
ABSTRACT: The aim of this research was to evaluate the physiological and productive aspects of irrigated cassava crop. The statistical design used 

was randomised blocks, with six treatments and four replications. The used treatments were irrigation levels, based on the crop evapotranspiration 

– ETC – (L0 = 0% [rainfed], L1 = 40%, L2 = 80%, L3 = 120%, L4 = 160% and L5 = 200% of the ETC) and the analysed physiological variables were: gas 

exchange, the quantum efficiency of photosystem II (PSII) and the soil plant analysis development (SPAD) index. The growth and crop productivity 

were also evaluated through of the leaf area index (LAI), the number and productivity of commercial roots and total biomass. In this research, the 

total irrigation depth was defined as the irrigation depth plus the effective rainfall. The estimated ETC was 1,030 mm over the 12-month production 

cycle and the greatest value for LAI and SPAD were 7.6 and 57.4, respectively, obtained in irrigated areas with the level of 80% of the ETC. While, in 

the areas irrigated with 120% of the ETC, were obtained the highest values of root productivity (93 Mg·ha–1), total biomass yield (149 Mg·ha–1) and 

photosynthetic rate (22.4 μmol CO2·m
–2·s–1). On the other hand, with irrigation equivalent at 200% of the ETC were obtained the greatest values 

of internal CO2 concentration (245 μmol CO2·m
–2·s–1), stomatal conductance (0.35 μmol H2O·m–2·s–1) and effective quantum efficiency (0.68).

Key words: Manihot esculenta Crantz, net photosynthesis, stomatal conductance, SPAD index, quantum yield, agricultural productivity.
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INTRODUCTION

The cassava (Manihot esculenta Crantz) is one of the main food crops of tropical countries and is considered an important 
source of energy for humans and animals (Pipatsitee et al. 2018). Due to the low cost of production, it has become a popular 
crop for medium and small farmers and it stands out as a plant of great socioeconomic importance. In Brazil, cassava is 
mainly cultivated for the production of starch and flour (Alves 2002).

Brazil produced 17.6 million tons of cassava roots in the 2018 harvest, with an average productivity of 14.64 Mg·ha–1. The 
northeast of Brazil is the second largest producer of cassava roots of the country (20% of domestic production), second only 
to the north region (36% of domestic production). In the 2018 harvest, the state of Alagoas was the 13th largest producer 
among Brazilian states, with a production of 394,000 tons and a yield of 11.62 Mg·ha–1 (IBGE 2018). In Alagoas, the cassava 
is traditionally grown by small producers using low-level technology. As a result, crops in Alagoas have been cultivated in 
the same areas for several decades, mostly without proper mechanisation, fertilisation and irrigation.
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The lack of irrigation together with the seasonality of the rainfall is the main factor limiting cassava production in the 
northeast of Brazil. Reductions in root yield in the cassava depend mainly on the duration of the soil water deficit. The critical 
period of cultivation, in which cassava can be affected by the water deficit, occurs between the first and the fifth month 
after planting, when the root system and aerial part of the crop are established (Conceição 1979; El-Sharkawy 2007). Long 
periods of water deficit can cause losses of up to 59% in final root production, which shows the importance of water to the 
crop (Ezui et al. 2018; Verissimo et al. 2010). Therefore, it is observed that the rain seasonality in the Brazilian Northeast 
restricts the availability of water for irrigation in the region and this highlights the importance of studies that increase the 
efficiency in the use of water in the cultivation of cassava for greater productivity with less water waste.

As in other agricultural crops, a reduction in soil water availability generates an immediate response from this Euphorbiaceae: 
stomatal closure, which then causes a reduction in photosynthetic rate and leaf transpiration (El-Sharkawy 2007; Pipatsitee 
et al. 2018). On the other hand, under ideal conditions of soil moisture, the cassava maintains high stomatal conductance 
and internal CO2 concentrations, ensuring a higher photosynthetic rate and greater biomass production. This highlights 
the importance of proper irrigation when cultivating cassava (Alves and Setter 2000).

Despite the existence of studies on cultivating cassava in response to irrigation levels (Mélo Neto et al. 2018; Odubanjo 
et al. 2011), there is little information on the physiological response of the irrigated crop in the coastal tablelands of the 
northeast of Brazil. For this reason, the aim of this study, was to evaluate gas exchange, photochemical efficiency, and biomass 
production in wild cassava grown under different irrigation levels in the coastal tablelands of Alagoas.

MATERIAL AND METHODS

The experiment was done in the Rio Largo region, Alagoas, Brazil (9°27’58.7”S, 35°49’47.2”W, 127 m). According to 
the Thornthwaite and Mather classification, the climate is humid and megathermic, with a moderate water deficit during 
the summer and water surplus during the winter. The rainfall and mean annual temperature are 1,800 mm and 25.4 °C, 
respectively (Souza et al. 2005). The experimental period was from 27 June 2019 to 18 July 2020.

The soil of the experimental area is classified as a cohesive argisolic yellow latosol with a clayey texture (Embrapa 2013). 
The fertilizing of foundation and cover were made with based on the estimated extractions of nitrogen (N), phosphorus 
(P) and potassium (K) by the crop, as per Souza et al. (2009), with the application of 123 kg·ha–1 of N, 27 kg·ha–1 of P and  
146 kg·ha–1 of K, using urea, superphosphate simple and potassium chloride as the respective sources. The coverage 
fertilization was split into two applications, one at 45 and other at 90 days after planting (DAP).

The planting was carried out on 27 June at a spacing of 1.0 × 0.5 m to form a population of 20,000 plants·ha–1. The variety 
used in the experiment was the Caravela, that is from short to medium production cycle, high productivity, and medium 
tolerance to pests and diseases (Guimarães et al. 2017). The propagules used were pieces of stalk with 20 cm length and five buds.

A randomised block design was adopted, with four replications. The treatments comprised six levels of irrigation:  
L0 = 0% (rainfed), L1 = 40%, L2 = 80%, L3 = 120%, L4 = 160% and L5 = 200% of the crop evapotranspiration (ETC), estimated for the 
period that the crop was irrigated. Each experimental plot was 6.0 × 8.0 m (48 m2) and 96 plants, giving a total area of 1,740 m².

The irrigation was done only between October 2019 and March 2020, corresponding to the dry station in the region 
(Souza et al. 2005), when the plants were at the intermediate stage of crop growth and development. The effective precipitation 
from June to September was sufficient to supply the water demand for cassava. During the irrigation period, in the crop 
intermediate phase, the crop coefficient (KC) of the cassava was 1.0 and for the initial and final phases of the cultivation cycle 
were considered 0.35 and 0.45, respectively, as per the Royal Irrigation Department (RID 2010). The ETC (mm·day–1) was 
estimated by Eq. 1, with the weather data obtained from an automatic station (Micrologger – CR 1000, Campbell Scientific, 
Logan, Utah) installed 50 m from the experimental area that provided the ET0 estimated by the method Penman–Monteith 
FAO automatically. The ET0 data were collected at each irrigation for the ETC estimate.

             ETC = ET0 * KC (1)
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where ET0 is the reference crop evapotranspiration estimated using the Penman–Monteith method - FAO (Allen et al. 
1998), KC is the crop coefficient.

The irrigation system utilized was micro-sprinkler, with the emitters spaced 2.0 × 3.0 m apart. The mean flow of each 
emitter was 50 L·h–1, at an application intensity of 8.33 mm·h–1. The uniformity of the irrigation system was 95%. Volumetric 
soil moisture in the experimental area at field capacity was 0.2445 and 0.1475 m3·m–3 at the permanent wilting point, both 
determined in the laboratory from the soil water retention curve using the Richards pressure chamber (Richards 1965). 
An irrigation frequency of three days was used depending on the percentage of accumulated ETC (treatments) in that 
period, with any rainfall that occurred during the irrigation period being deducted from the applied amount of water. The 
ten-day water balance of the crop was determined using the Thornthwaite–Mather method for each irrigation level, as 
per Pereira et al. (2002), in order to explain cassava productivity gains and losses. The effective rainfall was calculated by 
subtracting the water excess (determined from the crop water balance) from the total rainfall. The total available water depth  
during the crop cycle was considered as the effective rainfall plus the applied irrigation depth.

Measurements of the physiological variables were made, including the net rate of photosynthesis (A), intercellular CO2 

concentration (Ci), transpiration rate (E), leaf temperature (Tf), stomatal conductance (gs) and instantaneous water-use 
efficiency (A/E). These variables were obtained using an infrared gas analyser (IRGA, ADC model LCi, Hoddesdon, UK) 
with a 2,000 mmol photons·m–2·s–1 photosynthetic photon flux density, based on the light response curve as determined 
for cassava (Fig. 1). These evaluations were made in December of 2019, sixth month after planting, between 08:00 and  
10:00 h on sunny day, in the fully expanded fifth leaf of the two central plants of the experimental plot, counting from top to 
bottom from the apex of the main branch of the plant. Conceição (1979) affirms that the most critical period or the period 
of greatest sensitivity to water stress for the cassava crop is from planting to the fifth month of cultivation. Instantaneous 
water-use efficiency was calculated as the ratio between photosynthesis and transpiration (A/E).
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Figure 1. Light response curve as determined by cassava plants, in the Rio Largo (AL), Brazil region, from June 2019 to June 2020.

At the same time, also was analysed chlorophyll-a fluorescence, with the aid of a light modulation fluorometer 
(OptiSciences, model OS1-FL, Hudson, USA) to determine the potential quantum yield (Fv/Fm) and effective quantum 
efficiency of photosystem II (ΦPSII). The leaves under analysis were adapted to the dark for 30 min using metal clips to 
obtain the ΦPSII. The leaf chlorophyll content was also determined indirectly using the plant analysis development (SPAD)-
502 chlorophyll meter (Soil Plant Analysis Development Section, Minolta Camera Co., Osaka, Japan). The leaf area index 
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(LAI) was determined every two months throughout the crop cycle, with the aid of an LAI 3100 area meter (Li-Cor, Lincoln, 
Nebraska, USA). To determine the LAI, leaves were removed from one plant in the working area and then scanned. The 
resulting values for leaf area (LA, cm2) were used to estimate the ratio between the ground area and the plant cover (LAI).

During the final harvest at the end of the experiment (355 DAP), the production components were evaluated: number of 
commercial roots per plant (NCR), productivity of commercial roots (RP, in tonnes per hectare, Mg·ha–1), leaf productivity 
(LP, Mg·ha–1), stem productivity (SP, Mg·ha–1) and total biomass (TB, root, stem and leaf, Mg·ha–1). To determine these 
variables, three average plants from the useful area of each plot were split up and weighed on a 0.001 g precision balance 
(Toledo, Pix 3 Plus, São Bernardo do Campo, Brazil). The commercial roots were considered as having a diameter greater 
than 2 cm and a length greater than 10 cm, as per Tironi et al. (2015).

The data were submitted to analysis of variance (p < 0.05) and, when significant, to regression analysis (Ferreira 2018). 
The results and discussion were carried out according to the respective regression curves, with the maximum estimated 
values and the main values obtained by the studied irrigation levels being presented.

RESULTS AND DISCUSSION

The mean minimum air temperature (TMIN; mean of all daily minimum temperatures) during the experimental period was 
21.3 °C (± 1.6), ranging from 17.5 °C (28 August 2019) to 23.6 °C (23 January 2020). The mean maximum air temperature (TMAX; 
mean of all daily maximum temperatures) was 30.1 °C (± 2.1), varying from 35.7 °C (24 November 2019) to 23.9 °C (15 June 2020). 
The overall average air temperature (TMX, mean of all daily average temperatures) was 25.1 °C (± 1.5), and varied between 21.2 °C 
(1 August 2019) and 28.1 °C (6 March 2020). This shows that the average temperature in the region of Rio Largo, AL, is within the 
optimal range (25 to 29 °C) for the growth and development of the cassava (Alves 2002). For relative humidity (RH), the overall 
daily mean was 74.2% (± 6.8), with lower values between November 2019 and January 2020 and a mean of 66.1% (± 3.1) (Fig. 2).
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Figure 2. Daily minimum (TMIN), average (TX) and maximum (TMAX) temperatures, and mean daily relative humidity (RHMED) in Rio Largo (AL), 
Brazil, from June 2019 to June 2020.

The accumulated rainfall during the experimental period was 1,847 mm. The rainiest month was April (364 mm) and 
the least rainy was November (7.4 mm). Alves (2002) confirms that cultivating the cassava requires 800 mm, well distributed 
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throughout the year. The total reference evapotranspiration (ET0) during cultivation was 1,454 mm. The highest values for 
ET0 were recorded between late September and early February, with a mean of 4.8 (± 0.7) mm·day–1. And the cassava crop 
evapotranspiration (ETC) for the period of cultivation (355 days) was 1,030 mm, with a mean of 3.0 (± 1.8) mm·day–1 (Fig. 3).
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Figure 3. Rainfall, reference evapotranspiration (ET0) and crop evapotranspiration (ETC) in Rio Largo (AL), Brazil, from June 2019 to June 2020.

Table 1 shows the total of applied irrigation depths that varied from 134 to 906 mm, between L1 (40% of the ETC) and L5 
(200% of the ETC), for percentage ETC, effective rainfall, sum of the effective rainfall plus irrigation and the split and total 
agricultural productivity of the cassava, in the region of Rio Largo, AL.

Table 1. Total (RTOTAL) and effective rainfall (REFFECT), total gross applied irrigation depths (irrigation), the sum of REFFECT and irrigation (total 
depth) and split and total agricultural productivity observed during the production cycle of the cassava, in Rio Largo region, AL, Brazil, from 
June 2019 to June 2020.

Levels REFFECT Irrigation Total depth Split agricultural productivity

% ETC mm
Root Stem Leaf Total

Mg·ha–1

Rainfed 522 0 522 31.41 31.38 11.71 74.50

L1 – 40 522 134 656 67.57 33.79 14.18 115.54

L2 – 80 510 307 817 82.63 35.71 14.30 132.64

L3 – 120 456 507 963 100.08 41.36 15.49 156.94

L4 – 160 317 701 1.018 96.49 43.18 14.97 154.65

L5 – 200 117 906 1.023 75.80 41.62 13.45 130.87

RTOTAL = 1,847 mm

The water balance of the cassava crop for the different irrigation levels during the experimental period is presented in 
Fig. 4. The influence of the irrigation level is obvious during the intermediate growth and development phase of the crop, 
a period in which the irrigated plants achieved greater canopy growth.
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Figure 4. Ten-day water balance of the cassava crop, cultivated under different irrigation levels: L0 (a), L1 (b), L2 (c), L3 (d), L4 (e) and L5 (f), 
with highlight to excess and deficit water, in Rio Largo (AL), Brazil, from June 2019 to June 2020.

The total water deficit for the cassava crop without irrigation (L0, rainfed) was 508 mm, concentrated between the last 10 
days of September 2019 and the first 10 days of February 2020 (dry period of the region), during this period the accumulated 
rainfall was 102 mm, 5.6% of the total rainfall during the experiment. This highlights the need for irrigation during this 
period. The water excess in the rainfed areas (L0, rainfed) was 1,323 mm, and occurred from June to September 2019 and 
from February to June 2020, the period with the greatest accumulation of rainfall (1,744 mm), equivalent to 94.4% of the 
total rainfall (Fig. 4a). During the irrigation period (13 October 2019 to 13 March 2020), the total accumulated rainfall was 
212 mm, and the accumulated ET0 and ETC was 462 mm. During this period, ET0 and ETC were equals because the KC of 
the cassava crop was equal to 1.0. In the irrigated plots with L1 (40% of the ETC) and L2 (80% of the ETC), a respective water 
deficit of 372 and 211 mm was also recorded, with a water excess for these treatments of 1,323 and 1,335 mm, respectively 
(Figs. 4b and 4c). As on some days it rained a few hours after irrigation, a water excess was seen in the irrigated plots (even 
in areas with deficit irrigation). Conceição (1979) and Alves (2002) claim that prolonged water deficits up to the fifth month 
after planting hinder the establishment of cassava in the field, with a negative effect on the phenological phases of root and 
leaf growth. For the areas irrigated with L1 and L2, the water deficit was 134 and 295 mm less than the deficit suffered in 
the rainfed area, showing that, at these irrigation levels, cassava also tends to undergo a reduction in productive potential, 
albeit less marked.

The results for water balance in the areas irrigated with L3 (120% of the ETC), indicated an accumulated water deficit of 
65 mm and a total water excess of 1,389 mm (Fig. 4d). This small water deficit occurred due to problems with logistics and 
the water supply system. Furthermore, plots irrigated with L4 (160% of the ETC) and L5 (200% of the ETC) presented the 
same accumulated water deficit of 5.0 mm, even with different irrigation depths, 1,528 and 1,728 mm respectively (Figs. 4e 
and 4f). Between the last ten-days of September and the first ten-days of October 2019, all treatment suffered a water deficit 
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of 5.0 mm between the end of the rainy season in the region and the beginning of irrigation, which took place only during 
the second ten days period of October. However, El-Sharkawy (2007) confirms that a short period of water deficit will not 
greatly reduce productive potential in the cassava, due to tolerance mechanisms for water restriction. The different values 
for water excess were a result of variations in the total amount of applied water, based on the treatments.

The irrigation levels caused a significant difference (p < 0.01) in the variables of gas exchange, net photosynthetic rate, 
intercellular CO2 concentration, stomatal conductance and transpiration rate. Chlorophyll-a fluorescence was significant  
(p < 0.01) for effective quantum efficiency and the SPAD index. Significant effects were found (p < 0.05) for the components 
of production and growth, such as the production of commercial roots, total biomass and leaf area index (Table 2). The 
other variables (potential quantum yield, instantaneous water-use efficiency, leaf temperature, number of commercial roots 
per plant, stem and leaf productivity) were not significant, so they were not discussed.

Table 2. Analysis of variance of the physiological and production variables of cassava cultivated under different irrigation levels in the Rio 
Largo region (AL), Brazil, from June 2019 to June 2020.

SQUARE ROOT

Physiological variables (180 DAP)

Source of variation D.F. SPAD ΦPSII Fv/Fm A Ci

Irrigation depth 5 175.644** 0.039** 0.001ns 67.845** 1,917.531**

Block 3 4.471ns 0.002ns 0.000ns 10.982* 348.828ns

Linear 1 117.780ns 0.177** 0.001ns 254.069** 7,122.531**

Quadratic 1 540.614** 0.002ns 0.005ns 70.757** 323.910ns

Residual 15 27.430 0.007 0.000 2.353 245.996

C.V. (%) 10.70 14.84 3.65 7.76 6.86

GS A/E Tf E LAI

Irrigation depth 5 0.041** 0.673ns 0.522ns 2.933** 2.923*

Block 3 0.003ns 0.116ns 0.876ns 0.200ns 0.909ns

Linear 1 0.189** 1.912ns 1.837ns 12.209** 0.964ns

Quadratic 1 0.003ns 0.105ns 0.394ns 1.396** 9.052**

Residual 15 0.043 0.275 0.183 0.107 0.702

C.V. (%) 19.82 7.84 1.39 9.55 15.94

Production Components (355 DAP)

NCR RP CP FP TB

Irrigation depth 5 2.800ns 2,481.877* 94.287ns 7.075ns 3,674.575*

Block 3 2.500ns 439.664ns 16.403ns 9.888ns 350.899ns

Linear 1 2.057ns 6,078.690** 412.930ns 8.617ns 10,245.917**

Quadratic 1 4.526ns 6,132.062** 19.599ns 24.166ns 7,682.608*

Residual 15 3.133 693.529 75.103 11.726 1,218.286

C.V. (%) 24.42 34.80 22.90 24.43 27.37

C.V. = Coefficient of variation.

The net photosynthetic rate (“A”) in the cassava adjusted well to the quadratic model to different irrigation depth. The 
lowest value (11.0 μmol CO2·m

–2·s–1) was seen under L0 (rainfed). This shows that, the rate of “A” in the cassava is reduced 
due to the water deficit. While the maximum rate (22.5 μmol CO2·m

–2·s–1) was found under a total estimated irrigation depth 
of 959 mm, resulting in an increase of 104% in the value for net photosynthesis compared to the lowest value. This total 
estimated irrigation depth that provided the maximum “A” is only 4 mm smaller than the total 963 mm of L3 (120% of the 
ETC) and this indicates that L3 among the studied treatments obtained the highest “A” (22.4 μmol CO2·m

–2·s–1). When the soil 
was exceedingly moist with L5 (200% of the ETC), equivalent to a total irrigation depth (effective rainfall plus irrigation) of 
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1,023 mm, the water excess reduced the photosynthetic rate by approximately 2.0%, in relation to the highest value obtained 
by the quadratic model curve, reaching 22.0 μmol CO2·m

–2·s–11 (Fig. 5a). These values are close to those found by Verissimo 
et al. (2010) and Pipatsitee et al. (2018), who obtained 17.32 and 26.92 μmol CO2·m

–2·s–1 respectively in cassava plants under 
full irrigation. The authors point out that under water stress, the photosynthetic rate and stomatal opening are the most 
affected mechanisms in the cassava, resulting in a further effect on other mechanisms, such as internal CO2 concentration 
and plant transpiration, with a consequent reduction in productivity. Antwi et al. (2017) confirm that a soil water excess 
promotes a drop in the oxygen concentration, which causes stomatal closure and a reduction in the photosynthetic rate, 
negatively affecting plant growth and development.

The highest value for internal CO2 concentration (Ci), was 245 μmol CO2·m
–2·s–1, seen under L5 (200% of the ETC), this 

value is higher than those seen in areas without irrigation L0 (rainfed), which had the lowest value, 200 μmol CO2·m
–2·s–1, 

respectively, resulting in a fall of 18% in the Ci (Fig. 5b). This reduction in Ci shows that when cassava is subjected to a 
water deficit, CO2 acquisition by the crop is restricted due to the accumulation of Ci in the leaf mesophile, which is directly 
associated with stomatal closure and a reduction in CO2 assimilation (Magalhães et al. 2017). Cruz et al. (2017) state that 
stomatal closure occurs under water stress and the diffusion of CO2 from the air to the chloroplast is restricted, which 
generates smaller intercellular CO2 concentrations in the cassava plants. It can be seen that in the L0 (rainfed) areas, internal 
CO2 concentrations are lower and, as a result, photosynthetic rates under these treatments are also lower, as shown in Fig. 4a.

The rate of transpiration (“E”) increased significantly in the areas irrigated and the maximum value of “E”,  
4.05 μmol H2O·m–2·s–1, was obtained under the estimated total irrigation depth of 1,093 mm. And, among the studied 
irrigation levels, L5 (200% of the ETC), equivalent to the total depth of 1,023 mm, was the one that came closest to the 
maximum value, having obtained the highest value of “E”, 4.01 μmol H2O·m–2·s–1. Under L0 (rainfed) plots, with an effective 
rainfall of 522 mm, the lowest value was 1.9 μmol H2O·m–2·s–1, a 52% reduction in the rate of transpiration for the cassava in 
relation to the maximum value obtained with 1,093 mm (Fig. 5c). A similar result (4.2 μmol H2O·m–2·s–1 was found by Palta 
(1983) in cassava plants under full irrigation; the author also found that longer period than one week with no irrigation can 
reduce the rate of transpiration. In general, plants under water stress show rapid stomatal closure, preventing water loss by 
transpiration. Magalhães et al. (2017) reported that a reduction in the rate of transpiration is one of the first responses of 
the plant to water stress. In addition to the soil water content, some weather elements, such as air temperature, wind speed 
and relative humidity play a part in the transpiration process of the plant (Wiriya-Alongkorn et al. 2013).

The highest value for stomatal conductance (gs; 0.35 μmol H2O·m–2·s–1) was obtained with the application of L5 (200% 
of the ETC), generating a gain of 218% in relation to the lowest value estimated (0.13 μmol H2O·m–2·s–1) under L0 (rainfed) 
conditions (Fig. 5d). Other researches already demonstrate similar behaviour for this variable in the cassava under different 
irrigation levels (Cruz et al. 2016; El-Sharkawy 2007; Turyagyenda et al. 2013). Pipatsitee et al. (2018) point out that 
stomatal conductance in the cassava is highly sensitive to water scarcity in the soil and this also affects the physiological 
mechanisms of the plant. Medrano et al. (2002) confirm that the gs mechanism accounts for most of the internal and external  
factors of the plant, as it is linked to the overall effect of water stress on the physiological variables. Veríssimo et al. (2010) 
state that evapotranspiration and relative humidity in the growth environment are directly related to rainfall, irrigation 
and the incidence of solar radiation, which act on the vapour pressure deficit (VPD) of the environment, especially under 
conditions of prolonged water stress (rainfed), increasing water loss from the plant to the environment through the stomata 
and leading to lower stomatal conductance, corroborating the results of the present study.

The leaf area index (LAI) had a quadratic adjustment in all treatments (areas with different levels of irrigation). The L0 
treatment (rainfed) was influenced by the scarcity of rain between the last ten days of September 2019 and the first ten days of 
February 2020, during this period it rained only 103 mm; and this caused the planting LAI to remain stagnant and to return 
to growth only after the beginning of the rains in the second ten-day period of February 2020, when it rained 63 mm. By the 
quadratic regression equation, the maximum estimated LAI of cassava crop without irrigation (L0; rainfed) was equivalent 
to 8.4, reached at 700 DAP, a relatively long period for the cassava cultivation to reach the maximum accumulation of leaf 
mass, which makes it difficult to cassava harvest in one year period (research period), since the plants have not completed 
their phenological cycle and have allocated insufficient photoassimilates in their root system (Fig. 6a). This was because 
the crop suffered a prolonged water deficit due to the scarcity of rainfall mentioned above.
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Figure 5. (a) Net photosynthetic rate (A; μmol CO2·m–2·s–1); (b) Internal CO2 concentration (Ci; μmol CO2·m–2·s–1); (c) Transpiration  
(E; μmol H2O·m–2·s–1); (d) Stomatal conductance (gs; μmol H2O·m–2·s–1) of cassava cultivated under different irrigation levels, in Rio Largo 
(AL), Brazil, from June 2019 to June 2020.

* Significant by the t test at 5% probability.

Among the irrigated treatments, the highest maximum LAI was 7.6 observed in the areas irrigated with the level of 
irrigation L2 (80% of the ETC), equivalent to the total depth of 817 mm in the 12-month cycle of cassava crop. The L5 irrigation 
level (200% of the ETC), equivalent to the largest total depth of 1,023 mm, obtained the lowest maximum LAI, estimated 
at 4.4 (Fig. 6). Odubanjo et al. (2011) studied the growth and production of cassava irrigated in a tropical environment at 
a density of 10,000 plants per hectare, and observed an LAI of 4.3 under full irrigation, while under rainfed conditions the 
LAI was reduced to 2.5, which shows the highest LAI in irrigated plants. According to El-Sharkawy (2007), water deficit 
conditions generate a reduction in the cassava leaf area and, therefore, the LAI can be an indicator of water stress suffered 
by the crop. Under these conditions, cassava leaf abscission occurs with the objective of generating smaller size leaves, 
aiming at reducing the leaf area and a lesser loss of water through transpiration. Leaf abscission is regulated by the hormone 
ethylene and cassava under water stress produces higher amounts of this hormone that regulates leaf loss in response to a 
lack of water. In addition to the water deficit, higher levels of irrigation, such as L5 (200% of the ETC), generate lower LAI 
and this indicates that excess water reduces the leaf area of cassava.

The maximum SPAD index (57.44) was found at an estimated total irrigation depth of 830 mm in the cassava cycle, 
value near to that obtained with L2 (80% of ETC), with total irrigation of 817 mm, which obtained the SPAD index of 57.40. 
Whereas the lowest value (37) was obtained in the L0 (rainfed) areas. Accumulated amounts greater than 830 mm reduced 
this index by 17% (47) in areas irrigated with L5 (200% of the ETC), as shown in Fig. 7a. The higher values for the SPAD index 
indicate greater chlorophyll synthesis and, consequently, greater photosynthetic activity of the plant (Gil et al. 2002). This is 
corroborated by the results of the present research, where the behaviour of the SPAD index and of the net photosynthetic 
rate are similar, indicating that the increase in leaf chlorophyll resulted in photosynthetic gains of the plant and showing 
that leaf chlorophyll content in the cassava is linked to the water status of the plant.
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Figure 6. Leaf area index (LAI) of the cassava, cultivated under different irrigation levels: (a) L0, (b) L1, (c) L2, (d) L3, (e) L4 and (f) L5, in Rio 
Largo (AL), Brazil, from June 2019 to June 2020.

* Significant by the t test at 5% probability.
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Figure 7. (a) SPAD index and (b) effective quantum efficiency (ΦPSII) of the cassava crop, cultivated under different irrigation levels, in the 
Rio Largo (AL), Brazil, region from June 2019 to June 2020.

* Significant by the t test at 5% probability.

The lowest value (0.44) for effective quantum efficiency (ΦPSII) was found in plots cultivated under L0 (rainfed). 
While the highest value (0.68) was found in areas irrigated with L5 (200% of the ETC), equivalent to a total irrigation 
depth of 1,023 mm, an increase of 54% in the ΦPSII (Fig. 7b). In a study of the physiological behaviour of the cassava 
due to rainfall seasonality, it was found that during the dry season the mean ΦPSII in cassava genotypes is 0.58, while 
during the rainy season, the mean value rises to 0.70 (Santanoo et al. 2019). This behaviour was similar to that seen 
in the present research, where plants grown under greater water availability obtained the highest values for ΦPSII. 
Magalhães et al. (2017) show that a soil water deficit causes damage to photosystem II (PSII), reduces energy capture 
by the reaction centres and causes irregularities in photochemical energy dissipation, which reduces energy capture 
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efficiency. Under rainfed conditions, the wild cassava showed a lower ΦPSII, possibly due to the damage caused to PSII 
by the prolonged period of water deficit. Whereas in the plots irrigated with L5 (200% of the ETC), electron transport 
through the photosystem was more efficient.

Although the highest internal CO2 concentration, stomatal conductance and effective quantum efficiency are obtained 
with L5 (200% of the ETC), this level of irrigation is not recommended because, in principle, the productivity of roots and 
total biomass are the main objectives of cassava cultivation, and the highest values of these production components were 
obtained in areas with irrigation of 120% of the ETC (L3) as shown below in Fig. 8. Furthermore, the millimetre of irrigation 
applied is quite expensive and any amount of water applied more increases the costs of the operation without increasing 
agricultural productivity and consequently decreases the enterprise’s profit.
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Figure 8. (a) Productivity (Mg·ha–1) of commercial roots (RP) and (b) total biomass (TB) of the cassava crop cultivated under different irrigation 
levels, in the Rio Largo region (AL), Brazil, from June 2019 to June 2020.

* Significant by the t test at 5% probability.

The maximum productivity of commercial roots (RP) was 94 Mg·ha–1, obtained under 926 mm of total irrigation depth 
estimated, value near to that obtained with L3 (120% of the ETC, total irrigation depth of 963 mm), which was 93 Mg·h–1. 
Under L3 the greatest total biomass productivity (root, stem and leaf; TB = 149 Mg·ha–1) was also obtained. This performance 
was 194 and 99% higher than the yield of cultivated plots under L0 (rainfed), which obtained the lowest yields, 32 and  
75 Mg·ha–1 of RP and TB, respectively (Fig. 8a and 8b). Polthanee and Srisutham (2018), studying production components 
in the cassava, observed greater root production under conditions of full irrigation (52 Mg·ha–1), with a yield of 22 Mg·ha–1 
under rainfed conditions. These results were, in percentage, equivalent to those of the present research and confirm the 
productive potential of irrigated cassava.

The data showed that cassava grown under water stress adopts tolerance mechanisms for drought to obtain greater 
efficiency in water use, such as: reduction of stomatal conductance, transpiration and leaf area. Under these conditions, the 
net photosynthetic rate is affected and results in lower agricultural productivity. This highlights the importance of irrigation 
for the cassava in regions with poor rainfall distribution, such as the northeast of Brazil.

CONCLUSION

The annual cassava evapotranspiration in the Rio Largo, AL region, is around 1,030 mm. This results in a water deficit 
of 508 mm in the annual cultivation cassava cycle, in rainfed areas, since the total effective rainfall is only 522 mm. The 
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greatest value for LAI and SPAD was 7.6 and 57.4, respectively, obtained under the irrigation level of 80% of the ETC. While 
in the areas irrigated with 120% of the ETC are obtained the highest: productivity of commercial roots (93 Mg·ha–1), total 
biomass yield (149 Mg·ha–1) and photosynthetic rate (22.4 μmol CO2·m

–2·s–1). On the other hand, in the areas irrigated 
with 200% of the ETC are obtained the greatest: internal CO2 concentration (245 μmol CO2·m

–2·s–1), stomatal conductance  
(0.35 μmol H2O·m–2·s–1) and effective quantum efficiency (0.68).
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