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Impact of soil water regimes 
and partial root‑zone drying 
in field‑grown papaya in semi‑arid 
conditions
Dionei Lima Santos1*, Eugênio Ferreira Coelho2, Rubens Alves de Oliveira3, 
Roberto Filgueiras3, Márcio da Silva Alves6, Weverton Pereira Rodrigues5, 
Eliemar Campostrini4, Antônio Hélder Rodrigues Sampaio7, 
João Batista Ribeiro da Silva Reis8 & Fernando França da Cunha3

This study aimed to evaluate in the papaya Tainung genotype, the effects of partial root‑zone drying 
(PRD) technique on soil water regimes by using different frequencies of shifting irrigation‑side of 
plant row and the effects of PRD technique on (1) crop agronomic performance, (2) titratable fruit 
acidity (TA), (3) total soluble solids (TSS), and TSS/TA ratio. Also, we analyze the spatial dynamic of 
papaya condition using normalized difference vegetation index (NDVI) from different satellite images. 
The study was conducted in the semi‑arid region of Bahia (BA) and Minas Gerais (MG), Brazil. The 
combination of 100% (Full irrigation—FU), 50%, and 35% in the irrigation depth (WID) and frequencies 
of shifting plant‑row side irrigation of 0 (Fixed Irrigation—FX), 7, 14, and 21 days were applied. Nine 
treatments were studied in BA and five in MG. The water available in the soil was reduced to 44% 
for frequencies of shifting plant‑row side irrigation of 7 days, 50% for 14 days, and 85% for 21 days, 
compared to the soil water availability at field capacity. Partial water deficit in the soil through the 
PRD technique did not significantly reduce the total root length, effective root depth, and root 
effective horizontal distance of the papaya Tainung genotype. However, PRD treatments showed leaf 
abscission, which resulted in reduced leaf area and NDVI values, especially in the MG experiment. 
Papaya yield and fruit quality were not affected. However, except for PRD 21 35%, irrigation water 
depth reduced to 50 and 35% under PRD increased crop water productivity (CWP) in papaya plants. 
Thus, the PRD technique may save 35% of WID using the alternation of lateral shift irrigation of crop 
row every 7 days under water scarcity in semi‑arid regions. The NDVI index was important to compare 
the papaya canopy vigor between the experimental areas studied. We also confirmed the potential of 
NDVI to monitor the vigor of papaya canopy, since we could notice the sensibility of NDVI to identify 
water stress in papaya in higher vapor pressure deficit (VPD) conditions occurred in October 2016 and 
January 2017 in Bom Jesus da Lapa‑BA. Therefore, the PRD strategy can be a useful tool to save water 
in papaya cultivation under semi‑arid conditions.
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Developing countries are expected to be more negatively affected by ongoing climate changes, mainly owing to 
rising temperatures and extreme drought  episodes1,2. Brazil, a developing country, is among the ten countries 
with the largest irrigation area in the  world3,4. From 1960 to 2015, irrigated areas in Brazil increased substantially, 
from 462 thousand hectares to 6.95 million hectares (Mha), and can expand more than 45% until 2030, reaching 
10  Mha3. However, in both public and private irrigation projects, the consumption of water without technical 
criteria by farmers has negatively contributed to water resources  sustainability5,6. Thus, these scenarios point to 
the urgent search for strategies of rational use of water in irrigated agriculture, especially considering that irriga-
tion uses about 70% of all the freshwater consumed in the  world7. The partial root-zone drying (PRD) technique 
has been showing as an alternative to increase crop water productivity (crop yields divided by the amounts of 
water  supplied8) when compared to the conventional methods of irrigation  management6,9–13. PRD consists of 
alternating the root system’s irrigated side, i.e., while one part of the roots is irrigated, another part is exposed 
to soil  drying9. According to  previous14, drying the soil on one side induces the roots to produce abscisic acid, 
which is translocated through the xylem vessels to the leaves, reducing stomatal opening and transpiration.

Under a semi-arid condition in northern Iran, orange trees subjected to the PRD technique using 50% and 
75% of full irrigation, alternating the side in each irrigation event, did not show reductions in fruit yield and 
 quality15. Additionally, orange orchard subjected to irrigation depths of 50% and 100% of crop evapotranspira-
tion (ETc), with the lowest irrigation depth applied in the PRD regime, increased fruit yield by 20% and 10% 
in 2013 and 2014,  respectively16. Moreover, research carried out with banana cultivation, regardless of the soil 
type, showed that the interval of alternation of the irrigated side was decisive in reducing the volume of water 
applied, so that frequencies of 14 and 21 days caused substantial reductions in banana yield compared to 7  days6.

Although several studies have been conducted on the PRD technique, there are still knowledge gaps for dif-
ferent types of soil, climate and crops, to determine the feasibility of the PRD technique to  farmers17,18, especially 
for some fruit trees, such as  papaya10,13,19. Few studies have considered PRD techniques in papaya plants under 
controlled conditions (i.e., under greenhouse  condition9,10), while PRD studies under papaya field conditions 
have just recently  started10,13,19,20. This study reported that the PRD technique using irrigated side alternation 
frequency each 7–14 days with a 35% reduction in the irrigation depth could be a feasible technique to increase 
water use efficiency under semi-arid conditions.

The lack of high-throughput phenotyping tools is one of the bottlenecks that directly limit physiological 
measurements under field  conditions21. However, spatial analysis techniques such as remote sensing analysis can 
provide useful information on a spatial manner’s physiological performance. Remote sensing applications, mainly 
using vegetation indexes, such as the Normalized Difference Vegetation Index (NDVI), have shown potential in 
identifying and monitoring vegetation condition. This vegetation index is widely used to monitor crops, indicate 
production’s potential, and guide crop management  decisions22. The NDVI also improved methods for actual 
evapotranspiration  prediction23, showing its potential to investigate the PRD technique’s effects.

In 2017, the Brazilian production of papaya reached 1,057,101 Megagram (Mg), and the Northeast region was 
the largest producer (628,404 Mg), followed by the Southeast region (368,412 Mg). In the Northeast region, Bahia 
occupies the first position in production (368,875 Mg), and, of this total, 33.00% are produced in municipalities 
of the semi-arid region. The state of Minas Gerais occupies the fifth position in production in Brazil, with 71.37% 
coming from the semi-arid  region24.

Given the substantial production of papaya in the semi-arid region, precise and technical information on 
irrigation management strategies is relevant. It will maximize water use efficiency in irrigated fruit production, 
focusing on alternative strategies for more sustainable production. In this context, this work is a step forward 
to a previous  study13, aiming at improving our knowledge regarding PRD strategy in plant papaya under field 
conditions. This study aimed to evaluate the effects of the PRD technique on soil water regimes for different 
frequencies of shifting plant-row side irrigation as well as on the plant traits and fruit quality (specifically on 
titratable acidity—TA, total soluble solids—TSS, and TSS/TA ratio) of papaya cultivated in the semi-arid region 
of Bahia and the Minas Gerais States of Brazil. Also, we use conventional analysis to complement and better 
understand the impacts of PRD on papaya culture, and we also investigate it through a spatialized analysis using 
images from the Sentinel 2 and PlanetScope satellites. Thus, we hypothesized that decreasing the frequency of 
shifting plant-row side irrigation decrease the water availability, thereby increase root growth traits at the expense 
to reducing the shoot growth, fruit yield and quality and water productivity.

Material and methods
Experiments areas. The experiments were carried out in the Formoso Irrigation District (Bom Jesus da 
Lapa city) state of Bahia (BA) and Jaíba Irrigation District (Jaíba city) state of Minas Gerais (MG). Both sites are 
in two important regions of papaya production in Brazil (Fig. 1). The main methodological steps of collecting 
and processing data related to the experiments are presented in Fig. 2.

Experiment located in Bahia state. The experiment was carried out from January 2016 to May 2017 
[experimental field/Federal Institute of Education, Science and Technology (IF Baiano), 13°15′29″ S and 
43°33′7″ W, and altitude of 441 m] (Fig. 1). According to Köppen’s classification, the climate is BSh (hot climate 
of Caatinga), with rainy summer and dry  winter26.

The soil of the experimental area is classified as Latossolo Vermelho-Amarelo (Oxisol) with sandy clay loam 
textural  class27. The soil moisture content in field capacity was 0.290  cm3  cm−3, (ψsoil = −10 kPa), and the moisture 
content in permanent wilting point was 0.185  cm3  cm−3, (ψsoil = −1500 kPa). The field capacity and permanent 
wilting point were determined according to the methodology proposed by previous  study28, from 5 samples at 
depth 0.0–0.4 m from the experimental area.
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Figure 1.  Location of the experiments showing the cities which each one is inserted, the proximity of both in 
relation to the São Franscisco river and their location in relation to the Brazilian semiarid region. The figure 
was elabored using the open source software  QGIS25  using the Basemap: Google Satellites (obtained through 
QuickMapServices QGIS plugin), Map data ©2015 Google (https:// www. google. at/ permi ssions/ geogu ideli nes/ 
attr- guide. html).

Figure 2.  Step-by-step flowchart to show the stages of implementation, collection and analysis of data from the 
experiments.

https://www.google.at/permissions/geoguidelines/attr-guide.html
https://www.google.at/permissions/geoguidelines/attr-guide.html
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Carica papaya L. seedlings (Tainung 01 genotype, from ‘Formosa’ group) were transplanted on January 5, 
2016, at a spacing of 3.8 m × 2.0 m. The experiment followed a randomized block design with nine treatments 
and four replicates. Each replicate consisted of seven plants, with five usable plants. The treatments were based on 
the reduction of 50 and 35% of the full water irrigation depth (WID) and frequencies of shifting plant-row side 
irrigation of 0 (Fixed Irrigation—FX), 7, 14, and 21 days. Zero frequency represents water application on only 
one side of the plant [fixed irrigation (FX)] during the crop cycle (Fig. 3). As a result, it was possible to obtain 
the following combinations: PRD 7 50%—alternation every 7 days along the whole cycle, with 50% reduction 
in WID; PRD 7 35%—alternation every 7 days along the whole cycle, with 35% reduction in WID; PRD 14 
50%—alternation every 14 days along the whole cycle, with 50% reduction in WID; PRD 14 35%—alternation 
every 14 days along the whole cycle, with 35% reduction in WID; PRD 21 50%—alternation every 21 days along 
the whole cycle, with 50% reduction in WID; PRD 21 35%—alternation every 21 days along the whole cycle, 
with 35% reduction in WID; FX 50%—fixed irrigation on one side of the plant with 50% reduction in WID; FX 
35%—fixed irrigation on one side of the plant with 35% reduction in WID; and FU Control—full irrigation, i.e., 
application of 100% WID throughout the cycle.

The experiment located in Minas Gerais state. In Minas Gerais (MG), the experiment was carried 
out from May 2016 to September 2017. It was conducted in the experimental field of the Agricultural Research 
Company of Minas Gerais (EPAMIG), in Jaíba city—MG, located in the semi-arid region of Northern Minas 
Gerais, (15°07′47″ S, 43°57′0.5″ W, and altitude of 551 m; Fig. 4). The climate of the experimental site is classified 
as BSh, according to the Köppen-Geiger  classification29.

Figure 3.  Treatments in the field conditions: F1—plant row side-shifting-frequency of 7 days, F2—plant row 
side-shifting-frequency of 14 days, F3—plant row side-shifting-frequency of 21 days, F4—only one plant-row 
side irrigated and F5—Both plant-row sides irrigated (100% WID).

Figure 4.  Placement of treatments in the field: T1—plant row side-shifting-frequency of 7 days (50% WID), 
T2–plant row side-shifting-frequency of 14 days (50% WID), T3—plant row side-shifting-frequency of 21 days 
(50% WID), T4—only one plant-row side irrigated (50% WID) and T5—Both plant-row sides irrigated (100% 
WID).
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The soil of the experimental area is a sandy loam, Typic Hapludalf  soil27. The soil moisture content in the 
field capacity was (ψsoil = −10 kPa) of 0.205  cm3  cm−3 and moisture content in the permanent wilting point 
(ψsoil = −1500 kPa) of 0.135  cm3  cm−3.The field capacity and permanent wilting point were determined according 
to the methodology proposed by previous  study28, from 5 samples at depth 0.0–0.4 m from the experimental 
area. Carica papaya L. seedlings (Tainung 01 genotype, from ‘Formosa’ group) was transplanted on May 24, 
2016, at a spacing of 3.8 m × 2.0 m.

The experiment followed a randomized block design with five treatments and five replications. Each rep-
lication had seven plants in each planting row, with five usable plants, and between replicates, one plant was 
considered a border. The alternating frequencies of plant-row side irrigation were 0 (Fixed Irrigation—FX), 7, 
14, and 21 days, and the zero-frequency represented water application on only one side of the plant during the 
papaya cultivation cycle (Fig. 3). The treatments studied were: PRD 7 50%—alternation every 7 days along the 
whole cycle, with 50% reduction in WID; PRD 14 50%—alternation every 14 days along the whole cycle, with 
50% reduction in WID; PRD 21 50%—alternation every 21 days along the whole cycle, with 50% reduction in 
WID; FX 50%—fixed irrigation on one side of the plant with 50% reduction in WID; and FU Control—full 
irrigation, i.e., application of 100% WID throughout the cycle.

Irrigation. A drip irrigation system with two lateral lines for row crop was adopted for all treatments, except 
for the FX, for which was adopted one lateral line. A total of six pressure-compensating emitters, with a flow rate 
of 4 L  h−1, were installed in each plant, three on each side. The lateral line was positioned at a 0.25 m distance 
from the planting row. This irrigation system configuration allowed an average wetted area of 38% and a distri-
bution uniformity of 95%.

Irrigation was applied daily to raise the soil water content to the superior limit of available water (field capac-
ity). This soil water replenishment was based on the crop water evapotranspiration that was obtained according 
to the reference evapotranspiration by the modified Penman–Monteith  method30 considering the crop coeffi-
cients recommended by previous  study31 and the localization factor (Eq. 1). The values of crop coefficient were 
established according to the vegetative stage of the papaya. Crop coefficient varied linearly between 0.63 and 1.05 
through the period of the experiment. Reference evapotranspiration was calculated daily using the data provided 
by the automatic meteorological stations from the National Institute of Meteorology (INMET, OMM: 86,672, 
and OMM: 86,720 codes), located in Bom Jesus da Lapa—BA and Jaíba city—MG, respectively.

where ETc, crop evapotranspiration for localized irrigation, mm  d−1; ETo, reference evapotranspiration, mm 
 d−1; Kc, crop coefficient, dimensionless; Kl, location factor, dimensionless.The location factor was calculated 
according to Eq. (2)2.

where Kl, location factor, dimensionless; SAP, shaded area percentage, %.
The time for irrigation for FU and all PRD 50% treatments in the experiment carried on Minas Gerais State 

has obtained by the ratio between ETc (mm) from Eq. (1) regarding the area  (m2) of one plant and the total flow 
rate (L  h−1) from six emitters per  plant33. The irrigation time for PRD 35% treatments in the experiment carried 
in Bahia State was 30% greater than the time calculated in the same way as FU and PRD 50% in the experiment 
carried in Minas Gerais. The two lateral lines remained on during the calculated irrigation time for FU treatment. 
Only one lateral line remained on during the irrigation events, in all other treatments either for PRD 50% or for 
PRD 35%. This operation was accomplished by using manual valves at the beginning of lateral lines.

Electric resistance sensors (Watermark. Irrometer Company, USA) were installed at a depth of 0.25 m, at a 
radial distance of 0.10 m from the emitter, and at 0.25 m from the plant stem at both sides of it. The use of sen-
sors evaluated soil water potential at two sides of the crop row in each treatment.

At all treatments, the soil water content was also evaluated as soil water availability by using Eq. (3).

where SWA, soil water available, %; θat actual soil water content,  cm3  cm−3; θcc, soil water content at field capacity, 
 cm3  cm−3; θpm, soil water content at the wilting point,  cm3  cm−3.

Cultivation practices. The seedlings were produced in a protected environment at Embrapa Cassava and 
Fruits, Cruz das Almas, BA, Brazil and subsequently taken to the experimental area. Three seedlings were trans-
planted per hole. The plants were arranged in 10 single rows, each row with 35 plants. Sixty days after the trans-
planting date, thinning was performed, and the most vigorous hermaphrodite plant was selected per hole. The 
use of plants in the present study complies with international, national and/or institutional guidelines.

Weeds were controlled by manually weeding in the plant rows and mechanically weeding between rows using 
a tractor-mounted mower.

As soon as the level of economic losses was reached, pests and diseases were controlled through the chemical 
method, by spraying insecticides of the Avermectin chemical group and Kumulus, and fungicides of the Score 
chemical group according to the recommendations of the manufacturers.

The fertilization of papaya was performed by fertigation events distributed at 15-days intervals during the 
months of the experimental treatments based on soil chemical analysis and recommendations from specific 
 literature34.

(1)ETc = EToKcKl

(2)Kl = 0.10(SAP)0.5

(3)SWA =

[

θat - θpm

θcc - θpm

]

100
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Papaya growth traits. In both experiments, 5 papaya plants per block were evaluated for height, stem 
diameter, and leaf area. Plant height was obtained by measuring the length from the soil surface to the apex of 
the plant using a graduated ruler. Stem diameter was determined from the circumference measured at 0.10 m 
height from the soil surface using a graduated ruler. Leaf area of the canopy was determined from the length of 
the central lobes of all leaves of the plant, according to Eq. (4), proposed by previous  study35.

where LA, single leaf area,  m2; L, length of the central lobe, m.
Root samples were collected at 240 days after transplanting the papaya seedlings to the experimental area, by 

the monolith  method36, longitudinally to the drip line. A sample of root of 1,000  cm3 were collected each block at 
the combinations of distances of 0, 0.20, 0.40 and 0.60 m from the plant stem and depths of 0.0–0.15, 0.15–0.30, 
0.30–0.45 and 0.45–0.60 m. After collection, the samples were placed in plastic bags and sent to the Irrigation and 
Fertigation Laboratory from Embrapa Cassava and Fruits. The roots from each sample were separated from the 
soil by washing with water and exposed to natural drying on a workbench. After drying, the roots were scanned 
using a transparent plastic, and the images were saved as TIFF (Tagged Image File Format) files. The TIFF files 
were subjected to the Rootedge  software37 to determine the total cumulative root length, effective depth, and an 
effective horizontal distance of the root system.

Fruit yield and quality. In both experiments, fruits were harvested weekly when they had less than 15% of 
the yellow peel color surface (maturity stage I)38. At harvest, they were weighed and identified in their respective 
treatments. The values obtained in the weighing procedures were converted to yield. The crop water productivity 
(CWP) was assumed as the ratio between fruit yield and crop  evapotranspiration39.

Four months after the beginning of the papaya harvest, four fruits were randomly selected in each treatment 
in both experiments. These fruits were taken to the Plant Physiology and Postharvest Laboratory from Embrapa 
Cassava and Tropical Fruits. It was evaluated the chemical attributes: titratable acidity (TA) and soluble solids 
(SS). The fruits were sanitized in the laboratory by washing with neutral detergent and subsequently stored until 
reaching maturity stage 5 (more than 75% of yellow peel).

Titratable acidity (TA) was determined by weighing 1 g of the fruit pulp in a beaker and then adding 30 mL 
of distilled water and three drops of phenolphthalein. Subsequently, the mixture was titrated with 0.1 N sodium 
hydroxide (NaOH) solution until it reached a light pinkish color, using the Metrohm-775 Dosimat semi-auto-
matic digital burette. The analyses were performed in duplicate, expressing the results in g of citric acid/100 g of 
 pulp40. Soluble solids were quantified by the direct refractometric reading of the degrees Brix of the sample, using 
a Kitler Mod. 113 handheld refractometer (0–32°), with a range of 0.2°. After, the SS/TA ratio was calculated.

Statistical analysis. The data of crop growth, titratable acidity (TA), total soluble solids (SS), SS/AT ratio 
of fruits, fruit yield, and water productivity of papaya from experiments carried in BA and MG were evaluated 
statistically for each experiment by analysis of variance where the null hypothesis was verified the by F test. 
When it was significant, the means of treatments were submitted to the cluster analysis by the Scott-Knott test 
at a 5% probability level.

Remote sensing analysis (RS). Two study approaches were performed using images from orbital plat-
forms in the experiments of the present study. The first analysis was a temporal approach encompassing the 
entire experimental area (i), which was realized for both experimental areas, and the second analysis was a 
temporal and spatial approach to verify the crop conditions submitted to the different techniques of PRD (ii). 
This analysis was more spatially detailed. Therefore, it was performed only for the experiment located in Bom 
Jesus da Lapa—BA, due to the larger size of the sample area. Both analyses calculated the Normalized Difference 
Vegetation Index (NDVI) to observe the vegetation’s condition in the experiments.

Remote sensing analysis (i). This analysis aimed to understand how the leaf cover was changed and its relation-
ship with the meteorological variables throughout the papaya cycle. For the first analysis, the constellation Sen-
tinel 2 (Sentinel 2A and Sentinel 2B) was used since the purpose was to evaluate the condition of the vegetation 
considering the entire area over the entire period of the two experiments, allowing a comparison of the vegeta-
tive vigor between experiments. This constellation of satellites was used since it has a high frequency of images 
(temporal resolution of 10 days and frequency of 5 days with both satellites)41 with sufficient spatial resolution 
to acquire information regarding the areas samples.

The Sentinel 2 constellation satellites have the MultiSpectral Imager (MSI) sensor capturing the electromag-
netic radiation reflected from the surface in 13 spectral  bands42. For the present study, only the bands referring 
to near-infrared—NIR and red (RED) were used, both with 10 m of spatial resolution. The band referring to the 
NIR (Band 8) captures radiation referring to the amplitude of the wavelength from 780 to 900 nm and the band 
of the red (Band 4) from 650 to 680  nm43. We acquired seven free cloud images referring to the LPF tile for Bom 
Jesus da Lapa/BA experiment and seven free cloud images referring to the LPD tile for the experiment located 
in the municipality of Jaíba/MG.

The NIR and RED bands were used to calculate the NDVI proposed by previous  study44, according to Eq. (5).

where ρNIR and ρRED refer to the reflectance of the infrared and red spectral bands.

(4)LA = 0.0947L2.7352

(5)NDVI
(ρNIR − ρRED)

(ρNIR + ρRED)
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After calculating the NDVI, we calculated the average value of this index for each image date. We did this to 
understand the temporal variability of the papaya NDVI with the weather conditions of the day of the satellite 
passage and to be able to compare the average NDVI values between the experiments.

Remote sensing analysis (ii). For analysis ii (remote sensing analysis ii), since a greater spatial resolution was 
necessary, the PlanetScope satellite constellation was used. This constellation is composed of more than 150 
nanosatellites (CubeSats)45, most of which have a synchronous orbit with the  sun46.

The sensor present in these CubeSats captures electromagnetic radiation in four spectral bands, which are: 
blue (455–515 nm), green (500–590 nm), red (590–670 nm), and near-infrared (NIR, 780–860 nm), with a 
spatial resolution of 3 m. For this study, only the bands referring to NIR and RED were used since the purpose 
was to calculate the NDVI of papaya with spatial details to infer the vegetation’s condition under the different 
PRD techniques used in the experiment of Bom Jesus da Lapa/Bahia, Brazil.

We downloaded nine cloud-free images referring to the PlanetScope Ortho Scene Product. This product 
has a processing level denominated as Level-3B, which already has an atmospheric correction and, therefore, 
is already in surface  reflectance45,47. The atmospheric correction method used for this product is the 6SV2.1 
radiative transfer code.

Results
Soil water dynamic. During the experiment, the total cumulative precipitation was 767 mm in Bom Jesus 
da Lapa—BA and 719 mm in Jaíba—MG (Table 1). The highest monthly precipitation values were recorded in 
January 2016 (350 mm) and November 2016 (286 mm), in Bom Jesus da Lapa—BA and Jaíba—MG, respectively. 
The monthly vapor pressure deficit (VPD) ranged from 1.9 up to 3.4 kPa in the BA experiment and from 1.4 up 
to 2.9 kPa in the MG experiment.

The PRD 4 50% provided 55% of soil water available in the BA experiment, and 50% in the MG experiment 
on the side of crop row subjected to drying. These values correspond to reductions of 15% and 20% below the 
critical soil water available (f = 70%), corresponding to the critical moisture or potential assumed for papaya 
(Figs. 5 and 6). In the PRD 7 35% treatment in Bom Jesus da Lapa, the average value of soil water available below 
the critical one (70%) was approximately 43.5% (Fig. 5).

Due to the longer time subjected to drying, the highest values of reduction of SWA in comparison to the limit 
required by papaya (70%), in both experiments, occurred in the PRD 21 treatment with 50 and 35% reductions 
in WID, followed by the PRD 14 treatment with 50 and 35% reductions (Figs. 5 and 6). In the BA experiment, 
in the treatments with irrigated side alternating in periods of 21 and 14 days, the values of soil water content on 
the side of the plant subjected to drying reached means correspondent to SWA of 25 and 50%, respectively. For 
these same alternating periods of irrigated side in the MG experiment, the values of soil water available reached 
means close to 15% and 30%, respectively (Fig. 5).

Table 1.  Monthly mean values of vapor pressure deficit (VPD in kPa) and monthly cumulative values of water 
irrigation depth (WID in mm) and precipitation (P in mm) along the months of experiment in Bom Jesus da 
Lapa-BA and Jaíba-MG.

Month/Year

Bom Jesus da Lapa-BA

Month/Year

Jaíba-MG

VPD 
(kPa)

WID P

VPD (kPa)

WID P

(mm) (mm)

Jan/16 1.9 0 350 May/16 1.5 29 0

Feb/16 2.0 27 0 Jun/16 1.4 30 0

Mar/16 2.2 54 0 Jul/16 1.4 36 0

Apr/16 2.6 51 0 Aug/16 1.7 40 0

May/16 2.4 86 0 Sep/16 2.1 43 0

Jun/16 2.6 89 2 Oct/16 2.1 69 28

Jul/16 2.5 92 0 Nov/16 1.5 71 286

Aug/16 3.2 137 0 Dec/16 1.6 103 86

Sep/16 3.0 157 0 Jan/17 2.3 136 106

Oct/16 3.2 169 0 Feb/17 1.5 90 116

Nov/16 2.6 43 101 Mar/17 1.9 166 82

Dec/16 2.4 91 63 Apr/17 2.1 141 1

Jan/17 3.4 102 17 May/17 2.0 123 14

Feb/17 2.6 137 52 Jun/17 2.1 122 0

Mar/17 2.7 48 132 Jul/17 1.9 144 0

Apr/17 2.4 84 46 Aug/17 2.6 134 0

May/17 2.9 78 4 Sep/17 2.7 110 0

Total 1446 767 Total 1587 719
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Figure 5.  Available water in the soil under the different PRD irrigation regimes: partial rootzone drying, with 
50 and 35% reductions in the water irrigation depth (WID), alternating at 7, 14 and 21 days; FX: fixed irrigation 
on one side of the rootzone, with 50 and 35% reductions in WID; FU: full irrigation, 100% of WID, and f: lower 
limit of soil water availability for papaya, in Bom Jesus da Lapa–BA.
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In both experiments, the soil water available in the FU Control treatment remained with values higher than 
the critical limit of soil water available (Figs. 5 and 6), as required by papaya. In the FX treatments with 50 and 
35% reductions in WID (BA experiment), the values of soil water available on the permanently irrigated side 
remained between 57 and 80%. In contrast, in the MG experiment, the soil water available ranged between 60 
and 100% in the FX 50% treatment.

Papaya growth. Plant height was the most influenced growth variable by the treatments, differing among 
treatments at 80 and 240 days after transplanting (DAT) in the BA experiment and only at 90 DAT in the MG 
experiment. In the BA experiment, at 80 DAT, the highest plant height was found in the PRD 14 50% treatment, 
differing from the others (Table 2). At 240 DAT, the highest plant height was observed in the treatments FU, 
PRD 7 with 50 and 35% reductions in WID, followed by the treatments PRD 21 with 50 and 35% reductions in 
WID, and differing from the treatments PRD 14 and FX with 50 and 35% reductions in WID, which reached the 
lowest plant height (Table 2).

In the MG experiment, the PRD 21 50% treatment was the only one that differed from the FU treatment for 
plant height, with a reduction of 14.58%. This lower plant height can be justified by the 55% reduction in soil 
available water compared to the lower limit required by papaya (f = 70%) (Fig. 6).

At 80 DAT, the highest stem diameter was observed in the treatments, PRD 14 50%, PRD 7 50%, and PRD 21 
35%, and the mean diameters in the other treatments did not differ, even considering the FU treatment (Table 2). 
There was no significant difference for stem diameters among treatments from 140 DAT in the BA experiment 
and 90 DAT in the MG experiment.

There was no significant difference between the treatments concerning papaya’s leaf area, except at 140 DAT 
in the BA experiment. At 140 DAT, the largest leaf areas occurred in the treatments FU, PRD 7 (50 and 35%), and 
FX 35%, which differed from the others (Fig. 5). It is possible to observe a reduction of leaf area in all treatments 
in the BA experiment at 240 DAT (September 2016) compared to 140 DAT (May 2016).

Remote sensing. Two scenarios were observed concerning the NDVI values of the experimental area of 
Bom Jesus da Lapa—BA (Fig. 7). The first scenario corresponds to the high temperature and vapor-pressure 
deficit (Table 1): greater thermal stress, images at 194 (07/18/2016), 227 (08/19/2016), 259 (09/20/2016), and 295 

Figure 6.  Available water in the soil under the different PRD irrigation regimes: partial rootzone drying, with 
50% reduction in the water irrigation depth (WID), alternating at 7, 14 and 21 days; FX: fixed irrigation on one 
side of the rootzone, with 50% reduction in WID; FU: full irrigation, 100% of WID, and f: lower limit of soil 
water availability for papaya, in Jaíba–MG.
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(10/26/2016) days after transplanting, respectively. The other scenario corresponds to the period of temperature 
and vapor-pressure deficit of milder air, images from 12/16/2016, 02/20/2017, 03/06/2017 e 04/28/2017, at 345, 
387, 411, 425, and 478 days after transplanting, respectively, except for the image of January/2017, period on 
which there was an increase in vapor-pressure deficit (Table 1). The NDVI values from the two scenarios are 
directly associated with the papaya tree leaf area in different treatments (Fig. 8 and Table 2).

In the period of greatest thermal stress (from July/2016 to October/2016), the NDVI varied on average from 
0.46 to 0.62, with the highest average values in the treatments with the frequency of alternation of the irrigated 
side of 7, 14, and 21 days, the lowest values occurred in the FX and FU treatments (Fig. 8).

NVDI observed in the experiment conducted in Bahia was greater than the one on the MG experiment, 
mainly from 120 to 240 DAT. This was the period of vegetative growth of the crop (Fig. 9).

Papaya root system. There was no significant difference between the treatments studied for the root sys-
tem’s effective depth, effective horizontal distance of the root system, and total cumulative root length (Table 3). 
Thus, the use of the PRD technique did not cause losses in the growth of papaya roots. The root system’s effective 
depth, that is, the depth corresponding to 80% of the total length of roots, varied between 0.42 m (PRD 21 50%) 
and 0.44 m (PRD 7 50%, PRD 14 50%, and FU).

Table 2.  Mean of plant height, stem diameter and leaf area of papaya cultivated under PRD: with alternation 
at 7, 14 and 21 days; FX: fixed irrigation on one side of the rootzone; and FU: full irrigation in different periods 
(days after transplanting, DAT), in Bom Jesus da Lapa-BA and Jaíba-MG. Means followed by the same letter in 
the column did not differ statistically by Scott-Knott test at 5% probability level.

Treatments

Bom Jesus da Lapa-BA Jaíba-MG

80 DAT 140 DAT 240 DAT 90 DAT 145 DAT 200 DAT

Plant height (m)

PRD 7 35% 1.44b 2.33a 2.86a

PRD 14 35% 1.32b 2.19a 2.67b

PRD 21 35% 1.48b 2.29a 2.84a

FX 35% 1.44b 2.23a 2.65b

PRD 7 50% 1.54b 2.28a 2.91a 0.86a 1.13a 1.37a

PRD 14 50% 1.72a 2.28a 2.65b 0.90a 1.09a 1.34a

PRD 21 50% 1.25b 2.25a 2.81a 0.82b 1.10a 1.32a

FX 50% 1.48b 2.21a 2.64b 0.86a 1.10a 1.32a

FU 1.54b 2.50a 2.94a 0.96a 1.22a 1.51a

p (F test) 0.00 0.30 0.04 0.00 0.26 0.07

CV (%) 8.51 8.67 7.68 6.64 8.72 7.92

Stem diameter (m)

PRD 7 35% 0.195b 0.345a 0.395a

PRD 14 35% 0.185b 0.335a 0.390a

PRD 21 35% 0.205a 0.342a 0.400a

FX 35% 0.180b 0.352a 0.412a

PRD 7 50% 0.212a 0.335a 0.422a 0.141a 0.200a 0.278a

PRD 14 50% 0.242a 0.332a 0.402a 0.147a 0.194a 0.278a

PRD 21 50% 0.157b 0.320a 0.410a 0.143a 0.194a 0.293a

FX 50% 0.190b 0.337a 0.412a 0.156a 0.231a 0.289a

FU 0.167b 0.387a 0.450a 0.152a 0.210a 0.288a

p (F test) 0.01 0.18 0.25 0.30 0.46 0.94

CV (%) 7.26 7.39 9.26 8.20 17.10 12.05

Leaf area (m2)

PRD 7 35% 1.54a 5.93a 4.64a

PRD 14 35% 1.07a 4.45b 3.62a

PRD 21 35% 1.83a 5.03b 4.34a

FX 35% 1.01a 5.90a 3.26a

PRD 7 50% 1.80a 5.46a 4.79a 1.84a 2.38a 6.88a

PRD 14 50% 1.29a 4.29b 3.38a 1.93a 2.28a 6.86a

PRD 21 50% 1.12a 4.46b 4.33a 1.74a 2.20a 6.24a

FX 50% 0.92a 4.78b 4.35a 2.22a 2.21a 6.43a

FU 1.91a 6.11a 5.21a 2.29a 2.97a 8.53a

p (F test) 0.12 0.04 0.15 0.17 0.61 0.34

CV (%) 23.15 43.22 25.31 19.70 34.33 22.76
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Figure 7.  NDVI images from the PlanetScope constellation for the period of conduction of the experiment in 
Bom Jesus da Lapa, Bahia, Brazil.

Figure 8.  Temporal values of NDVI obtained from PlanetScope constellation in different PRD techniques, PRD 
7—alternation every 7 days along the whole cycle; PRD 14—alternation every 14 days along the whole cycle; 
PRD 21—alternation every 21 days along the whole cycle; FX—fixed irrigation on one side of the plant; and FU 
Control-full irrigation.
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Fruit yield, ratio SS/TA and crop water productivity. It is possible to verify a reduction of yield of 
treatments submitted to 50%WID in the MG experiment compared to the BA experiment. Such a decrease of 
yield is justified by the severe attack of mites (Tetranychus urticae) along with the vegetative and reproductive 
development of papaya plants.

The yields of the treatments subjected to the PRD technique in the BA experiment were higher than those 
in the MG experiment (Table 4). There was no significant difference in the mean fruit yield between the treat-
ments FU, PRD 7 35%, and PRD 14 35%, which differed from those in the BA experiment. The lowest fruit yield 
occurred in the PRD 21 50% treatment (67,594 kg  ha−1).

The treatments PRD 7, PRD 14, and FX, with a 50% reduction in WID, reached very similar yields, with 
values close to 70 Mg  ha−1 in the BA experiment and 60 Mg  ha−1 in the MG experiment. In all treatments, the 
lowest reduction in the applied WID and the shortest interval of alternation in the irrigated side promoted higher 
yield. In the treatments, PRD 7 35% and PRD 14 35%, the yields were 20 and 15% higher than those in the FX 
35% treatment, respectively. This result demonstrates the superiority of plants subjected to the PRD technique 
compared to the irrigation in only one side of the plant (Table 4).

The treatments subjected to the PRD technique and FX with 50% reduction (BA and MG experiments) and 
a 35% reduction in WID (BA experiment) reached water saving levels of 723, 793.5, and 506 mm, respectively 
(Table 1). The interaction between the alternation frequency of the plant-row irrigated side and the percent of 
WID reduction showed a significant effect (p < 0.05) only for fruit yield (Table 5). Means of yields under alternat-
ing frequencies of 7 and 14 days with 50% WID differed from the ones with 35% WID of 21,53% and 16,81%, 
respectively (Table 5). A second-degree polynomial fitted the data of yield as a function of the frequency of 
alternation of the plant-row irrigated side (p < 0.05) for both 50 and 35% WID reduction (Fig. 10). The absence 
of alternation frequency (FX treatment) did not provide a significant increase (p < 0.05) of yield for the reduction 
of 35% WID when compared with the 50%WID reduction (Table 5, Fig. 10). However, there was an increase of 
yield for 35% WID reduction under 7 and 14 days of alternation frequency.

There was no statistical difference (p > 0.05) among treatments for titratable acidity (BA experiment) and total 
soluble solids (MG experiment). Treatments PRD 7 50%, PRD 7 35%, FX 35%, and FU resulted in larger means 
of total soluble solids (SS) in the BA experiment.
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Figure 9.  Mean NDVI values from Sentinel 2 for MG experiment and BA experiment.

Table 3.  Effective depth, effective horizontal distance and total cumulative length of roots of papaya cultivated 
under PRD: with alternation at 7, 14 and 21 days and 50% reduction in WID; FX: fixed irrigation on one 
side of the rootzone, with 50% reduction in WID; and FU: full irrigation, 100% of WID, in Jaíba-MG. Means 
followed by the same letter in the column do not differ statistically by Scott-Knott test at 5% probability level.

Treatments

Effective depth Effective horizontal distance Total cumulative length

(m)

PRD 7 50% 0.44a 0.41a 6.359a

PRD 14 50% 0.44a 0.41a 6.806a

PRD 21 50% 0.42a 0.39a 6.632a

FX 50% 0.43a 0.43a 4.310a

FU 0.44a 0.41a 6.132a

p (F test) 0.82 0.13 0.11

CV (%) 5.73 5.38 21.73
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Table 4.  Mean yield, mean weight, titratable acidity (TA), soluble solids (SS), SS/TA ratio of fruits and crop 
water productivity (CWP) of papaya cultivated under PRD: with alternation at 7, 14 and 21 days; FX: fixed 
irrigation on one side of the rootzone; and FU: full irrigation, in Bom Jesus da Lapa-BA and Jaíba-MG. Means 
followed by the same letter in the column do not differ statistically by Scott-Knott test at 5% probability level.

Treatments
Yield
(kg  ha−1) Fruit weight (g)

TA (g citric 
acid/100 g 
pulp) SS (%) SS/TA

CWP
(kg/m3)

BA experiment

PRD 7 50% 70,564b 1,376.6a 0.12a 12.57a 99.78a 9.26a

PRD 7 35% 89,933a 1,167.4a 0.12a 12.27a 96.48a 9.08a

PRD 14 50% 70,253b 1,056.3a 0.10a 11.22b 107.20a 9.22a

PRD 14 35% 84,453a 1,136.3a 0.12a 11.67b 98.38a 8.52a

PRD 21 50% 67,594b 1,186.3a 0.09a 11.30b 116.10a 8.87a

PRD 21 35% 71,837b 1,144.0a 0.11a 11.90b 100.28a 7.25b

FX 50% 70,058b 1,129.5a 0.11a 11.75b 99.26a 9.19a

FX 35% 71,467b 1,374.7a 0.12a 12.45a 104.32a 7.21b

FU 96,218a 1,226.7a 0.12a 13.22a 110.52a 6.31b

p (F test) 0.00 0.06 0.18 0.03 0.25 0.02

CV (%) 14.43 18.59 13.09 6.60 10.70 15.93

MG experiment

PRD 7 50% 60,464b 995.0b 0.33a 13.47a 41.27a 7.16a

PRD 14 50% 60,948b 972.0b 0.24b 13.90a 56.29a 7.22a

PRD 21 50% 54,200b 991.0b 0.30a 13.55a 45.39a 6.42a

FX 50% 59,977b 1,064.0ab 0.30a 12.67a 41.98a 7.10a

FU 78,542a 1,138.0a 0.25b 13.27a 53.99a 4.83b

p (F test) 0.00 0.00 0.04 0.37 0.06 0.02

CV (%) 15.18 5.31 13.55 6.27 16.18 15.93

Table 5.  Interaction between the frequency of alternation of the irrigated side versus the reduction of the 
WID for the yield variable, Bom Jesus da Lapa, Bahia, Brazil. Means followed by the same letter in the column 
do not differ statistically by Tukey test at 5% probability level.

Reduction WID (%)

Alternation frequencies (days)

0 7 14 21

50 70,058a 70,564b 70,253b 67,594a

35 71,467a 89,933a 84,453a 71,837a
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Figure 10.  Relationship between the frequency of alternation on the irrigated side and productivity, in Bom 
Jesus da Lapa, Bahia, Brazil. *Significant by F test at 5% probability.
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Treatments PRD 21 35%, IF 35% e FU carried in BA showed smaller means of crop water productivity (CWP) 
than the others. The larger differences of CWP among PRD and FU treatments concerned about PRD 7 50%, 
PRD 14 50%, and PRD 7 35%, with 2.94 kg/m3, 2.90 kg/m3, and 2.76 kg/m3, respectively (Table 4). The CWP 
was significantly larger for treatments submitted to a 50% reduction of irrigation water depths than CWP from 
FU treatment of the MG experiment.

Discussion
Due to the absence of rainfall in eight months in the BA experiment and nine months in the MG experiment 
(Table 1), it was possible to characterize the PRD irrigation management based on the soil available water in the 
root-zone, monitored on both sides of the plant for the different treatments (Figs. 5 and 6). In addition to the 
occurrence of these rains in a few months, the intensity of these is generally high, which means that the crop is 
not able to take advantage of all the water that was precipitated in this short period of the year, which explains 
the irrigation depth of 71 mm (Fig. 3) in November 2016 in BA experiment. The soil moisture contents ranged 
between field capacity and permanent wilting point in the studied treatments during the experimental period.

Effects of partial root‑zone drying (PRD) technique on plant growth traits. Plant height was 
the most influenced growth variable by the treatments so that the highest plant height was found in the PRD 
14 50% treatment at 80 DAT (Table 2) and in FU, PRD 7 with 50 and 35% reductions in WID at 240 DAT in 
the BA experiment. In the MG experiment, the PRD 21 50% treatment was the only one that differed from the 
FU treatment for plant height, with a reduction of 14.58%. This lower plant height can be justified by the 55% 
reduction in soil available water compared to the limit required by papaya (f = 70%) (Fig. 6). Papaya growth is 
highly sensitive to soil water availability so that moderate water stress can substantially affect papaya  growth10,48.

Papaya is considered a semi-woody giant herb; that is, it has a deficient anatomical support structure. There-
fore, turgor pressure sustains the plant, and fruit weight  significantly48. In this sense, slight differences in turgor 
pressure could induce different stem diameters. However, differences for stem diameters were not observed 
from 140 DAT (BA experiment) and 90 DAT (MG experiment). The highest stem diameter was observed in the 
treatments, PRD 14 50%, PRD 7 50%, and PRD 21 35% only at 80 DAT; however, significant differences were 
not observed among other treatments (Table 2). Similar results were reported by previous  study10, who found 
no significant difference for stem diameter between papaya cultivated under the PRD methodology (30% WID 
reduction) and the control treatment (100% WID). Thus, stem diameter seems not to be a sensitive parameter to 
the interval of shifting of the irrigated side, even with a 50% reduction in WID at the flowering and production 
stages, which are the ones that require the largest water demand.

The larger leaf areas occurred in the treatments FU, PRD 7 (50 and 35%), and FX 35%. These larger leaf areas 
in the treatments are directly related to the higher soil water availability content in the soil of these treatments 
than the others; the higher the soil water content, the larger the papaya leaf  area9.

PRD technique did not reduce the papaya roots growth. The root system’s effective depth, that is, the depth 
corresponding to 80% of the total length of roots, varied between 0.42 m (PRD 21 50%) and 0.44 m (PRD 7 
50%, PRD 14 50%, and FU). These values are very close to those (0.45 m) reported by previous  study49 on the 
distribution of the papaya roots cv ‘Tainung nº 1’ under irrigation without water stress. Despite the absence 
of significant difference among treatments for both effective depth and an effective horizontal distance of the 
root system, in absolute values, there was a small reduction (2 cm) for both variables in papaya plants subjected 
to irrigated side alternation every 21 days and 50% reduction in WID. Such reduction indicates that the 85% 
decrease in soil available water (Fig. 5) on the side subjected to drying for 21 days causes a slight reduction of 
root growth in the soil profile, which did not occur in the treatments with alternation every 7 and 14 days. This 
reduction is due to the time over which roots are subjected to the condition of soil with low water availability 
(15%), which consequently increases its mechanical resistance, thus limiting root growth. A similar result was 
observed by previous  study17, studying the distribution of the roots of ‘BRS Princesa’ banana cultivated under 
the PRD technique in the semi-arid region of Northern Minas Gerais.

In practical terms, studying the distribution of the roots of a crop is extremely important to identify the zone 
of highest activity of the root system, which in turn will assist in the calculation of the irrigation depth to be 
applied to the crop and in better definition of sensor position for soil water monitoring. The effective distance 
and effective depth of soil water extraction by papaya are like the values of the effective horizontal distance and 
effective depth of the root  system50. Therefore, in the present study, the largest soil water extraction by the roots 
occurred within the root-zone bounded by the distance of the plant along the row or lateral drip line and soil 
depth of 0.44 m.

Alternation of frequency of the irrigated side and NDVI. The months of most extreme thermal stress 
(i.e., from July to October, 2016), the NDVI varied on average from 0.46 to 0.62, with the highest values in the 
treatments with alternation frequency of the irrigated side of 7, 14, and 21 days, while the lowest values occurred 
in the FX and FU treatments (Fig. 8). This reduction was caused by the increase of VPD (Table 1) in August 
(3.2 kPa) and September (3.0 kPa), which increased the transpiration demand. Thus, to reduce water losses by 
transpiration, the papaya crop intensified the abscission and senescence of basal leaves, reducing the leaf area 
during these months.

Under the most thermal stress conditions, i.e., elevated VPD values, papaya plants substantially reduced the 
leaf area through basal leaf abscission, resulting in lower NDVI values. Also, plants submitted to the PRD tech-
nique during the period of greatest thermal stress displayed adaptability since the NDVI value did not decrease 
in the same intensity that occurred for the plants submitted to both FX and FU treatments (Table 2).
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Before the greatest thermal stress period, the plants submitted to the PRD technique were in a condition of 
partial soil water limitation, which favored a control on the leaf area growth and loss of water through transpira-
tion. At the same time, FU treatments had their leaf area fully developed. However, with the increases in VPD 
values, the rate of water absorption by roots is lower than the loss by transpiration; thus, these plants accelerate 
the leaf abscission to reduce the water loss by transpiration, reflected in lower NDVI in that period. The highest 
NDVI values in the BA than the MG experiment, mainly from 120 to 240 DAT (Fig. 9), reveals a greater vigor 
of the plants in the former, which justifies their greater yield (Table 4).

Impacts of PRD on fruit yield and quality and crop water productivity. The reduction of the yield 
of treatments submitted to 50%WID in the MG experiment compared to the BA experiment was observed. 
Such a decrease of yield is justified by the severe attack of mites (Tetranychus urticae) along with the vegetative 
and reproductive development of papaya plants. Despite this reduction, the yield in all treatments was above 
the average yield of the country (39,892 kg  ha−1) and Minas Gerais (32,360 kg  ha−1), according to the study 
conducted by the Brazilian Institute of Geography and  Statistics24. Besides the severe attack of mites in the MG 
experiment, these higher yields of BA experiment can be attributed to the higher water holding capacity of their 
soil and the lower rate of moisture reduction over time. Consequently, the plants from the BA experiment suffer 
lower water stress concerning the changes in the irrigated side of the plant row, which does not occur in the MG 
experiment (Figs. 5 and 6).

This lower yield is attributed to the 55% reduction in soil available water (PRD 21 50%) concerning allowable 
depletion for by papaya (30%), on the side subjected to drying (Fig. 5), which in turn caused leaf area reduc-
tions of 41%, 27%, and 16%, at 80, 140 and 240 DAT, respectively, compared to the FU treatment. This situation 
negatively impacted the photosynthetically active area of papaya. Papaya yield depends, among other things, 
on a light interception by leaves, since each leaf sustains 3 up to 4 fruits for cultivars from the Formosa  groug48. 
According to previous  study51, a reduction of 33% in the water supply to ‘UENF/Caliman 01’ papaya can cause a 
mean decrease of 51% in its marketable yield. The longer period of soil drying at available water levels below 50% 
influenced the absorption of water necessary for the adequate growth of the crop for yield. Papaya cultivation 
under conditions of water stress and high temperatures, as occurred in the present study, may reduce biomass 
 production10 and net carbon  assimilation9,10. These situations, therefore, negatively affect the development and 
yield of the crop.

In the treatments, PRD 7 35% and PRD 14 35%, the yields were 20 and 15% higher than those in the FX 35% 
treatment. This result demonstrates the superiority of plants subjected to the PRD technique compared to the 
irrigation in only one side of the plant (Table 4). Such superiority of the plants subjected to the PRD technique 
may be related to the increase in the concentration of abscisic acid in the leaves due to the soil’s water deficit on 
the side subjected to  drying14. An increase in leaf abscisic acid content induces partial stomatal closure, thus, 
contributing to the preservation of the leaf relative water  content52 within a range in which the photosynthetic 
capacity and yield are not negatively  affected48 and finally maintaining the production of photoassimilates at 
acceptable levels. Compared to the FU control treatment, the lower yield reductions occurred in the treatments, 
PRD 7 35% (6.53%), and PRD 14 35% (12.22%). Thus, the most recommended method for ‘Tainung nº 1’ papaya 
under semi-arid conditions is the alternation of the irrigated side every 7 days, followed by the alternation every 
14 days, with a 35% reduction in WID.

Despite these reductions in irrigation depth applied, the average yields achieved in the PRD 50% treatments 
(7, 14, and 21 days) were higher than the average national yield by 43.46%, 43.21%, and 40.98% in the BA experi-
ment and 34.02%, 34.54% and 26.39% in the MG experiment, respectively. In the PRD 35% treatments (7, 14, 
and 21 days), the yields in the BA experiment were 55.64%, 52.76%, and 44.18% higher, respectively. Therefore, 
these results, associated with the reduction in the irrigation depths applied, indicate how much the irrigation 
management strategies can maximize the rational use of water resources in irrigated fruit production, especially 
in areas with low rainfall regimes and high temperatures, as is the case of the Brazilian semi-arid region.

Except for the treatment PRD 14 50%, the mean fruit weights in the BA experiment were higher than those 
reported by previous  study53, who found fruit weights for the ‘Tainung nº 1’ variety ranging from 900 to 1,100 
g. In the MG experiment, the mean fruit weights are within this range (Table 4). Both in the BA and the MG 
experiments, the mean fruit weights in all treatments are within the range required by the market, which varies 
from 750 g to 2,400  g54.

Regarding the fruit quality, there was no statistical difference (p > 0.05) among treatments for titratable acid-
ity (BA experiment) and total soluble solids (MG experiment), while PRD 7 50%, PRD 7 35%, FX 35%, and 
FU treatments resulted in greater average of total soluble solids (SS) in BA experiment. The average SS of both 
experiments is in the range of 9–14%, as found by previous  study55 in each study with different cultivars of the 
“Formosa” group. The average SS values of all treatments of both experiments were larger than the ones presented 
by previous  study19. These authors have grown papaya with water irrigation depths of 80%, 60%, and 50% ETc 
by using one or two emitters per plant. This superiority of SS is possibly related to the number of emitters per 
plant. The number of emitters influences the wetted area. Larger wetted areas favor water and nutrient uptake 
and assimilate production.

The SS/TA ratio represents the balance between sugars and acids in the fruits, which directly contributes to 
fruit aroma and  flavor56. In general, the higher the SS/TA ratio, the lower the acidity of the fruit, which will have 
a more pronounced sweetness. Consequently, there will be greater acceptance by the consumer market. In the 
present study, there was no significant difference between treatments for the SS/TA ratio of fruits in any of the 
two experiments (Table 4). It is important to emphasize that full irrigation resulted in the highest SS and SS/TA 
ratio values in both experiments, with a significant effect for SS in the BA experiment. These results contrast with 
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those observed by previous  study57. They obtained the highest contents of soluble solids in 208 ‘UENF/Caliman 
01’ papaya fruits when produced under lower irrigation depths (50% and 75% ETo).

Treatments PRD 21 35%, IF 35% e FU carried in BA showed smaller means of crop water productivity (CWP) 
than the others. The larger differences of CWP among PRD and FU treatments concerned PRD 7 50%, PRD 14 
50%, and PRD 7 35%, with 2.94 kg/m3, 2.90 kg/m3, and 2.76 kg/m3, respectively (Table 4). These larger differ-
ences are directly related to the highest frequency of alternation of the irrigated side of crop row (7 and 14 days) 
associated with a larger WID reduction. The smallest interval between drying and wetting of soil root zone at 
both sides of crop row provided the smaller reduction of soil water availability at both sides (Fig. 5) and smaller 
difference of yields among these treatments and the one with full irrigation. This smaller difference in yields 
enhanced the CWP of the papaya crop positively. On the other hand, the smallest frequency of alternating the 
irrigated side of crop row (21 days) associated with the smallest reduction of irrigation water depth (35%) did not 
contribute to providing yield at amount enough to obtain CWP statistically larger than the one of FU treatment.

The CWP was significantly higher for treatments submitted to a 50% reduction of irrigation water depths 
than CWP from FU treatment of the MG experiment. These differences ranged from 1.59 to 2.39 kg of fruits 
produced by one cubic meter of water used by the papaya crop (Table 4). These results agree with the ones showed 
by previous  study6, who worked with PRD treatments with a reduction of 50% WID on the banana crop, cv. BRS 
Princesa under the same soil and climate conditions.

Overall, our finding partially confirmed our initial hypothesis, i.e., increasing the frequency of shifting plant-
row side irrigation increases the water availability, thereby increasing the some plant growth traits fruit yield 
and water productivity, however, did not significantly reduce total root length and effective depth and effective 
horizontal distance of papaya’s root system. Additionally, increasing the frequency of shifting plant-row side 
irrigation did not compromise the titratable acidity, soluble solids, and SS/AT ratio of papaya fruits. At the same 
time, the irrigation water depth reduction of 50 and 35% under PRD enhances crop water productivity for papaya, 
except for PRD 21 35%. Moreover, PRD technique may save 35% of WID with alternation of the irrigated side 
of crop row every 7 days under a scarcity of the water resources. Finally, the NDVI was particularly important 
to compare the vegetation vigor between the experimental areas. We also demonstrated that NDVI was a useful 
tool for monitoring the papaya leaf area, especially when this parameter is altered by stressful conditions such 
as elevated air VPD.

Conclusions
Soil water available reduced from the upper limit (field capacity) to levels of 44%, 50%, and 85% shifting plant-
row irrigated side every 7, 14, and 21 days, respectively. PRD treatments did not promote significant modifica-
tion in total root length and effective depth and effective horizontal distance; however, overall, the leaf area was 
substantially affected by PRD treatments, which reflected reduced NDVI values, especially in the MG experi-
ment. However, such accentuated leaf abscission did not cause a significant reduction in papaya yield, as well 
as in papaya fruit quality traits (titratable acidity, soluble solids, and SS/AT ratio). Except for PRD 21 35%, the 
irrigation water depth reduction of 50 and 35% under PRD enhances water productivity for papaya. Under condi-
tions of scarcity of water resources, the technique of partial drying with alternation of the irrigated side every 7 
days and a 35% reduction in WID is the most recommended for papaya. The NDVI was particularly important 
to compare the vegetation vigor between the experimental areas. We also confirmed the potential of NDVI to 
monitor crops like papaya since we could notice its sensibility to identify when the crop is stressed, like the event 
with higher VPD in October 2016 and January 2017 in Bom Jesus da Lapa-BA.
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