
ABSTRACT: The excess of nitrogen (N) causes the overgrowth of sweet potato foliage, increasing the self-shading and reducing the  

root yield. Therefore, a combined N and paclobutrazol (PBZ) application can reduce the vegetative overgrowth and benefit the sweet 

potato yield. The purpose of this study was to evaluate the plant growth, yield, uptake and removal of N by sweet potato plants fertilized with  

N and treated with PBZ during two planting seasons. The treatments consisted of four N rates (0, 50, 100 and 200 kg·ha–1), three forms  

of PBZ application (PBZ-10: PBZ applied at 10 days after side-dressing N fertilization [DASNF]; PBZ-25: PBZ applied at 25 DASNF, and  

PBZ-10 + 25: PBZ applied at 10 plus 25 DASNF), and a control (without PBZ application). Paclobutrazol application temporarily reduced 

the length of the main branches of sweet potato planted in the rainy season, but it did not reduce the shoot biomass of plants in both 

planting seasons. A single application of PBZ at 10 DASNF increased the yield of fresh storage roots in the two planting seasons, but, 

during the rainy season, the increases were greater when two applications were carried out. The application of 50 kg·ha–1 N in the rainy 

season was sufficient to reach the maximum yield of fresh storage roots, but, in the dry season, the N fertilization increased the N uptake 

without benefiting the root yield.
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INTRODUCTION

Despite being considered as a rustic crop, the sweet potato uptakes large amounts of nutrients from the soil, and nitrogen (N) 
is the second nutrient most taken up by this root crop (Fernandes et al. 2020). In sweet potato, N influences the production and 
distribution of biomass in the plants and improves the yield of the harvested storage roots (Duan et al. 2019; Kakabouki et al. 2020).

In Brazil, N fertilization recommendations for sweet potatoes indicate rates between 20 and 60 kg·ha–1 N (Casali 1999; 
Lorenzi et al. 1997; Silva et al. 2002), but these recommendations were based on studies carried out with old cultivars, which 
present low yield, and without considering the cultivation history of the field (Fernandes et al. 2018). Recent studies with 
more productive sweet potato cultivars have shown responses to N rates ranging from 102 to 183 kg·ha–1 (Foloni et al. 2013; 
Leonardo et al. 2014; Oliveira et al. 2006; Santos Neto et al. 2017). However, there is a concern regarding the application of 
high N rates in the sweet potato crop. The excess of N increases the leaf area index, decreases the development of the storage 
roots and the harvest index (HI), favoring the growth of the vegetative organs, in addition to prolonging the cultivation 
cycle (Fernandes et al. 2018; 2020). Therefore, avoiding excessive vegetative growth is important to obtain high yield.

The use of plant growth regulators is an approach to reduce the overgrowth of the shoot of plants (Mabvongwe et al. 
2016). In sweet potatoes, the application of prohexadione-calcium was efficient in reducing the length of the branch and 
increasing the total storage root yield (Njiti et al. 2013). The use of paclobutrazol (PBZ) has also shown some positive effects 
on the quality of the sweet potato roots (Chen et al. 2012). Paclobutrazol is a synthetic chemical compound that acts by 
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inhibiting the synthesis of the gibberellin (GA) in the endoplasmic reticulum and controlling the vegetative overgrowth of 
plants (Rademacher 2015). This plant growth regulator is widely used in Brazilian conditions to induce mango flowering 
(Oliveira et al. 2017). In addition, PBZ has been used to control excessive shoot growth of other crops, such as soybeans 
(Pricinotto and Zucarelli 2014), wheat (Espindula et al. 2009), and tomato (Silva and Faria Junior 2011).

Although research indicates that PBZ can assist in the management of several crops (Chen et al. 2012; Espindula  
et al. 2009; Oliveira et al. 2017; Pricinotto and Zucarelli 2014; Rademacher 2015; Silva and Faria Junior 2011), the Brazilian 
recommendations for the use of PBZ are still restricted to mango, tomato, and avocado crops (Brazil 2021). Thus, as sweet 
potato has a high production of branches and a relatively low HI, it is possible that the combined application of N and PBZ 
in sweet potato could alter the partition of carbohydrates in the plant and favor the yield of storage roots. Thus, the objective 
of this study was to evaluate the plant growth, storage root yield, and the uptake and removal of N by sweet potato plants 
fertilized with N and treated with PBZ during two planting seasons.

MATERIAL AND METHODS

Four field experiments were carried out between 2017 and 2019. Two experiments were implemented during the rainy season 
(October 2017 and October 2018), and the other two during the dry season (May 2018 and June 2019). Three of the experiments 
were carried out in different areas of the São Manuel Experimental Farm of the College of Agricultural Science of the São Paulo 
State University (22°25’S, 48°34’W; and 740 m a.s.l.). The experiment planted in May 2018 was the only one carried out in a 
commercial sweet potato production area in the municipality of Bauru - SP (22°21’S, 49°16’W; and 539 m a.s.l.). The soil of both 
areas was classified as sandy-textured Dystroferric Red Latosols (Oxisols) (Santos et al. 2018). During the conduction of the 
experiments, the maximum and minimum temperatures, and the average rainfall of each studied site were monitored (Fig. 1).
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Figure 1. Daily rainfall (bars) and maximum and minimum temperatures (thick and thin lines, respectively) recorded in the experimental 
areas during the sweet potato cultivation.

Note. (a) and (b) are rainy season planting of São Manuel in 2017/18 and 2018/19, respectively. (c) and (d) are dry season planting of Bauru in 2018 and São 
Manuel in 2019, respectively.
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A randomized blocks experimental design with a 4 × 4 factorial scheme, and four replications, was used for the experiments. The 
treatments consisted of four N rates (0, 50, 100 and 200 kg·ha–1) combined with three forms of PBZ application (PBZ-10: PBZ applied 
at 10 DASNF; PBZ-25: PBZ applied at 25 DASNF; and PBZ-10 + 25: PBZ applied at 10 plus 25 DASNF), and a control (without PBZ 
application). The N rates for each treatment were split applied, being half the N rate applied at planting and the remainder as side-
dressing fertilization using urea (45% N). Each plot was represented by four 4 m-long rows of sweet potatoes. The analysis area of each 
plot was represented by the two central rows, disregarding 0.5 m at the end of both rows within the plots. The commercial product 
Cultar 250 SC was used as the source of PBZ, at a rate of 100 g·ha–1 active ingredient (a.i.) at each application.

Before the sweet potato planting, soil samples were collected at a depth of 0–0.20 m in order to determine the chemical 
characteristics of each experimental area (van Raij et al. 2001). In the 2017 and 2018 rainy season plantings (São Manuel), the 
results of the soil analyzes were: pH (CaCl2) 5.2 and 4.7; 21 and 12 g·dm–3 Organic matter (O.M.); 23 and 5 mg·dm–3 Presin-extractable;  
0.57 and 0.91 mmolc·dm–3 K; 9 and 14 mmolc·dm–3 Ca; 6 and 7 mmolc·dm–3 Mg; 29 and 43 mmolc·dm–3 cation exchange capacity 
(CEC), and 54 and 50% base saturation (BS), respectively. In the 2018 (Bauru) and 2019 (São Manuel) dry season plantings the 
results were: pH (CaCl2) 4.4 and 5.1; 13 and 12 g·dm–3 O.M.; 19 and 29 mg·dm–3 Presin-extractable; 1.24 and 0.95 mmolc·dm–3 K; 5 and 
22 mmolc·dm–3 Ca; 4 and 5 mmolc·dm–3 Mg; 33 and 52 mmolc·dm–3 CEC, and 31 and 56% BS, respectively.

The soil preparation was carried out conventionally with a disc plowing and a light harrowing. The day before planting, 
30-cm high ridges were built, in which 10-cm deep furrows were made for fertilization. The planting fertilization was carried 
out with 80 and 100 kg·ha–1 P2O5 in the rainy season plantings of 2017 and 2018, respectively. In the dry season, the P rate of 
60 kg·ha–1 P2O5 was used for both 2018 and 2019 plantings. About 90 kg·ha–1 K2O were applied in each experiment. Triple 
superphosphate (41% P2O5 and 7% Ca) and potassium chloride (60% K2O) were used as sources P and K. After distribution in 
the soil, the fertilizers were incorporated into the planting furrows, and the sweet potato was planted afterward with moist soil.

The rainy season plantings took place on October 13th, 2017 and October 22nd, 2018, while the dry season plantings 
took place on May 19th, 2018 and June 16th, 2019. Only in the dry season plantings, irrigations were carried out with 3.0 L 
of water per plant in the first two weeks of cultivation, in order to ensure the setting of the branches.

The branches used for planting were collected one day before planting, from the apex of young plant matrices of the 
cultivar ‘Canadense’, and sectioned into pieces of approximately 30 cm in length. One branch was used per planting pit, 
burying 3 to 4 internodes from the base of the branches (Oliveira et al. 2006). The plant spacing of 1.0 × 0.30 m was used 
for the rainy season planting of 2017, while in the other planting seasons the spacing of 1.3 × 0.30 m was adopted.

The side-dressing N fertilization, with the remainder 50% of the N rates of each treatment, was carried out at 30 days 
after planting (DAP) in both plantings of the rainy seasons, and the dry season planting of 2018. In the dry season planting 
of 2019 (São Manuel), the side-dressing N fertilization was applied at 77 DAP due to the lack of rainfall (Fig. 1d).

Paclobutrazol was sprayed via leaf using a volume of 200 L·ha–1 of solution at 10 and 25 DASNF in all experiments. 
During the crop development period, all recommended agricultural practices, such as weeding, irrigation, and pest control, 
were carried out according to the need of the crop.

The sweet potato harvest took place in March 2018 and 2019 for the rainy season plantings (~153 DAP) and in November 
2018 and 2019 for dry season plantings (~160 DAP).

At 10 (1st evaluation) and 30 (2nd evaluation) days after the last application (DALA) of PBZ, the number of the main 
and secondary branches per plant, the length of the main branch, and the number of leaves per plant were evaluated. The 
number of the main and secondary branches, and the number of leaves per plant, were obtained by counting each structure 
in the plants. The main branches were those that originated from the base of plants, and the secondary branches were those 
that originated from the main branches. The length of the main branch was considered as the distance between the base of 
the plant and the apex of each branch.

At harvest, the final plant population was determined in two 1.5-m long rows of each plot. After that, the plants were 
harvested and separated in shoot and storage roots, and then weighed (fresh weight). The yield of fresh storage roots was 
calculated considering the final plant population and the fresh weight of storage roots per plant. Samples of shoot and storage 
roots were collected, weighed (fresh weight), and dried in an oven with forced air circulation at 65 °C until constant weight.

After drying, the samples were weighed (dry weight), and the dry matter (DM) concentration of both plant parts was 
calculated. The amounts of DM accumulated in both plant parts was calculated with the data of fresh shoot and storage root 
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yield, and the concentration of DM in each of these plant parts. The DM of the whole plant was obtained by the sum of the 
DM of shoot and the storage roots. The HI was calculated by dividing the storage root DM by the whole plant DM. The dried 
samples were ground to pass through a 1-mm screen, and the N concentration was determined (Malavolta et al. 1997). The 
amounts of N accumulated in the shoot and the storage roots were obtained by multiplying the N concentration by the amount 
of DM accumulated in each plant structure. The amounts of N taken up by the sweet potato plants resulted from the sum 
of the amounts of N in both plant parts. The removal of N was represented by the amount of N present in the storage roots.

The data were analyzed using the SISVAR software (Ferreira 2011). A combined analysis of variance (ANOVA) using 
the two years revealed that there were no significant interactions between years and planting season for almost all measured 
variables. Therefore, the data were combined across the two years and individual ANOVAs were performed separately for 
each planting season. The forms of PBZ application were compared by the LSD test (p ≤ 0.05), and the effects of the N rates 
were analyzed by regression, being selected the significant regression equations with the highest coefficients of determination.

RESULTS AND DISCUSSION

In both planting seasons, the treatments did not influence the number of main branches per plant during the two evaluations, 
whose average values were between 1.4 and 1.2 branches per plant for the rainy and dry seasons, respectively (Table 1). The length 
of the main branches at the first evaluation (10 DALA) of the rainy season was influenced by PBZ applications and N rates, whereas 
in the dry season there was only a PBZ effect on this variable (Table 1). During the rainy season, the length of the branches of the 
PBZ-10 treatment was 9% lower than the other treatments, which confirms the efficiency of PBZ in controlling the vegetative 
growth of plants, especially in countries with warmer climates (Rademacher 2015). However, in the dry season, the length of the 
branches did not differ among the PBZ-treated plants, but these treatments showed branches 8% longer than in the plants of the 
control. During the rainy season, the N fertilization increased the length of the branches up to 134 kg·ha–1 N in the first evaluation 
(Fig. 2a). Thus, N-unfertilized plants showed branches 26% shorter than plants fertilized with the optimal N rate (Fig. 2a).

Table 1. Number of main and secondary branches per plant, length of main branches, and number of leaves per plant in two evaluation times 
(1st and 2nd evaluation: 10 and 30 DALA) of sweet potato in response to the application of PBZ and N rates during two planting seasons. 
Average of two planting seasons (2017/18 and 2018/19).

Variables

Time of PBZ application(1) ANOVA (P > F)

Control PBZ-10 PBZ-25 PBZ-10 + 25 PBZ N rate PBZ × N

Rainy season planting at 1st evaluation
Number of main branches per plant (No.) 1.4a 1.6a 1.4a 1.4a ns ns ns
Length of main branches (cm) 55.7ab 51.1c 57.3a 54.7b < 0.001 < 0.001 ns
Number of secondary branches per plant (No.) 5.2b 5.3b 5.4ab 5.8a 0.039 < 0.001 ns
Number of leaves per plant (No.) 100.0a 97.8a 98.5a 102.4a ns < 0.001 ns

Rainy season planting at 2nd evaluation
Number of main branches per plant (No.) 1.4a 1.5a 1.3a 1.4a ns ns ns
Length of main branches (cm) 81.6a 81.2a 81.0a 80.4a ns < 0.001 < 0.001
Number of secondary branches per plant (No.) 6.0b 6.2b 6.9a 7.0a < 0.001 < 0.001 ns
Number of leaves per plant (No.) 136.7b 157.4a 141.3b 166.4a < 0.001 < 0.001 ns

Dry season planting at 1st evaluation
Number of main branches per plant (No.) 1.3a 1.2a 1.2a 1.3a ns ns ns
Length of main branches (cm) 53.4b 58.4a 58.2a 56.8a < 0.001 ns ns
Number of secondary branches per plant (No.) 4.2c 4.4c 4.8b 5.2a 0.044 < 0.001 ns
Number of leaves per plant (No.) 118.1c 142.3a 135.4b 146.4a 0.042 0.007 ns

Dry season planting at 2nd evaluation
Number of main branches per plant (No.) 1.3a 1.3a 1.2a 1.3a ns ns ns
Length of main branches (cm) 78.6b 87.5a 86.3a 82.9ab < 0.001 ns ns
Number of secondary branches per plant (No.) 6.9b 7.3b 8.3a 8.5a 0.006 ns ns
Number of leaves per plant (No.) 194.3d 216.9c 226.9b 237.6a < 0.001 < 0.001 ns

Note. Values in the lines followed by the same letter are not significantly different at p ≤ 0.05 according to the LSD test. ns: not significant. (1)Control = without PBZ application, 
PBZ-10 = application of 100 g·ha–1 PBZ at 10 DASNF, PBZ-25 = application of 100 g·ha–1 PBZ at 25 DASNF, PBZ-10 + 25 = application of 100 g·ha–1 PBZ at 10 plus 25 DASNF.
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Figure 2. Length of main branches (a, b), number of secondary branches per plant (c, d) and number of leaves per plant (e, f) in two evaluation 
times (1st and 2nd evaluations: 10 and 30 DALA) of sweet potato in response to N rates during two planting seasons.

Note. Average of two planting seasons (2017/18 and 2018/19). RSP: rainy season planting; DSP: dry season planting. Vertical bars represent the least significant 
difference at p ≤ 0.05 according to the LSD test. **p ≤ 0.01.

At the second evaluation (30 DALA), the length of the branches in the planting of the rainy season was influenced by 
the PBZ × N rate interaction, but in the planting of the dry season, only the PBZ affected this variable (Table 1). In the rainy 
season, N rates increased the length of the branches in a quadratic manner in all treatments (Fig. 2b). In the absence of N 
fertilization, the branch length did not differ among the PBZ treatments. However, with the supply of rates between 100 and 
200 kg·ha–1 N, the PBZ-10 and PBZ-10 + 25 treatments showed branches, on average, 9% shorter than the control (Fig. 2b). 
The PBZ-10 + 25 treatment resulted in plants with shorter branches due to the decrease in the initial growth of the branch 
caused by the first PBZ application at 10 DASNF (Table 1 and Fig. 2b). These results indicate that the early application of 
PBZ can interrupt the activity of gibberellic acid and reduce the length of the branches (Mabvongwe et al. 2016; Rademacher 
2015). The reduction in the vegetative growth of plants can increase the translocation of photoassimilates from the shoot 
to the storage roots and increase the sweet potato yield (Chen et al. 2012; Njiti et al. 2013).
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In the two planting seasons, the number of secondary branches per plant at the first evaluation (10 DALA) was 
influenced by both the isolated factors studied (Table 1). At the second evaluation (30 DALA) in the rainy season, the 
number of secondary branches was affected by both factors, but, in the dry season, there was only the influence of PBZ on 
this variable. At both evaluation periods of the two planting seasons, the numbers of secondary branches of the control 
and PBZ-10 treatments were lower than the PBZ-10 + 25 treatment (Table 1). The increase in the number of secondary 
branches in the treatment with two PBZ applications occurred because the inhibition of the gibberellin synthesis by this 
product can increase the endogenous levels of cytokinin, and stimulate the development of axillary buds in the plants 
(Izumi et al. 1988).

At the two evaluations of the rainy season (10 and 30 DALA), the number of secondary branches per plant increased by 
30% up to the rate of 130 kg·ha–1 N (Fig. 2c and 2d), but, in the dry season, there was an increase of 13% up to 122 kg·ha–1 
N only at the first evaluation period (10 DALA) (Fig. 2c). These results reinforce the effect of N on the vegetative growth of 
plants. However, the excessive vegetation of the shoot competes with the development of storage roots, which can decrease 
the sweet potato yield (Fernandes et al. 2018; 2020).

At the first evaluation (10 DALA), the number of leaves per plant was affected only by the N rates in the rainy season 
and by the isolated factors in the dry season (Table 1). In the dry season, the number of leaves per plant of the PBZ-10 and 
PBZ-10 + 25 treatments did not differ; however, it was 22% greater than the control treatment. In the rainy and dry seasons, 
the number of leaves per plant at the first evaluation increased up to 136 and 121 kg·ha–1 N, respectively (Fig. 2e). In both 
planting seasons, the number of leaves per plant at the second evaluation (30 DALA) was influenced by the isolated factors 
(Table 1). In both planting seasons, the number of leaves per plant was higher in the PBZ-10 + 25 treatment; however,  
in the rainy season planting this treatment did not differ from the PBZ-10 treatment (Table 1). As it happened in this study, 
the use of inhibitors of GA synthesis in potatoes (Solanum tuberosum L) also stimulated the development of new shoots 
(Opatrná et al. 1997). In the present study, the treatment with two sequential PBZ applications (PBZ-10 + 25) increased the 
number of secondary branches in both planting seasons, and this reflected in plants with a greater number of leaves (Table 
1). At the second evaluation of the rainy season planting, the N fertilization increased the number of leaves per plant up to 
118 kg·ha–1 N, but, in the dry season planting, the increase in the number of leaves was linear (Fig. 2f).

The final plant population was not affected by the treatments during the rainy season and averaged 24,361 plants 
per hectare (Table 2) (Fig. 3a). In the dry season, only the N rates affected the final plant population. The application 
of rates above 44 kg·ha–1 N reduced the final plant population by up to 40% (Fig. 3a), possibly due to the lack of rainfall 
(Fig. 1), which increased the concentrations of salts in the soil. The increase in soil salinity depends of the fertilizer 
used and the amount applied, and the saline potential is all the greater the drier the soil. Thus, the lack of rain and 
the high N rates applied in the planting furrow together with 90 kg·ha–1 K2O as potassium chloride potentiated this 
effect in the dry season.

The shoot DM yield during the rainy and dry season plantings was affected by the isolated factors (Table 2). The 
PBZ-10 + 25 treatment showed a higher shoot DM yield during both the planting seasons; however, in the rainy season 
planting, this treatment did not differ from the PBZ-10 treatment (Table 2). The increase in the shoot DM yield of the 
treatment with two PBZ applications reflects the greater number of vegetative structures. The sequential application of 
PBZ (10 plus 25 DASNF) broke the apical dominance of the branches and stimulated the emission of new secondary 
branches and leaves, which resulted in higher shoot DM yield. The application of PBZ inhibits the synthesis of GA in 
plants, but also increases that of cytokinin (Desta and Amare 2021), which is responsible for regulating cell division, 
apical dominance and promoting the growth of new structures (Taiz et al. 2016) as was verified in the PBZ-10 + 25 
treatment. The contents of abscisic acid (ABA) and phytol in the leaves (both beneficial for growth) are also increased 
by the PBZ application, and higher leaf concentrations of ABA help in protection against environmental stress (Desta 
and Amare 2021). In the rainy season, the N fertilization linearly increased the shoot DM yield by 99%, while in the 
dry season the increase in shoot DM yield was of 11% and occurred only up to the estimated rate of 90 kg·ha–1 N  
(Fig. 3b). Despite, the plants from dry season had presented higher shoot DM yield regardless of N fertilization; in 
this study, the effect of N fertilization in promoting vegetative growth of sweet potatoes were greater in the rainy 
season (Table 2 and Fig. 3b).
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Table 2. Final plant population, dry matter (DM) yield of the shoot, storage roots, and whole plant, harvest index, N concentration in plant 
parts, N uptake, N removal, and fresh storage root yield of sweet potato in response to the application of PBZ and N rates during two planting 
seasons. Average of two planting seasons (2017/18 and 2018/19).

Variables

Time of PBZ application(1) ANOVA (P > F)

Control PBZ-10 PBZ-25 PBZ-10 + 25 PBZ N rate PBZ × N

Rainy season planting
Final plant population (plants·ha–1) 23,675 24,408 24,387 24,975 ns ns ns
Shoot DM yield (kg·ha–1) 1748b 1997a 1732b 2183a < 0.001 < 0.001 ns
Storage root DM yield (kg·ha–1) 3425b 4040a 3551b 4071a < 0.001 < 0.001 ns
Whole plant DM yield (kg·ha–1) 5174b 6037a 5284b 6254a < 0.001 < 0.001 ns
Harvest index 0.68 0.67 0.70 0.68 ns ns ns
Fresh storage root yield (kg·ha–1) 14,542c 16,676b 14,943c 17,361a 0.004 0.006 ns
Shoot N concentration (g·kg–1) 17.0a 16.6ab 17.3a 15.7b 0.024 < 0.001 ns
Storage root N concentration (g·kg–1) 5.0 5.2 4.6 4.3 ns < 0.001 ns
N uptake (kg·ha–1) 46.9b 54.3a 46.9b 52.7ab 0.02 < 0.001 ns
N removal (kg·ha–1) 17.4b 21.4a 16.6b 17.3b 0.01 < 0.001 ns

Dry season planting
Final plant population (plants·ha–1) 11,417 12,098 11,851 11,193 ns < 0.001 ns
Shoot DM yield (kg·ha–1) 4447c 4556c 4972b 5314a < 0.001 < 0.001 ns
Storage root DM yield (kg·ha–1) 2469ab 2587a 2291b 2304b < 0.001 < 0.001 ns
Whole plant DM yield (kg·ha–1) 6917b 7144b 7264ab 7619a < 0.001 < 0.001 ns
Harvest index 0.35a 0.36a 0.31b 0.30b < 0.001 < 0.001 ns
Fresh storage root yield (kg·ha–1) 10,180b 10,700a 9,271c 9,303c < 0.001 < 0.001 ns
Shoot N concentration (g·kg–1) 17.2 17.8 18.4 18.7 ns 0.007 ns
Storage root N concentration (g·kg–1) 8.0 8.2 7.3 8.0 ns < 0.001 ns
N uptake (kg·ha–1) 94b 101b 107b 117a < 0.001 < 0.001 ns
N removal (kg·ha–1) 17.7 20.0 15.5 17.7 ns < 0.001 ns

Note. Values in the lines followed by the same letter are not significantly different at p ≤ 0.05 according to the LSD test. ns: not significant. (1) Control = without PBZ application, 
PBZ-10 = application of 100 g·ha–1 PBZ at 10 DASNF, PBZ-25 = application of 100 g·ha–1 PBZ at 25 DASNF, PBZ-10 + 25 = application of 100 g·ha–1 PBZ at 10 plus 25 DASNF.

The DM yield of the storage roots during the two planting seasons was affected by the PBZ and N rates alone (Table 2).  
In the rainy season, the DM of the storage roots of the PBZ-10 and PBZ-10 + 25 treatments did not differ and was 16% higher 
than the other treatments. These results indicate that the increase in the vegetative growth promoted by the early PBZ application 
was not excessive, as it also increased the DM of the storage roots (Tables 1 and 2). However, in the dry season the treatments 
with late PBZ applications reduced the DM of the storage roots compared to the treatment with only one early application of 
PBZ, which indicates that the early application of PBZ is more interesting to stimulate the development of the storage roots.

Nitrogen fertilization increased the DM of the storage roots by 30% up to the rate of 134 kg·ha–1 N in the rainy season, and 
linearly reduced it by 68% in the dry season (Fig. 3c). This indicates that, in the rainy season, the N promoted the development of 
the storage roots, i.e., there was an adequate growth of the shoot that resulted in greater supply and distribution of photoassimilates 
for the storage roots, interfering positively in the root DM produced (Duan et al. 2019; Pushpalatha et al. 2018). However, in 
the dry season the increase in the N supply impaired the development of storage roots because it reduced their number and 
mean weight (data not shown). Therefore, the lower development of storage roots in response to N application during the 
dry season was not a result of the overgrowth of vegetative organs as suggested by other studies (Fernandes et al. 2018; 2020; 
Oliveira et al. 2006), since N fertilization in the dry season increased the shoot DM yield by only 11% (Fig. 3b).

The whole plant DM yield was influenced by the isolated factors in both the planting seasons (Table 2). In the rainy 
season, the PBZ-10 and PBZ-10 + 25 treatments had an increase of 18% in the whole plant DM, which was a reflection of 
the positive effect of these treatments on the shoot DM. However, in the dry season, the plants treated with two sequential 
PBZ applications accumulated more DM than the plants of the control and PBZ-10 treatments. The higher DM of the plants 
in the treatment with two PBZ applications is the result of the excessive shoot growth. The N fertilization increased the 
whole plant DM up to the highest N rate studied in the rainy season, and, in the dry season, it linearly reduced the whole 
plant DM, mainly due to the decrease caused in the DM of the storage roots (Fig. 3c and 3d).
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Figure 3. Final plant population (a), dry matter (DM) yield of the shoot (b), storage roots (c), and whole plant (d), harvest index (e), and fresh 
storage root yield (f) of sweet potato in response to N rates during two planting seasons.

Note. Average of two planting seasons (2017/18 and 2018/19). RSP: rainy season planting; DSP: dry season planting. **p ≤ 0.01.

There was no influence of the factors studied on the HI in the rainy season, which was on average 0.68 (Table 2), i.e., 
above the minimum value of 0.50 suggested for root crops (Peixoto et al. 2005). In the dry season, both studied factors 
affected the HI. In the dry season, the PBZ-25 and PBZ-10 + 25 treatments had their HIs reduced, which indicates that in 
these treatments the PBZ reduced the development of the storage root. In general, the HI in the dry season was between 
0.30 and 0.36, i.e., below what is recommended for root crops (Peixoto et al. 2005). The N fertilization linearly reduced 
the HI of the plants in the dry season (Fig. 3e), but the reduction in the HI was not because N caused an overgrowth of 
the plant shoot, as suggested in other studies (Fernandes et al. 2018; 2020; Oliveira et al. 2006), but because N reduced the 
development of storage roots (Fig. 3c). In the dry season, HI was lower than in the rainy season, even in the absence of N 
fertilization, indicating that in the dry season the preferred metabolic sink of the plants was the shoot (Fig. 3e). Unlike the 
rainy season, during almost all the first 50 days of sweet potato cultivation in the dry season, the minimum temperature 
in the two years was ≤ 15 °C, which is limiting for the growth of storage roots (Ravi et al. 2009; Villordon et al. 2009), and 
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the average precipitation in this period of storage roots formation was only 38 mm (Fig. 1), which reflected in low storage 
root DM yield and HI (Table 2, Fig. 3c and 3e). Drought stress in the early stage of sweet potatoes reduces the number of 
storage roots, delays the development of the formed storage roots and reduces storage root yield (Solis et al. 2014). However, 
after 80 days of cultivation in the dry season, there was greater precipitation and maximum temperatures during most days 
were ≥ 30 °C (Fig. 1), i.e., temperatures favorable to the sweet potato shoot development (Ravi et al. 2009; Villavicencio  
et al. 2007), which contributed to a high shoot DM yield and a low HI, since the storage roots did not develop well  
(Table 2, Fig. 3b, 3c, and 3e).

In both planting seasons, the fresh storage root yield was influenced by the PBZ and N rates (Table 2). In the 
rainy season, the PBZ-10 + 25 treatment showed the highest root yield, the PBZ-10 treatment showed intermediate 
root yield, while the lowest root yield occurred in the control and PBZ-25 treatments. However, in the dry season, 
the PBZ-10 treatment was the most productive (Table 2). These results indicate that the application of PBZ only at 
10 DASNF benefited the yield of fresh roots from both planting seasons because it increased the development of the 
storage organ (Table 2). Paclobutrazol application promotes several physiological modifications in the plants, including 
the increase in the carbohydrates partitioning to the storage organ (Desta and Amare 2021), whose mechanism is 
associated with PBZ stimulated low gibberellin level in the tissues of the storage organ that increases its sink activity 
(Tekalign and Hammes 2005).

In the rainy season, the N fertilization increased the fresh storage root yield up to 50 kg·ha–1 N, and at the highest N rates 
the yield remained stable (Fig. 3f). However, in the dry season, the supply of N linearly reduced the fresh root yield by 67%, 
which shows that in this growing season the N fertilization does not benefit the storage root yield of sweet potatoes. According 
to Oliveira et al. (2006), the excess of N increases the vegetative growth at the expense of the development of storage roots. 
However, in this study, N decreased the yield of fresh storage roots only in the dry season, and this reduction was not the 
expense of an overgrowth of the shoot promoted by N. Thus, this study indicates that, for cultivation in the rainy season, 
the rates of N recommended by the Brazilian fertilization technical bulletins, which vary from 20 to 60 kg·ha–1 N, are still 
adequate (Casali 1999; Lorenzi et al. 1997; Silva et al. 2002).

The N concentration in the shoot was influenced by both factors studied in the rainy season, and only by the N rates in 
the dry season (Table 2). In the rainy season, the treatment with two applications of PBZ showed a shoot N concentration 
8% lower than that of the control and PBZ-25 treatments, possibly due to the dilution effect, since the shoot biomass of 
this treatment was higher (Table 2). The N fertilization linearly increased the levels of N in the plant shoot during the 
rainy season, whereas in the dry season the increases occurred only up to the estimated rate of 178 kg·ha–1 N (Fig. 4a). In  
both seasons, it appears that the application of N fertilizer increased the N concentration in the sweet potato shoot, as was 
also observed in the studies conducted by Pushpalatha et al. (2018) and Kakabouki et al. (2020).

There was an effect only of the N fertilization on the N concentrations of the storage roots in both planting seasons  
(Table 2). In both planting seasons, the N fertilization increased the concentrations of N in the storage roots up to the 
highest N rate studied, but in the rainy season, the increments in the levels of this nutrient were greater (Fig. 4b). In  
the two planting seasons, the uptake of N by sweet potatoes was influenced by both factors studied (Table 2). However, the 
N removal was influenced by the PBZ and N rates in the rainy season planting, and only by the N rates in the dry season 
planting. In the rainy season planting, the PBZ-10 treatment increased the uptake and removal of N by the plants, but in 
the dry season, there was an increase in the N uptake only when two PBZ applications were made. The increase in N uptake 
and removal in response to PBZ application is a result of the increase in the plant biomass and N concentrations in the 
plant tissues, especially in the shoot.

The N fertilization linearly increased the uptake and removal of N by sweet potatoes when planting in the rainy season; 
however, in the dry season the uptake and removal of N increased up to 97 and 65 kg·ha–1 N, respectively (Fig. 4c-d). The 
results of this study indicate that the application of high N rates unnecessarily increases the N uptake and removal by the 
plants, and this negative effect is greater in the dry season planting, where the N supply does not benefit the sweet potato 
yield. In the rainy season planting, the maximum N uptake and removal was 74 and 26.4 kg·ha–1 N, respectively. However, 
in the dry season the maximum amounts of N taken up and removed were 117 and 21 kg·ha–1 N, i.e., during the dry season, 
there was a high N accumulation in the plant shoot (Fig. 4c). Despite this, the amounts of N taken up during the dry season 
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were close to the values of 128 and 129 kg·ha–1 N mentioned by Fernandes et al. (2018) and Miranda et al. (1995). However, 
the removal values of N in this study were lower than those reported by Fernandes et al. (2018; 2020) due to the lower yield 
of fresh storage roots and storage root biomass obtained in this study.
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Figure 4. Nitrogen concentration in the shoot (a) and storage roots (b), N uptake (c), and N removal (d) by sweet potato in response to N 
rates during two planting seasons.

Note. Average of two planting seasons (2017/18 and 2018/19). RSP: rainy season planting; DSP: dry season planting. **p ≤ 0.01.

CONCLUSION

Paclobutrazol application temporarily reduced the length of the main branches of sweet potato planted in the rainy 
season, but it did not reduce the shoot biomass of plants, regardless of the planting season. A single application of PBZ at 
10 DASNF increased the yield of fresh storage roots in the two planting seasons, but during the rainy season, the increases 
were greater when two applications were carried out.

In the rainy season, the application of 50 kg·ha–1 N was sufficient to achieve the maximum yield of fresh storage roots, and 
higher N rates unnecessarily increase the vegetative growth, uptake, and removal of N. In the dry season, the N fertilization 
increased the N uptake without benefits for the storage root yield.
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