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Abstract 
This study was conducted to evaluate the yield, water use efficiency and physiologic characteris-
tics of “Tommy Atkins” mango under partial rootzone drying. The experiment was carried out in 
an orchard of mango in the irrigated perimeter of Ceraíma, BA. Five treatments and six repetitions 
were used with one tree per experimental plot: 01—Full Irrigation, 100% of ETc, 02—100% of ETc 
with frequency of alternance (FA) of 15 days, 03—80% ETc with FA of 15 days, 04—60% of ETc 
with FA of 15 days, 05—40% ETc with FA of 15 days. The treatments were conductedfrom the be-
ginning of flowering to the harvest of mango in an orchard irrigated by drip. There was no signifi-
cant reduction in productivity of “Tommy Atkins” mango under PRD up to 40% of ETc and PRD 
with 40% ETc resulted in greater water use efficiency. There was no significant difference among 
the averages of photosynthetically active radiation, Qleaf; leaf temperature, Tl; internal CO2 con-
centration, Ci; transpiration, E; stomatal conductance, gs; photosynthesis, A; carboxylation effi-
ciency, A/Ci; quantum efficiency of photosynthesis, A/Qleaf and instantaneous water use efficiency, 
A/E between full irrigation and PRD with different water depth. The increase in leaf temperature 
causes reduction in A/Qleaf and A/E, however, it increases the transpiration. Increased gs results 
in higher rates of E, A and A/Ci. The use of the PRD with 40% of ETc causes no interference in gas 
exchange, maintains the yield and increases water use efficiency in “Tommy Atkins” mango tree. 
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1. Introduction 
The northeastern region of Brazil exhibits a large diversity in terms of crops and, in regard to the irrigated crops, 
there are expressive improvements in productivity and quality of the products. In this region, the main hubs are 
in the semiarid, where there is a high water demand that is not fulfilled by natural precipitation, resulting in hy-
dric deficits for long periods in the plant cycle, thus demanding the use of irrigation. 

The fruticulture stands out in the semiarid region and the mango is among the main cultivated fruit trees, es-
pecially as exportation of fresh fruits. From the national production of mango in 2012, the northeast region ac-
counted for 66.54%. Bahia is the largest producer with 54.04% of the regional production [1] wherein Juazeiro, 
Livramento de Nossa Senhora, Rio Corrente, Ceraíma/Estreito and Itaberaba can be highlighted as production 
hubs of mango located in the semiarid of Bahia, therefore the use of irrigation is required. 

The Tommy Atkins was originated in the 1920s, in Fort Lauderdade, Florida, USA, as a progeny of Haden. 
This cultivar is a strong tree, of medium size and dense foliage. It exhibits high productivity, regular production, 
high attractiveness and resistance of the fruits [2], and it responds well to flower induction [3].  

In water shortage conditions, irrigation management should be performed more accurately, maximizing water 
use and productivity, or increasing the productivity of water. The accuracy of management relates to the availa-
bility of information about the system water-soil-plant-atmosphere. 

Research has shown that the interruption of irrigation on mango crops during the flower differentiation is an 
interesting option; however, the irrigation should be restarted soon after, in the panicle emergence stage. [4]-[7] 
point out that the reduction of 50% of the amount of water applied to the fruit setting significantly reduces yield, 
even if supplying the hydric demand over the growing and ripping stages of the fruits. 

Management strategies of irrigation that prioritize the reasonable use of water have been adopted in some re-
gions. Among these, two methods stand out from rest: RDI (Regulated Deficit Irrigation) and PRD (Partial 
Root-zone Drying) [4]-[8].  

Partial Rootzone Drying (PRD) or partial drying of the radicular system [8], consists of alternating the irriga-
tion on both sides of a plant, at a frequency previously set, which the most commonly used are seven, fourteen 
and twenty days [9]. PRD bases on biochemical responses from the plants to achieve a balance between the ve-
getative and reproductive development through the hydric stress, consequently, there is a significant improve-
ment in yield by water unit applied [10]. The dryness on one side leads to a decrease of plant transpiration 
without exhibiting symptoms of severe stress. In mango crops, the PRD has already been subject of research by 
[11]-[13], where the authors obtained positive results in water and electricity savings, improvement in the quali-
ty of the fruits and yield maintenance. However, these studies are still lack of consistent results that allow the 
producer to adopt the correct method for a specific edaphoclimatic condition, since the water requirement of 
crops relies on specific conditions (soil, climate and cultivar), thus justifying the conduction of studies on this 
subject. 

In the north of Thailand [12] found out no significant reduction in yield and quality of mango and they af-
firmed that it was possible to obtain a sustainable production by using PRD at 50% of ETc. [13] mentioned that 
deficit irrigation from 30 to 50% resulted in higher use efficiency and savings of water. Similar results were 
found by [14] with PRD applied to a “Kent” mango orchard in the semiarid of Bahia. According to the authors, 
reduction of 50% in the volume of applied water results in no significant decreases of yield using PRD with al-
ternation of 14 and 21 days. 

Working with “Tommy Atkins” mango in the region of Petrolina PE, 15] observed that the yields under irri-
gation at 70%, 80% and 90% of evapotranspiration of reference (ETo) were significantly higher than the prod-
uctivity at 100% of ETo. The authors concluded that the efficiency in water use, in the studied region, could be 
enhanced by setting the irrigation at 90% of ETo. 

The adoption of irrigation management techniques that focuses on the sustainability with less water demand is 
of fundamental importance, mainly in semiarid regions, where the water requirement is high and the availability 
of this resource is smaller than that in other regions of the country [4] [5]. The practice of the efficient usage of 
water in irrigation should be adopted, once the agricultural sector demands high volume of water. In Brazil, irri-
gated crops consume 61% of the water [16]. There are evidences of waste in irrigated sites where irrigation is in 
general overly performed. Besides the higher waste of water, over watering can cause losses of yield, plant dis-
eases, leaching and negative environmental impact.  

Based on the above discussion and in view of the dearth of information in the literature about the use of PRD 
in the Brazilian semiarid, it is necessary more studies related to irrigation with reduced water depth in a specific 



M. R. dos Santos et al. 
 

 
1031 

production phase of the plant without causing any economical loss. This study aimed to evaluate the yield, wa-
ter-use efficiency and physiological characteristics of “Tommy Atkins” mango under partial root-zone drying 
(PRD) in the semiarid of Bahia. 

2. Material and Methods 
2.1. Study Area 
The study was carried out in a eutrophic FluvicNeosol (Table 1) in the experimental area of the Companhia de 
Desenvolvimento dos Vales do São Francisco e do Parnaíba (CODEVASF) located at the irrigated perimeter of 
Ceraíma in the city of Guanambi, Southwest of Bahia, Brazil (Figure 1). The geographical coordinates are 
14˚13'30''S, 42˚46'53'' W, 525 m of altitude, and the mean annual rainfall and temperature are 680 mm and 
25.6˚C, respectively. 

2.2. Conduction of the Experiment 
The study was based on the use of partial root-zone drying (PRD) in ‘Tommy Atkins’ mango, 12 years old, from 
flowering in August of 2011 to fruit ripening in December of 2011. It was conducted in an orchard with plants at 
8 × 4 m spacing. Plants were watered by drip irrigation with six emitters per plant, which each emitter had 8 
L∙h−1 of flow rate. 

 

 
Figure 1. Study area, Ceraíma, Guanambi, Bahia, Brazil.                                                         

 
Table 1. Physical characteristics of Neosol Fulvic in the experimental area.                                           

Physical characteristics 
Depth (m) 

0 - 0.25 0.25 - 0.50 0.50 - 0.75 0.75 - 1.00 

Coarse sand (g∙kg−1)1 80 50 10 0 

Fine sand (g∙kg−1)1 410 430 760 160 

Silt (g∙kg−1)2 270 280 120 520 

Clay (g∙kg−1)2 240 240 110 320 

Bulk density (kg∙dm-3)3 1.62 1.38 1.34 1.31 

Water retention at −10 kPa (m3∙m−3)4 0.43 0.37 0.19 0.54 

Water retention at −1500 kPa (m3∙m−3)4 0.15 0.12 0.05 0.16 
1By soil screening; 2Pippete method; 3Test tube and volumetric ring method; 4Porous plate equipment. 



M. R. dos Santos et al. 
 

 
1032 

“Tommy Atkins” is one of the varieties of mango that is most globally cultivated for exportation. The majority 
of cultivated mango in the valley of São Francisco, Brazil, is Tommy Atkins, which represents approximately 95% 
of the mango crops [3]. The fruits are well received by the Brazilian fruit market as well as for exportation and 
as raw material for the industry. The fruits also last a relative long time after harvesting, which is a very positive 
feature when selling out the fruits. These features related to the Brazilian semiarid region justify the use of this 
variety in this study. 

Crop practices commonly used in the region were done in the conduction of the experiment. After harvesting 
in January of 2011, pruning followed by fertilizer application of 500 g of MAP (monoammonium phosphate), 
200 g of ammonium sulfate, 150 g of potassium chloride and 20 kg of chicken manure on each plant. The irriga-
tion was performed on a daily basis over a period in which the plant emitted two vegetative shoots. After emit-
ting the shoots, there was an application of growth regulation, Paclobutrazol. Afterward, the irrigation was 
ceased and when the plants exhibited symptoms of epinasty [14], calcium nitrate was applied to the leaves to 
break the dormancy of the buds and to induce a uniform flowering. After flowering, treatments of PRD were ap-
plied.  

Five treatments were applied: from the beginning of flowering to harvesting of mango irrigated by drip irriga-
tion: 01—full irrigation, 100% of ETc; 02—100% of ETc, alternation of the irrigation side (FA) at every 15 
days; 03—80% of ETc with FA of 15 days; 04—60% of ETc with FA of 15 days. A randomized block design 
was used, with six replicates and each plant represented an experimental plot. 

Treatments were applied by varying irrigation time through control valves, which each valve referred to a 
different treatment. The irrigation was performed based on the evapotranspiration of reference (ETo) that was 
determined daily by the Penman-Monteith method, FAO standard method [17], using data from an automatic 
weather station installed near the orchard. The crop coefficient (Kc) used in the calculation of evapotranspiration 
during the assessment phases ranged between 0.45 and 0.87 as used by [18]. 

The climate changes throughout the experiment influenced on the evapotranspiration of reference (ETo) as 
depicted in Figure 2. The solar radiation was estimated by the Hargreaves Equation (1) due to the unviability of 
data of insolation. 

2.3. Irrigation Management 
The evapotranspiration of the crop (ETc) in mm for the irrigation was calculated by Equation (1).  

ETc ETo Kc= ×                                           (1) 
where, 

ETo is the evapotranspiration of reference in mm and 
Kc is the coefficient crop. 
The irrigation time per day used to manage the irrigation at the orchard over the experiment was calculated by 

using the Equation (2), which was recommended by [19]. 
 

 
(a)                                                         (b) 

Figure 2. Maximum temperature-MaxT, minimum temperature–MinT and solar radiation-Sr (a) and average wind speed - 
U2 and relative humidity-Rh (b) during the assessment period. August 1st represented the second day after flowering. Gua-
nambi, Bahia, Brazil, 2011.                                                                                
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1 2 lETc Rp E E K
Ti

n q Ea
× × × ×

=
× ×

                                   (2) 

where,  
Ti is the irrigation time (h∙d−1). 
Rp is the ETc replacement according to the treatment (decimal). 
E1 is the space between plant rows (m). 
E2 is the space between plants in the row (m). 
K1 is the localization coefficient. 
n is the number of emitters per plant. 
q is the drip flow rate (L∙h−1). 
Ea is the application efficiency (decimal). 
The K1 values were calculated considering the area shaded by the plant, in accordance with [20], obtaining a 

unitary value.  
The total applied water in the different treatments was 345.06 mm for the treatments 1 and 2; 276.04 mm for 

T3; 207.03 mm for T4 and 138.02 mm for T5, as shown in Figure 3. When it happened to rain, this quantity was 
subtracted from the ETc to obtain the irrigation time. It can be seen in Figure 3 that after the 115th days after flo-
wering, irrigation was not done because the occurrence of rain met the evapotranspiration requirement of the crop 

2.4. Analyzed Variables 
The physiological variables were measured with the aid of infrared gas analyzer (IRGA) model Lcpro+ 
Portable Photosynthesis System (ADC BioScientific Limited, UK) with temperature and ambient irradiance 
and airflow of 200 ml∙min−1. They were measured photosynthetically active radiation incident on the leaf 
(Qleaf) expressed in µmol∙m−2∙s−1 ofphotons, leaf temperature (Tl) in ˚C, internal concentration of CO2 (Ci), 
µmol∙mol−1, stomatal conductance (gs), mol m−2∙s−1, transpiration (E) mmol∙m−2∙s−1 de H2O, liquid photo-
synthesis (A) µmol∙m−2∙s−1 de CO2, Instant water-use efficiency (A/E), carboxylation efficiency (A/Ci) and 
quantum efficiency of photosynthesis (A/Qleaf). The measurements were performed before the occurrence of 
rainy season with 73 days after flowering between 10:00 a.m. and 12:00 p.m. in October 2011. 

The water use efficiency (WUE) was calculated considering the yield and gross water applied for the 
treatments, according to Equation (3). 

YWUE
GWA

=                                       (3) 

 

 
Figure 3. Cumulative irrigation applied to the different treatments and cumulative rainfall occurred during the experiment. 
Guanambi, Bahia, Brazil, 2011.                                                                               
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where,  
WUE: in kg∙ha−1∙mm−1. 
Y: the yield, kg∙ha−1. 
GWA: the water applied in mm. 
The obtained data of number of fruits per hectare, yield (t∙ha−1), water use efficiency and physiological 

variables were subjected to analysis of variance and means were compared using the Tukey test at 5% of 
probability. 

3. Results and Discussion 
The use of PRD caused no significant reduction in the production (number of fruits per hectare and yield) of the 
“Tommy Atkins” mango compared to full irrigation (Table 2). The physiological variables measured in “Tom-
my Atkins” were not affected by treatments based on the PRD (P > 0.05). [7] point out that when the water defi-
cit in the soil is not very sharp, changes in stomatal conductance follow the same trend of the plants without wa-
ter deficit and the reduction by 50% of ETc in the mango crop does not cause significant reduction in transpira-
tion. However, a reduction of 24.20% in transpiration in plants subjected to regulated deficit irrigation (RDI) 
compared to full irrigation in the fruit expansion phase. 

The reduction in transpiration rate in leaves of plants under water deficit can be explained by adaptation of the 
crop to avoid water loss [7]. [21] points out that as the soil water becomes scarce, the plant begins to reduce its 
transpiration rate to decrease the loss of water and to save available water in the soil. This probably occurs be-
cause of the stomatal closure caused by a signal emitted by the roots, synthesis of the plant hormone abscisic 
acid (ABA) and transport to the shoot via the xylem in response to water deficit in the soil. [22] emphasizes that 
this mechanism keeps the water in the plant, however interferes with the assimilation of CO2, and hence in yield. 
In this study, it was found that with higher water deficit, associated with switching, that is PRD at 40% of ETc,  

 
Table 2. Number of fruits per hectare—NF, Yield—Y (t∙ha−1), Water-use efficiency—WUE (kg∙ha−1∙mm−1), Photosyntheti-
cally active radiation incident on the leaf—Qleaf (µmol of photons m−2∙s−1), Leaf temperature—Tl (˚C), Internal concentra-
tion of CO2—Ci (µmol∙mol−1), transpiration—E (mmol∙m−2∙s−1), Stomatal conductance—gs (mol∙m−2∙s−1), Photosynthesis— 
A (µmol∙m−2∙s−1) and Carboxylation efficiency—A/Ci (µmol∙m−2∙s−1/µmol∙mol−1), Quantum efficiency of photosynthesis— 
A/Qleaf (µmol de CO2 m−2∙s−1/µmol of photons m−2∙s−1) and Instant water-use efficiency—A/E (µmol∙m−2∙s−1/mmol∙m−2∙s−1) 
in “Tommy Atkins” mango fruit subjected to different strategies of partial rootzone drying irrigation, PRD. Guanambi, Bahia, 
Brazil, 2011.                                                                                              

Characteristics 
Treatments 

CV 
FI PRD100 PRD80 PRD60 PRD40 

NF 50058.00AB 53,902.67A 32,796.33B 38,079.33AB 36,972.00AB 27.26 

Y 24.00AB 26.37A 15.41B 16.49B 17.00AB 27.93 

WUE 69.55B 76.41B 55.83B 79.64B 123.17A 25.04 

Qleaf 1645.33 1405.72 1589.44 1573.06 1445.44 24.13 

Tl 40.88 40.28 40.26 40.70 40.58 2.58 

Ci 241.94 231.50 227.61 242.39 220.50 5.54 

E 5.40 5.30 4.80 4.56 3.83 21.48 

gs 0.20 0.19 0.17 0.16 0.13 31.65 

A 9.51 10.08 9.61 8.02 8.01 24.55 

A/Ci 0.04 0.04 0.04 0.03 0.04 26.46 

A/Qleaf 0.006 0.009 0.007 0.006 0.016 153.50 

A/E 1.82 2.08 2.21 1.93 2.15 16.64 

Means followed by the same letters in the line do not differ significantly at 5% probability by Tukey test. FI—full irrigation, 100% of ETc; 02—100% 
of ETc, alternation of the irrigation side (FA) at every 15 days; 03—80% of ETc with FA of 15 days; 04—60% of ETc with FA of 15 days. 
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there was no reduction in yield. It is a very important fact from a sustainable standpoint, because productivity 
was satisfactory, enabling high and greater water-use efficiency, reaching up an increase of 77.10% in the WUE 
compared to full irrigation; i.e. increasing water productivity. 

The rise in stomatal conductance (gs) causes increase in transpiration, photosynthesis and in carboxylation ef-
ficiency. The gs is responsible by the entering of CO2 and the release of water by the stomata; the larger is its 
opening, the smaller is the stomatal resistance and, consequently, there is increase in transpiration [22]. 

The eco-physiological behavior is a result of the balance of several environmental factors and not a single 
factor. The optimal temperature for the carboxylation of CO2 by the enzyme rubisco, ribulose-1,5-bisphosphate 
carboxylase/oxygenase is 22˚C. This enzyme prevails in plants with photosynthetic mechanism C3, such as the 
mango tree. The balance between the activities of carboxylase and oxygenase of the rubisco is maintained by the 
kinetic properties of the enzyme, temperature, and concentration of CO2 and O2. Under concentration of envi-
ronmental CO2, an increase in the temperature modifies the kinetic constants of the rubisco and increases the 
oxygenation rate, preferably, the carboxylation [22], that is, it increases the photorespiration with decrease in the 
net photosynthesis rate of the plant. In general, below 30˚C, the quantum productivity of the photosynthesis, mol 
of CO2 fixed per absorbed quantum, in C3 plants is usually high and, above this limit, it falls significantly. 

The results of production obtained in this study are in accordance with the ones showed by [11], who worked 
with PRD in a “Kent” mango orchard in the semiarid of Bahia and a reduction of 50% of applied water was ac-
complished without any significant reduction in yield with alternation of PRD of 14 and 21 days. This research 
also agrees with [12] [13] who claim that is possible to obtain a sustainable production with the use of PRD at 
50% of the ETc and a deficit irrigation at 30% to 50% results in a high efficient use of water with big savings of 
this resource. Table 2 indicates that the treatment 05 (PRD with 40% of ETc) with productivity of 17.00 t∙ha−1 
results in higher efficiency of water use. 

The study demonstrates that the partial rootzone drying (PRD) with 40% of ETc and alternation of the wa-
tered side at every 15 days do not cause significant reduction in productivity and increase a water use efficiency 
(WUE) (P < 0.05 by Tukey test, as can be seen in Table 2). The use of PRD, with different hydric replenish-
ments did not significantly affect the photosynthetically active radiation incident on the leaf, Qleaf; leaf temper-
ature Tl; internal concentration of CO2, Ci; transpiration, E; stomatal conductance, gs; photosynthesis, A; car-
boxylation efficiency, A/Ci; quantum efficiency of photosynthesis, A/Qleaf and instant water-use efficiency, A/E. 
The increase in leaf temperature causes reduction in A/Qleaf and A/E, however, increasing transpiration. The in-
crease in gs results in higher E, A and A/Ci (Figures 4(d)-(f)). 

 

 
Figure 4. Transpiration—E (mmol∙m−2∙s−1), Quantum efficiency of photosynthesis—A/Qleaf (µmol de CO2 m−2∙s−1/µmol of 
photons m−2∙s−1, Instant water-use efficiency—A/E (µmol∙m−2∙s−1/mmol∙m−2∙s−1) according to the leaf temperature, transpira-
tio—E(D) (mmol∙m−2∙s−1), photosynthesis—A (µmol∙m−2∙s−1) and carboxylation efficiency—A/Ci(F) (µmol∙m−2∙s−1/µmol∙mol−1) 
according to the stomatal conductance—gs (mol∙m−2∙s−1) in “Tommy Atkins” mango. Guanambi, Bahia, Brazil, 2011.           
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The theory of using partial rootzone drying bases on the fact that the hydric deficit in the soil induces the 
production of abscisic acid (ABA) by the roots that is transported through the vascular system, concentrating in 
the shoot, promoting the partial closing of the stomata, controlling the vegetative growth and, consequently, re-
ducing the water loss to the atmosphere. This fact is partially verified by the values of stomatal conductance—gs 
and transpiration—E (Table 2), in which, despite not differing statistically, the means of gs and E fall as the ap-
plied water reduces in the PRD.  

4. Conclusion 
It can be concluded with the present paper that the use of PRD with 40% of ETc causes no interference on the 
gas exchange in “Tommy Atkins” mango, maintaining the yield and increasing the efficiency of water use. 
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