7) were used
for quantifying the quality of the model calibration and validation.

n 2

RMSE = L (P=0) (z —0) (5)
Z;l:l(P_ 0)2

d=1- _ 6

S (P— 0+ 10— 0) ©

n 2

NSE = pM )
?:1 (0 - 0)

where n is the number of values used for the calculations, P is the soil
water content 0 predicted by SWAP, O is the 6 measured experimentally,
and O is the average of the measured 6 values.

The 50th percentile of the stochastic simulation was used for
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calculating the RMSE, d, and NSE. The RMSE is the standard deviation of
the residuals and measures how spread-out these deviations are. RMSE
has the same unit of measurement of the variable from which the re-
siduals are calculated. The index d measures the agreement of the model
simulations to the experimental values. The dimensionless d has a
minimum value of 0, indicating no concordance, and a maximum of 1,
indicating a perfect agreement. NSE is also dimensionless, and it can
assume values between -co and 1. NSE equal to 1 means the model
perfectly fits the experimental values, and an NSE lower than 0 means
that the average of the experimental observations is a better prediction
than the model prediction (Groenendijk et al., 2014).

2.6. Simulation scenarios

Twenty-seven scenarios of rice cultivation, resulting from the com-
bination of three soil types (Table 1), three irrigation treatments, and
three rainfall regimes, were evaluated with the calibrated and validated
SWAP/WOFOST model. The simulated treatments were:

1. Rainfed: no irrigation, only rainfall;

2. Water-saving irrigation (back to field capacity irrigation), in which
the model adds water automatically to the system to return the soil
water storage to field capacity (h = —100 cm) every time the relative
transpiration falls below 95 %;

3. Flood irrigation: daily irrigation maintains a water layer of 6 cm over
the soil surface during the cropping season, simulating the flooding
conditions of the field experiment.

Rainfall regimes were obtained from weather stations located in the
State of Tocantins, Brazil. Each rainfall amount was relative to periods of
120 days, from November to April, between 2006 and 2020. The rainfall
amounts selected for the simulations were 1501 mm, 952 mm, and
510 mm, and correspond to high (maximum), intermediate (median),
and low (minimum) rainfall scenarios, respectively.

2.7. Relative grain yield

Relative grain yield Y, (%) is the ratio between the simulated actual
grain yield Y, and potential grain yield Y,. The simulated rice Y, is
affected by water availability from rainfall and irrigation and water
scarcity. In its term, Y}, is only affected by the radiation fluxes above the
canopy, air temperature, and crop partitioning factors responsible for
dry matter partitioning and growth respiration (Kroes et al., 2017).

2.8. Water productivity

Water productivity WP (kg m ), in general terms, is the rate of dry
matter produced per unit volume of water used. Grain yield can be used
instead of dry matter production. The amount of water used can be
replaced by crop transpiration, the sum of evaporation and crop tran-
spiration, or even the sum of rainfall and irrigation amounts (Vazife-
doust et al., 2008). In this study, water productivity is:

i) the ratio of the simulated grain yield Y and transpiration T (Eq.
8):

Y
WPr == (8

ii) the ratio of measured grain yield Y and evapotranspiration ET
(Eq. 9):

Y
WPgr = T (C))
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iii) the ratio of simulated grain yield and evapotranspiration ET and
bottom water flux Q, i.e., deep percolation loss per season (Eq.
10):

Y
WPgrg = ETO (10)

Eq. 8 provides the physiological performance of the crop and is
related to the diffusion rates of CO, and HoO molecules through the
stomata. Eq. 9 and Eq. 10 consider the loss of water by evaporation and
by deep percolation, respectively.

3. Results and discussion
3.1. Model calibration and validation

Fig. 4 shows the results of soil water content () obtained experi-
mentally and simulated by SWAP for two intervals of rainfed rice
cultivation at site 1. The peaks in 0 correspond to the rainfall events,
some of which reached more than 100 mm in one day. The 6 peaks are
more frequent in the 2015/2016 season (Fig. 4B), whereas the 6
observed remains relatively constant in the 2014/2015 season
(Fig. 4 A). Due to the constancy of the average 6 obtained experimen-
tally in the 2014/2015 season (Fig. 4 A), the average of observed 0 was a
better predictor than the model during this interval (NSE < 0). None-
theless, most of the observed 6 is within the p5 and p90 limits (per-
centiles 5 and 90, respectively). In contrast, RMSE and d indexes for the
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Fig. 4. Soil water content (0) simulated (percentiles p5, p50, and p95) and
measured experimentally (markers) by Borja Reis et al. (2018b) during seasons
2014/2015 (A) and 2015/2016 (B), together with daily rainfall amount (P).
p50, the 50th percentile (median); p5, the 5th percentile; and p95, the 95th
percentile of the 6 values simulated with the SWAP model. RMSE is the root
mean square error, d is the index of agreement, and NSE is the Nash-Sutcliff
model efficiency index.
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2015/2016 season showed satisfactory model performance during this
simulated period. The statistical indexes RMSE, d, and NSE of the 2015/
2016 season confirm the agreement of 6 simulations with experimental
data.

Fig. 5 A and Fig. 5 C show the results of leaf area index (LAI) and
aboveground biomass (AGB) simulated with SWAP after calibration of
plant parameters. Fig. 5B and Fig. 5D show the results of the same
variables after model validation. LAI and AGB simulations show that
SWAP simulations effectively predicted the plant performance in both
cycles. Rice grain yield simulated with SWAP/WOFOST was
9030 kg ha™! in 2014/2015 and 7135 kg ha™! in 2015/2016. Grain
yield amounts obtained experimentally were 10576 kgha ! and
8531 kg ha™!, respectively, for seasons 2014,/2015 and 2015/2016. The
differences between simulated and observed grain yield may be because
SWAP does not include any effect of suboptimal soil fertility, which may
have had some effect on rice growth.

3.2. Simulation scenarios

3.2.1. Water balance

The water balance components for all irrigation treatments and soil
combinations are shown in Fig. 6. In the water-saving treatments, the
highest irrigation amount was 754 mm for site 3 in the low rainfall
scenario, and the lowest one was 46 mm for site 2 during the high
rainfall scenario. The highest irrigation amount applied in flooding was
12754 mm (106 mm d V) for site 2 in the low rainfall scenario, and the
lowest one was 8247 mm (69 mm dfl) for site 3 in the high rainfall
scenario. The smallest water amount used in flood irrigation was 10
times higher than the largest amount used in water-saving irrigation
treatments.

The highest deep percolation loss per season (Q) within the water-
saving irrigation treatments was 2063 mm (site 3) in the high rainfall
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scenario; within the flood irrigation treatments, the highest Q was
12675 mm (site 2) in the low rainfall scenario. The lowest Q was
349 mm for the rainfed treatment at site 2 in the low rainfall scenario,
which is very close to Q for site 1 with no irrigation and low rainfall
conditions (Fig. 6). The Q values obtained in this study were larger than
those measured experimentally in traditional rice fields. LaHue and
Linquist (2021) obtained percolation rates for Californian rice fields
from 0.04 to 69.5 mm per season and an average of 1306 mm total water
input (rainfall + irrigation). Castaneda et al. (2002) measured a perco-
lation of 128 mm in rice fields cultivated in the Philippines during the
dry season and 68 mm during the wet season, being the total water input
of 1370 and 1325 mm, respectively.

As no experimental data on the groundwater level (GWL) were
available, the lower boundary condition used in SWAP was free
drainage, i.e., the bottom water flux was considered equal to the soil
saturated hydraulic conductivity of the lowest soil compartment (Sec-
tion 2). Using this boundary condition, the GWL is simulated and
modulated by rainfall, infiltration rate, and the hydraulic conductivity
of the bottom compartment. In our simulations, the GWL stayed below
the rooting depth (around 1 m) for most of the simulated period, coming
close to the soil surface only for a few days after high-intensity rain
events. The detachment of the GWL from the vadose zone or even the
soil surface may be the reason for the high values of Q obtained in flood
irrigation treatments. Additionally, SWAP simulated only vertical soil
water fluxes. A relatively small lateral seepage may have occurred in
flooded rice fields (LaHue and Linquist, 2019), but this study does not
consider lateral flow.

The average increases in T, during the intermediate and high rainfall
scenarios were 9 % and 4 % when comparing the results for actual
transpiration (T,) of the flood and water-saving irrigation treatments
with the rainfed treatment (Fig. 6). When the flood irrigation was
applied in the low rainfall scenario, T, increased by 30 % on average
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Fig. 5. Leaf area index (LAI) and aboveground biomass (AGB) simulated and measured during the 2014/2015 season (A and C) and the 2015/2016 season (B and D).
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compared with T, obtained in the rainfed treatment. When water-saving
irrigation was used in the low rainfall scenario, T, increased by 20 %
compared with the rainfed treatment. Therefore, irrigation is shown to
be needed in the low rainfall scenario to maintain crop transpiration and
optimize yield.

At site 3, significant increases in T, were observed comparing the
flood irrigation with the rainfed treatment. The increase in T, was 57 %
for the low rainfall scenario and 18 % for the high and the intermediate
rainfall scenarios. The soil water retention curve at site 3 may explain
the elevated sensitivity of T, to irrigation. This soil has the lowest water
storage capacity among the studied soils (Fig. 3). Since the soil water
availability is even lower in the dry season (low rainfall), the water
available to plants will be more limited than in other soils with greater
water storage capacity. With a continuous water supply, e.g., under
flood irrigation, water is available all the time and water storage ca-
pacity does not affect the transpiration which will be potential.

Soil evaporation E, increased when the flood irrigation was used
compared with the rainfed and the water-saving irrigation treatments
(Fig. 6). At site 2, E, increased from 95 mm (rainfed) to 165 mm (flood
irrigation) in the low rainfall scenario. The lowest E, increment occurred
at site 3, from 110 mm (rainfed) to 126 mm (flood irrigation) in the
intermediate rainfall scenario. E, in flooded rice is expected to be high,
almost equal to a free water surface. At site 3, E; decreased from 125 mm

(rainfed) to 108 mm (water-saving irrigation) in the low rainfall sce-
nario. Such a decrease in soil evaporation is related to the higher soil
cover by crop canopy in water-saving irrigation compared to the rainfed
treatment.

3.2.2. Grain yield and water productivity

Most of the simulated grain yields for the rainfed treatment were
significantly lower than the potential grain yield in the low rainfall
scenario (Fig. 7). The water-saving irrigation treatment did not signifi-
cantly increase the relative grain yield (Y;) compared with the rainfed
treatment in the low rainfall scenario for the three sites. The Y, of the
water-saving irrigation in the low rainfall scenario was at most (at site 1)
3 % higher than the grain yield in the rainfed treatment. The flood
irrigation treatment increased Y, from 8 % (site 2) to 25 % (site 3)
compared with other treatments in the low rainfall scenario (Fig. 7).
Grain yields simulated for site 1 and site 2 were similar to potential grain
yields (Y; between 94 % and 99 %) with or without irrigation for the
intermediate and high rainfall scenarios. Based on these results, irriga-
tion appears to be unnecessary in years with intermediate or high-
rainfall amounts. Nevertheless, flood irrigation would increase grain
yields for at least one of the sites (site 3) in years with low rainfall.

Regarding water use efficiency, Fig. 8A shows water productivity
considering only transpiration, WPr, Fig. 8B presents water productivity
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based on evapotranspiration, WPgr, and Fig. 8C shows water produc-
tivity based on the sum of evapotranspiration and deep percolation,
WPgrq. Simulations with low rainfall and rainfed treatment resulted in
the highest WPy values (from 3.7 to 4.2 kg m’g) (Fig. 8A), WPgr values
(from 2.5 to 2.7 kg m™ %) (Fig. 8B), and WPgrq values (from 0.8 to
1.3 kg m3) (Fig. 8 C). There was no difference between WP obtained
for the rainfed and the irrigation treatments, and there is no apparent
tendency in the values of WPy concerning the rainfall amounts (Fig. 8A).
Most WPy values were in the range of 2.0 and 2.5 kg m™~3, and only
three WPgy values were in the range of 2.5 and 3.0 kg m~3 (Fig. 8B),
which referred to the rainfed and water-saving irrigation treatments in
the low rainfall scenario. Water demand from flood irrigation is evi-
denced in the water productivity indexes calculated as WPgr and WPgrq.
These indexes consider soil evaporation and deep percolation (Q),
respectively, to estimate water productivity besides crop transpiration.
WPgrq values are mainly influenced by Q, and that is why the lowest
values of WPgrq were obtained in most of the high rainfall scenarios and
for all scenarios with flood irrigation (Fig. 8C). WPgrq of flood irrigation
treatment was 250 % lower than the second lowest WPgrq, which refers
to water-saving irrigation in the high rainfall scenario at site 3.

WPgr values agree with those calculated from field experiments in
tropical floodplains of the Cerrado biome in Brazil (Borja Reis et al.,
2018a, 2018b). However, WPgr values obtained in this study were
higher than values commonly obtained for irrigated rice, which are
between 0.4 and 1.6 kg m~3 (Zwart and Bastiaanssen; , 2004; Tuong and
Bouman, 2003; Dossou-Yovo and Saito, 2022). However, Mainuddin
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et al. (2020) reported average WPy values of 1.60 kgm™' and
1.78kgm™> in two years, with the maximum reaching around
3.0kgm~3. WPgrq values obtained in this study are also similar to WP
values reported by Singh et al. (2006) for rice crops in India.

An ideal irrigation management should result in high crop produc-
tivity with optimal water use recommended by a combined assessment
of water productivity and grain yield. From our results, changing from
flood irrigation to water-saving irrigation or rainfed treatment increases
WPgr and WPgrq, while the relative grain yield is little affected as a
function of irrigation treatment for two of the three evaluated sites
(Fig. 9). Flood irrigation treatment resulted in large deep percolation
losses, which explains why WPgr is significantly affected by changing
from flooding to water-saving or rainfed treatments. Rainfed treatment
showed that the grain yield is reduced considerably (23 %) at site 3
when the rainfall amount is low. However, water-saving irrigation
increased WPgr and WPgrq while grain yield was reduced by 13 %,
which is almost half of the Y, reduction when changing from flood
irrigation to rainfed treatment. Therefore, from a combined assessment
of grain yield and water use efficiency, water-saving irrigation is a
promising method for rice cultivation in the lowland region of Cerrado,
Brazil.

4. Conclusion

In the tropical floodplains of the Brazilian Cerrado, flood irrigation
results in the highest grain yields but the lowest water use efficiency.
This irrigation method is only recommended when rainfall is very low
(below 500 mm per season) and if maximization of grain yield is pref-
erable over water use efficiency. Choosing the water-saving irrigation
method rather than the flood irrigation method increases water pro-
ductivity by about 10 % and penalizes the rice grain yield by 5-13 %.
Hence, as an alternative to the traditional method of flood irrigation
employed in South Brazil, a more sustainable irrigation method based on
crop transpiration is recommended for increasing the water use effi-
ciency of rice production in Northern Brazil.
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