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Abstract- The influence of climate on the development of lychee fruit is complex, but few studies have 
discussed the problem. We developed agrometeorological models for simulating the development of fruit 
fresh matter (FM), fruit dry matter (DM), fruit length (LE), fruit diameter (DI), fruit volume (VO), and fruit 
number per cluster (FN) of the “Bengal” lychee cultivar as functions of climatic conditions. We conducted 
three analyses: (a) the influence of mean meteorological elements on the rates of fruit growth, (b) estimation 
of fruit development by the agrometeorological models using sigmoidal adjustments, and (c) simulation 
of fruit development using multiple nonlinear regression of two meteorological elements to improve the 
accuracy. A rate of water deficit (WD) near 5 mm d-1 maximised FM, DM, LE, DI, and VO. Increases in 
potential evapotranspiration (PET), degree days (DD), and actual evapotranspiration (AET) were correlated 
with increases in VO and decreases in LE and NF. Models estimating fruit development indicated that the 
accumulation of WD, PET, AET, and DD had sigmoidal relationships with all variables of fruit growth except 
FN. FN decreased as WD, PET, AET, and DD increased. The adjusted multivariate models were accurate, 
with the largest error of 6.45 cm3 (VO). The best models were: FM = f(∑WD, DD), LE = f(∑AET, DD), DI 
= f(∑WD, DD), VO = f(∑WD, DD), and FN = f(∑AET, WD).
Index terms: analysis of growth, water deficit, fruit number, climate.

MODELOS AGROMETEOROLÓGICOS NÃO-LINEARES PARA ESTIMAR
 O DESENVOLVIMENTO DE FRUTOS DE LICHIA

Resumo - A influência do clima no desenvolvimento de frutos de lichia é complexa, e poucos trabalhos 
abordam a questão. Objetivou-se com este trabalho determinar modelos agrometeorológicos para simular  o 
desenvolvimento da matéria fresca (FM), matéria seca (DM), comprimento do fruto (FE), diâmetro do fruto 
(DI), volume do fruto (VO) e número de frutos (FN) de lichia “bengal”. Foram feitas 3 análises distintas: (a) 
analisaram-se as influências médias dos elementos meteorológicos nas taxas de variações do crescimento 
dos frutos; (b) estimou-se o desenvolvimento dos frutos por modelos agrometeorológicos, para tanto, 
empregaram-se modelos de regressões não lineares sigmoidais; (c) também foi simulado o desenvolvimento 
dos frutos utilizando regressão não linear com duas variáveis climáticas conjuntamente, buscando a melhoria 
da acurácia. Como resultado, analisando de forma média a influência das taxas de variação dos elementos 
meteorológicos nas taxas de crescimento dos frutos de lichia, verificou-se que a taxa de déficit hídrico (WD) 
em torno de 5 mm maximiza a FM, DM, LE, DI e VO. O aumento da taxa de evapotranspiração potencial 
(PET), evapotranspiração atual (AET) e graus-dias (DD) diminuem o LE, NF e aumentam o VO. Os modelos 
ajustados para a estimação dos valores ao longo do desenvolvimento dos frutos mostraram que o acúmulo 
de WD, PET, AET e DD tem relação sigmoidal em todas as variáveis de crescimento dos frutos, exceto para 
FN. O FN decresceu com o aumento do WD, PET, AET e DD. Os modelos multivariados ajustados foram 
acurados, uma vez que o maior erro encontrado foi de 6,45 (cm3) (VO). Os melhores modelos encontrados 
foram: FM = f(∑WD, DD), LE = f(∑AET, DD), DI = f(∑WD, DD), VO = f(∑WD, DD) e FN = f(∑AET, WD).
Termos para indexação: análise de crescimento, déficit hídrico, número de frutos, clima.
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INTRODUCTION

The lychee (Litchi chinensis Sonn.) is a 
tropical plant of the Sapindaceae family (KUMAR 
et al., 2012) originating from China (MENZEL; 
PAXTON, 1985), and its fruits have high commercial 
value. India is the largest producer, with yields of 
approximately 0.5 million t in an area of ​​62 000 
ha (PANDEY et al., 2013). Orchards in Brazil are 
concentrated in the states of São Paulo (SP), Minas 
Gerais (MG), and Paraná (MARTINS, 2005), but 
lychee cultivation is not traditional in the country 
(QUEIROZ et al., 2012).

Climate is the most important variable in 
agricultural production (WAGNER et al., 2011), 
because it directly and indirectly influences the 
crops by regulating the growth, yield, and quality 
of agricultural products (BRIXNER et al., 2014; 
KUMAR et al., 2014). Solar irradiance provides the 
energy for photosynthesis and the partitioning of 
plant carbohydrates (OLIVEIRA et al., 2012). 

Water  def ic i t  i s  a  l imi t ing  fac tor 
(ALBUQUERQUE et al., 2013) that affects the 
growth and development of crops (SANTOS; 
CARLESSO, 1998), with effects on diverse 
physiological processes of plants (PEIXOTO et al., 
2006), and thermal conditions influence phenological 
development (WAGNER et al., 2011; WALTER 
et al., 2014). Air temperatures <11 °C stop lychee 
growth, and the crop has high vegetative growth in 
hot regions, reducing the formation of flowers and 
fruits (MENZEL; PAXTON, 1985).

The lychee fruit physiologically matures 
about 112 days after flowering (SALOMÃO et 
al., 2006), or after approximately 2.5 months after 
fruit set (WEI et al., 2013). The development can 
be expressed as a simple sigmoidal curve with two 
distinct phases, the first characterised by the growth 
of the skin and seeds (PEREIRA; MITRA, 2005) 
and the second by rapid growth of the aril (HIEKE 
et al., 2002). The fruits grow for about two months 
until they begin to mature. The fruit is green at 
this phenological phase and can fall off the tree 
(SANTOS et al., 2009). This fruit fall is natural and 
occurs between 35 and 56 days after anthesis (WEI 
et al., 2013).

The maturation phase begins when the 
fruit is fully developed and the pericarp begins to 
change from green to red, until the entire fruit is 
red (WEI et al., 2013). The fruits, which are not 
considered climacteric (KUMAR et al., 2012), 
reach physiological maturity when the pulp becomes 
translucent and has a juicy texture, the taste is 
slightly acidic but sweet (DEMBITSKY et al., 2011), 

the aroma is pleasant, and the colouration is very 
attractive to the consumer (LIMA et al., 2010). This 
colouration is due to anthocyanin pigments that are 
commonly associated with diurnal and nocturnal 
air temperatures (GAZULA et al., 2005; REUCK 
et al., 2009). 

	  Models can be used to simulate crop 
development. For example, Matarazzo et al. (2013) 
determined a curve for the development of lulo fruit 
(Solanum quitoense Lam) and found that the pattern 
of development adjusted to a simple sigmoid model, 
with three stages of growth. Sigmoidal models were 
similarly used by Alves et al. (2013) for estimating 
the development of sweet passionfruit. 

Few studies have analysed the influence of 
climate on lychee development, so the aim of this 
study was to develop crop models for simulating 
the development of fresh matter, dry matter, length, 
diameter, volume and number of fruit per cluster in 
the “Bengal” lychee cultivar under regional Brazilian 
conditions.

MATERIALS AND METHODS

Lychee fruits were collected in two orchards. 
One orchard was in the region of Monte Belo-MG, 
(21°19′S, 46°22′W; 844 m a.s.l.). The predominant 
climatic classification of this region following 
Thornthwaite (1948) is B4rB’2a. The other orchard 
was in Casa Branca-SP, (21°47′S, 47°06′W; 702 m 
a.s.l.). The predominant climatic classification of this 
region following Thornthwaite (1948) is B2rB´3a´ 
(ROLIM; APARECIDO, 2015). The distance 
between these two locations, important lychee 
agricultural areas in Brazil, is approximately 100 km. 

The study was conducted from August to 
December 2013, with evaluations every 15 days. 
The lychee fruits were submitted to a longitudinal 
(in time) and hierarchical (fruit within plants in the 
orchards) study. The fruits were collected from 20 
plants (10 plants in each orchard), all with excellent 
health and in full production. We selected a cluster 
per plant with 10 fruits. Clusters are groups of fruits 
of the same age on a plant. The marked clusters 
had closed flowers for obtaining fruits of the same 
chronological and physiological age. The first fruits 
were collected about seven days after anthesis at both 
locations, and the last were collected 91 and 93 days 
after anthesis in Casa Branca-SP and Monte Belo-
MG, respectively, when the fruit reached commercial 
maturity.

The fruits in the marked clusters were 
harvested at random, totalling 10 fruits per date 
at each location. The length (LE, mm), equatorial 
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diameter (DI mm), and volume (VO, cm3) of the 
fruit were evaluated using a digital pachymeter. The 
number of fruits per inflorescence (FN) were counted, 
and the fresh (FM, g) and dry (DM, g) matters of the 
fruit were weighed. DM was weighed after drying 
to a constant weight in a ventilated oven at 65 °C 
(AOAC, 2012). FM and DM were weighed by an 
analytical balance with a capacity of 1200 g and a 
precision of 0.1 g.

We installed an automatic meteorological 
station at each location. Data for hourly air 
temperature (°C) and rainfall (mm) were measured 
by 107-L and TB4-L sensors (Campbell Scientific, 
Logan, USA), respectively. The data were collected 
by a Campbell Scientific model 21X data logger. The 
sequential monthly water balance (water deficit (WD, 
mm) and actual evapotranspiration (AET, mm)) was 
calculated as proposed by Thornthwaite and Mather 
(1955), using an available-water capacity of 100 mm. 
The potential evapotranspiration (PET, mm) was 
estimated using the Thornthwaite (1948) method. 

We used a lower base temperature of 11 °C, 
as proposed by Menzel and Paxton (1985). The sum 
of degree days (DD, °C days) was obtained from 
flowering to fruit fall:

	                                                                 (1)

                        
  

where ∑GD is the sum of DD, Tmax is 
the absolute daily maximum air temperature (°C), 
Tmin is the absolute daily minimum air temperature 
(°C), and Tbase is the lower base temperature of 
cultivation.

The influence of the meteorological elements 
on the average rates of fruit growth was analysed by 
regression analysis using quadratic adjustments. The 
independent variables were WD, PET, AET, and DD, 
and the dependent variables were FM, DM, LE, fruit 
diameter (mm), fruit volume (cm3) and fruit number 
per cluster. The rates were calculated as the current 
date value less the values ​​at the previous day.

For generation of agro-meteorological 
models for estimating the growth of the fruits using 
sigmoidal curve adjustments, with three Logistic 
and four Boltzmann parameters (equations 2 and 
3, respectively) using ordinary least squares, which 
minimises the sum of the squared errors of the model, 
using the generalised reduced gradient optimisation 
system (LASDON; WAREN, 1982): 

 		       			 

		       	   	                                 (2)
 						    

		                                

                                               	      
                                                                  (3)

where y is the estimated cumulative 
variable, α is the peak of the curve (amplitude), 
β is an integration constant, γ is the efficiency of 
development, y0 is the lowest point of the curve, x0 is 
the inflection point, and b is an adjustment parameter.

The models were selected by evaluating 
the accuracy using the mean absolute percentage 
error (MAPE, %), the precision using the adjusted 
coefficient of determination (R2adj) (CORNELL; 
BERGER, 1987), and the tendency using the 
systematic error (ES, same unit as the data), 
(equations 4, 5, and 6, respectively): 

                    	                                      
                                                                  (4)
                                            		

                                                                  (5)
                                                                             

                                                                  (6)

where Yesti is an estimated variable, Yobsi is 
an observed variable, Yest-C is a variable estimated by 
linear regression between the observed (Yobsi) and 
estimated (Yesti) variables, N is the number of years, 
n is the number of datapoints, and k is the number of 
independent variables in the regression.

We developed models that integrated two 
climatic variables at the same time with the data for 
fruit growth using a response surface analysis for the 
various combinations of meteorological elements 
and fruit-growth variables. We present only the best 
models that had a low MAPE and ES and an R2adj 
near 1, using SigmaPlot 11.0®. 

RESULTS AND DISCUSSION
The analysis of the influence of average 

rates of variation of the meteorological elements 
on the growth rates of fruit lychee indicated that a 
WD rate near 5 mm d-1 maximised FM, DM, LE, DI, 
and VO, suggesting that WD was important for full 
crop development. Similar results were reported by 
Aparecido et al. (2015) for the influence of climate on 
the development of coffee. PET and AET rates >50 
mm and a DD rate >100 °C days increased FM, DM, 
and VO and decreased LE and FN (Figure 1). These 
relationships are in accord with those reported by 
Oliveira et al. (2012) indicating that the accumulation 
of DD for eucalyptus increased FM and DM.
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The average rates should be integrated on a 
daily scale during the growth period of the fruit to 
enable the final phytotechnical estimates (Figure 1). 
We used adjusted logistic and Boltzmann models, 
however, for estimating the growth parameters of 
lychee fruit based on the meteorological conditions 
throughout the growing season. The accumulation of 
WD, PET, AET, and DD had sigmoidal relationships 
with all variables of fruit growth except FN. FN 
decreased with increasing WD, PET, AET, and DD.

All adjusted models were significant 
(p<0.001), with low MAPE and ES and an R2adj 
»1.0, indicating that the growth of lychee fruit could 
be estimated using the variation of accumulated 
meteorological elements. For example, the logistic 
model that estimated FM from WD had a MAPE of 
26.8%, R2adj of 0.99, and ES of 8.2 g (Figure 2.a). 
An error of 26.8% for FM represents 20 g (final 
value) ±5.4 g, a low error for a fruit. The adjusted 
models with higher accuracies were ∑FM = f(DD), 
∑DM = f(DD), ∑LE = f(∑AET), ∑DI = f(∑AET), 
∑VO = f(∑WD), and ∑FN = f(∑WD), with MAPEs 
of 11.7, 6.3, 6.1, 4.9, 14.5, and 7.6%, respectively. 
The highest development (stabilisation) of FM, DM, 
LE, DI, and VO occurred for ∑WD near 30 mm, with 
∑PET and ∑AET near 180 mm, and DD near 750 
°C day (Figures 2-5). The fruit can begin to mature 
after this stage (SILVA et al., 2013; MATARAZZO 
et al. 2013).

The models adjusted with parameter α 
indicated that the maximum final values of FM, DM, 
LE, DI, VO, and FN were approximately 21.8 g, 

5.5 g, 38.6 mm, 35.5 mm, 18.6 cm3, and 92.4 fruits, 
respectively. The models adjusted with parameter 
γ indicated that the efficiency of fruit development 
was dependent on climate. For example, each 1 mm 
of increase in ∑WD on average decreased FM by 
0.29 g (Figure 2.a), DM by 0.34 g (Figure 2.b), LE 
by 0.09 mm (Figure 2.c), DI by 0.1 mm (Figure 2.c), 
and VO by 0.2 cm3.

We used a response surface analysis with 
adjustments of nonlinear models to lower MAPE 
and evaluate the integration of two meteorological 
elements in the estimates of fruit growth. The 
models were significant (p< 0.001) (Table 1) and 
highly accurate and precise; MAPE was 6.45%  for 
VO based on ∑WD and ∑DD. All phytotechnical 
variables except FN responded asymptotically to 
the environmental conditions (Figure 6). Knowing 
the influence of climate is essential, because the 
environment directly controls the physiology of fruit 
(SILVA et al., 2013).

∑WD promoted  r educ t ions  o f  a l l 
phytotechnical variables, except for FN. DD was 
associated with increases for all phytotechnical 
variables of the fruits (Figure 1). These results 
were similar to those by Calzavara et al. (2000), 
who demonstrated that WD in oranges decreased 
the number of fruits, and by Magalhães Filho et 
al. (2008), who reported that WD decreased the 
formation of aerial biomass from working citrus 
rootstock due to a decrease in the photosynthetic 
capacity of the plant.
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Table 1- Selected models a) fresh matter FM, g; b) dry matter DM, g; c) fruit length LE, mm; d) fruit 
diameter DI, mm; e) fruit volume VO, cm3; f) fruits number per cluster FN, uni; according to 
environmental conditions. 
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FIGURE 1-Fruit fresh matter (g), dry matter (g), fruit length (mm), fruit diameter (mm), fruit volume (cm3) 
and fruit number per cluster related to water deficit (WD, mm), potential evapotranspiration 
(PET, mm) and actual evapotranspiration (AET, mm) and degree days (ºC days) rate.



7

Rev. Bras. Frutic., v. 39, n. 2: (e-169)                            DOI   10.1590/0100-29452017 169                                 Jaboticabal - SP

NONLINEAR AGROMETEOROLOGICAL MODELS...

Figure 2- Lychee fruit development according to the summation of water deficit (WD, mm). a) fresh 
matter (FM, g); b) dry matter (DM, g); c) fruit length (LE, mm); d) fruit diameter (DI, mm); 
e) volume (VO, cm3); f) fruits number per cluster (FN, number). Points are observed values, 
estimated full line and the dashed the confidence interval (95%).
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Figure 3- Lychee fruit development according to the summation of potential evapotranspiration (PET, 
mm). a) fresh matter (FM, g); b) dry matter (DM, g); c) fruit length (LE, mm); d) fruit diameter 
(DI, mm); e) fruit volume (VO, cm3); f) fruits number per cluster (FN, number). Points are 
observed values, estimated full line and the dashed the confidence interval (95%).



9

Rev. Bras. Frutic., v. 39, n. 2: (e-169)                            DOI   10.1590/0100-29452017 169                                 Jaboticabal - SP

NONLINEAR AGROMETEOROLOGICAL MODELS...

Figure 4- Lychee fruit development according to the summation of actual evapotranspiration (AET, mm). 
a) fresh matter (FM, g); b) dry matter (DM, g); c) (fruit length LE, mm); d) fruit diameter (DI, 
mm); e) fruit volume (VO, cm3); f) fruits number per cluster (FN, number). Points are observed 
values, estimated full line and the dashed the confidence interval (95%).
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Figure 5-Lychee fruit development according to the summation of degree days (DD, ºC days); a) fresh 
matter (FM, g); b) dry matter (DM, g); c) fruit length (LE, mm); d) fruit diameter (DI, mm); 
e) fruit volume (VO, cm3); f) fruits number per cluster (FN, number). Points are observed 
values, estimated full line and the dashed the confidence interval (95%).
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FIGURE 6- Phytotechnical variables, a) fresh matter (FM, g); b) dry matter (DM, g); c) fruit length (LE, 
mm); d) fruit diameter (DI, mm); e) fruit volume (VO, cm3); f) fruits number per cluster (FN, 
number); according to accumulation of water deficit, actual and potential evapotranpiration 
and degree days.
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CONCLUSIONS

The agrometeorological models accurately 
simulated the development of fresh matter, dry 
matter, fruit length, fruit diameter, fruit volume, 
and fruit number per cluster of “Bengal” lychee 
as functions of the climatic conditions. Rates of 
water deficit of 0.5 mm d-1, evapotranspiration >50 
mm, and degree days >100 °C days promoted the 
development of the lychee fruits. The fruit number 
per cluster of the “Bengal” cultivar decreased with 
increases in the rates of degree days of 200 °C day, 
potential evapotranspiration of 50 mm, and actual 
evapotranspiration of 50 mm. The development of 
the lychee fruits stabilised for a ∑water deficit near 
30 mm, ∑potential evapotranspiration and ∑actual 
evapotranspiration near 180 mm, and ∑degree days 
near 750 °C day.
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