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Mathematical models for describing growth in peach
(Prunus persica [L.] Batsch.) fruit cv. Dorado
Modelos matemáticos para la descripción del crecimiento del
fruto de duraznero (Prunus persica [L.] Batsch.) cv. Dorado
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Peach fruits cv. Dorado.
Photo: G. Fischer

ABSTRACT
Among deciduous species, the peach tree (Prunus persica [L.] Batsch.) is of great importance in the high tropics. However, the growth behavior of this fruit for different cultivated varieties is unknown. So, adjustment
to double sigmoid curves is assumed for all even though sigmoid type curves have been reported for many
peach cultivar. This has led to the misinterpretation of information, impeding decision-making in terms of
management. Non-linear regression models best describe the growth curves, where parameters are estimated
by minimizing the sum of squares of the errors. In particular, the logistic model is one of the better options
for correctly representing fruit growth. Therefore, the objective of this research was to determine the efficiency of mathematical models for describing growth in P. persica cv. Dorado fruits grown under conditions in the
municipality of Tuta-Boyaca. The Logistic model was the most appropriate for describing the growth curves
based on fresh or dry weight, while the Gompertz model was the most suitable for describing the polar and
equatorial diameters of the Dorado variety fruits because they were used to generate these parameters with
practical interpretations and they adequately represented the biological process.

Additional key words: logistic model; non-linear model; sigmoid curve; Gompertz model; Weibull model.
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RESUMEN
Dentro de las especies caducifolias, el duraznero (Prunus persica [L.] Batsch.), es uno de los frutales de gran importancia en las zonas de trópico alto; sin embargo, se desconoce el comportamiento del crecimiento del fruto en las diferentes variedades cultivadas, por esto se asume que todos presentan ajuste a curvas doble sigmoideas, aun cuando
se reportan que en muchos de los cultivares de duraznero el crecimiento pueden presentar curvas de tipo sigmoideo,
esto ocasiona mala interpretación de la información impidiendo la toma de decisiones acertadas en cuanto al manejo. Se indica que los modelos de regresión no lineal son los que mejor describen las curvas de crecimiento, en los
que el proceso de estimación de los parámetros se puede obtener minimizando la suma de cuadrados de los errores;
dentro de estos, el modelo logístico se reporta como una de las mejores opciones para representar el crecimiento
del fruto de forma acertada. Por lo anterior, el objetivo de la investigación fue determinar la eficiencia de modelos
matemáticos para la descripción del crecimiento de frutos de P. persica cv. Dorado, cultivados bajo condiciones del
municipio de Tuta-Boyacá. Se encontró que el modelo Logístico resultó el más adecuado en la descripción de las
curvas de crecimiento basados en el peso fresco o seco, mientras que el modelo Gompertz fue el más adecuado para
la descripción del diámetro polar y ecuatorial del fruto de la variedad Dorado, ya que a partir de estos se generaron
parámetros con unas interpretaciones prácticas y que representan de forma adecuada el proceso biológico.

Palabras clave adicionales: modelo logístico; modelo no lineal; Curva sigmoidea; modelo Gompertz; modelo Weibull.
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INTRODUCTION
The Department of Boyaca has been characterized
by the production of deciduous fruit trees thanks
to edaphoclimatic conditions that are conducive to
their establishment. In addition, farmers here are
experienced and have a long tradition of producing
deciduous species. This department has achieved one
of the higher yields in the country for fruit species,
such as plums, pears, apples and peaches (DucuaraCabrera, 2017), where the peach tree is one of the better adapted to tropical conditions (Pinzón et al., 2014;
Quevedo-García et al., 2017). However, peach trees
from temperate zones present a different phenological cycle than tropical crops because the floweringharvest phenological stages are largely determined by
the average post-flowering temperature (Pola et al.,
2016). For this reason, the dynamics of fruit growth
and development must be understood for the different peach varieties to plan cultivation tasks.

behavior of peach fruits and other organs, variables
such as height, weight, and diameter, among others, have been used, most commonly with regression
models (Casierra-Posada et al., 2004; Quevedo et al.,
2017). However, non-linear regression models have
strong advantages over linear regression models, such
as conservation of resources, in the cases of simple
non-linear models, and biological interpretation of estimated parameters (Fernandes et al., 2014; Muianga
et al., 2016).

The growth of the so-called stone fruit trees, including the peach tree, has been generally described
as double sigmoid (Silva et al., 2019). However, this
statement is not entirely consistent because there
are many peach cultivars that differ in terms of
their phenological cycle, highlighting the presence of
short-cycle materials that follow a sigmoid behavior,
while intermediate and long-cycle cultivars follow
a double sigmoid behavior (dela Bruna, 2007; Della
Bruna and Moreto, 2011). To characterize the growth

Growth models can be classified into two large
groups: those that assume that there is an asymptotic
final size, and those that do not. The choice between
asymptotic and non-asymptotic functional forms depends in part on the response variable of interest and
the time scale of the study. Asymptotic models are
also appropriate for analyses that include the entire
life cycle, while non-asymptotic models implicitly assume that growth continues indefinitely (Paine et al.,
2012).
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Nonlinear regression models are commonly selected
as an important alternative for the analysis of data
from agricultural processes (Archontoulis and Miguez, 2015) because they are simple, have flexibility
and are conserve resources. Nonlinear models can often be easier to interpret than alternatives although
objectives and applications may vary.

MATHEMATICAL MODELS IN THE GROWTH OF PEACH

Growth curves are a useful tool for modeling natural events that involve response changes over time
(Szabelska et al., 2010). For a given model, time is a
continuous variable instead of a discrete one, where
the main condition for generating growth curves is
the existence of a functional relationship between
the response variable and time (Hanusz et al., 2008).
This type of curve generally has a sigmoid appearance
(S-shaped) that is adjusted with nonlinear regression
models because the parameters have direct practical
interpretation, which is why non-linear models are
widely used in growth studies for different species
(Leal do Prado et al., 2013; Sari et al., 2019; Menezes
da Silva et al., 2020).
Sigmoid curves can be generated from mathematical
functions from non-linear models and are commonly
used to describe variables such as height, weight, leaf
area index or seed germination as a function of time
(Miguez et al., 2018). In general, the suitability of a
sigmoid equation to estimate the maximum rate of
increase or the optimal x level to maximize the value
of y is important (Yin et al., 2003). There are several models that generate curves with a sigmoid pattern, such as logistic, Gompertz, Richards or Weibull
(Miguez et al., 2018). Their equations have an inflection point, where the growth rate increases up to
the inflection point and then decreases. For this reason, they can be used to analyze processes with two
growth phases (Shabani et al., 2018).
Studies have been carried out on the growth and
development of peach fruits; however, most were
conducted in temperate zone conditions to elucidate growth dynamics but do not represent the fruit
growth conditions in tropical and subtropical zones,
where the ecophysiological conditions are different
(Fischer et al., 2011). For this reason, this research
aimed to understand the dynamics of fruit growth
based on the thermal time of the Dorado variety,
grown in the Colombian high tropics, using different
non-linear mathematical models.

MATERIALS AND METHODS
Data collection
The fruits used for the determination of the mathematical growth models were collected from the La
Esperanza farm, located in the Agua Blanca district
in the municipality of Tuta-Boyaca (Colombia),
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with the geographical coordinates: 5°41’24’’ N and
73°13’35’’ W, located at an altitude of 2,640 m a.sl.,
with an average annual rainfall of 1,216 mm, average
temperature of 14ºC and relative humidity of 85%,
determined with an RHT20 datalogger (Extech™).
The Dorado variety was selected because it is one
of the more cultivated and accepted varieties in the
domestic market. According to Campos (2013), this
cultivar is adapted to 2,200 to 2,700 m a.s.l., requires
300 h with temperatures below 7.2°C when dormant,
and has good acceptance in the market because of its
yellow skin with slight red pigmentation, yellow pulp
with reddish coloration around the stone, rounded
shape, and average weight of 150 g. It is consumed
fresh and used in agribusiness.
To quantify the growth variables, 15 sampling units
were taken, each composed of three trees that were
randomly selected. The sampling was carried out every 15 d, starting from stage 65 (full flowering) and
lasting until the fruits reached full bloom, optimal
growth and consumption maturity stage 89 according to the BBCH scale (Meier, 2001), with a total of 9
samplings (135 days after full flowering (ddpf)).

Methodology
45 trees were randomly selected, three for each estimated sampling point. 100 flowers/plant with mixed
branches in year one were marked, guaranteeing 25
fruits/plant in the sampling points. The selected
peach trees were 7 years old and planted at a distance
of 3 m between plants and 2.5 m between rows. At
the start of full flowering (floral opening of 50% of
the flowers), corresponding to stage 65 according
to the BBCH scale (Meier, 2001), they were marked
with silicone rubber. In each sampling, the fruits were
manually collected from the trees and packed in paper bags that were placed in a polystyrene thermos.
The collection was done in the afternoon so that the
analyses could be carried out in the morning hours of
the next day. 10 repetitions were carried out for the
growth variables (Tab. 1), each composed of a fruit.
The accumulation of degree days of growth (GDD)
was determined using the residual method (Torres,
2006), using the following equation (1)
GDC = Tm – Tbase

(1)

Where, Tm is the mean daily air temperature, calculated from the daily temperature quantified every
30 min using an RHT20 humidity and temperature
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datalogger (Extech™); Tbase was defined from the
physiological point of view as the value of the temperature under which the development of a crop or a
specific organ of a plant stops (Trudgill et al., 2005),
which for this study was assumed as 4.5°C according
to Chaar and Astorga (2012)
The evaluated growth variables were: fresh weight,
which was quantified for the endocarp (seed and
shell) and the edible part (pulp (mesocarp) + rind
(epicarp)) using a sample of 10 fruits taken at each
sampling point and recording the weight individually
using an Acculab® VIC 612 precision balance with
an approximation of 0.01 g; dry weight for the endocarp (seed-bone) and the edible part (pulp + rind) using a sample of 10 fruits taken at each sampling point
and independently placing the fruits in a Memmert®
drying oven at a temperature of 75°C until constant
weight; polar diameter, which was obtained as the
distance between the apical and basal area of the
fruits using a Mitutoyo digital caliper with a precision of 0.05 mm; and suture diameter as the distance
at the equatorial zone using a Mitutoyo digital caliper with a precision of 0.05 mm.
The parameters were estimated with the total dry
weight data to calculate the absolute growth rate
(TAC) and relative growth rate (TRC) with the equations in table 2.
Table 1. Equations used to determine AGR and RGR (Hunt,
2016).
Index

Description

Equation

Units

AGR

Absolute growth rate

(dW/dt)

gd

RGR

Relative growth rate

(1/W) (dW/dt)

g g-1 d-1

-1

= total dry mass (g); dW / dt = variation of dry mass as a function of thermal
time.

W

To characterize the fruit growth, the following nonlinear regression models were adjusted using the parameterization recommended by Miguez et al., (2018)
for the case of the logistic and Gompertz models. In
the case of the Weibull model, the parameterization

recommended by Ritz and Streibig (2005) was
followed:
A descriptive analysis was carried out, in which the
average and standard error were determined for each
of the variables evaluated at each of the sampling
points. The behavior of each variable with respect to
thermal time (GDC) was plotted with the data. The
most suitable regression model was determined for
each dependent variable. The parameters were estimated using R version 4.0.5 with the ‘DRC’ package,
which optimizes the estimation of the parameters
using the Gauss-Newton algorithm. The initial assumption of the vector of residuals was verified using the Shapiro-Wilks hypothesis tests for normality,
Durbin-Watson, independence and constant variance
with the Breusch-Pagan test. The best model was
selected with the Residual Standard Error (RSE),
Akaike’s Information Criterion (AICc) (Hurvich
and Tsai, 1993), and Bayesian Information Criterion
(BIC) (Raftery, 1986).

RESULTS AND DISCUSSION
The models were adjusted for each of the growth
variables. Then, the assumptions of the residual vector were verified, reaching the conclusion that none
of these assumptions were violated at the 5% significance level, that is, the vectors had normal values,
distribution with zero mean, and independent and
constant variance.
Accordingly, each parameter obtained for each model
was evaluated (Tab. 2). The three-parameter logistic model was the best model for the fresh and dry
weight gain for both the pulp and the endocarp, with
parameters significant at 5%. The Gompertz with
three parameters was the best model for the polar and
suture diameters with parameters significant at 5%.
Although the models presented good performance
when evaluated using the information criteria, the
logistic model presented a lower value for the AICc,
BIC and RSE (Tab. 3) in all variables for the fresh and

Table 2. Definition of models and parameters to evaluate the growth of the P. persica cv. Dorado fruits.
Model
Logistic model

Equation

Parameter definition

Y = Yasym /exp[1+exp[– k(t – tm)]]

Where, Y is the response variable (eg, biomass or diameter), t is the
explanatory variable (eg Growth Day Degrees (GDC)), Yasym or Ymax is the
asymptotic or maximum Y value, respectively, tm is the inflection point where
the growth rate is maximized, and k refers to the inflection point of the curve

Y = Yasym exp[– exp[– k(t – tm)]]

Gompertz model
Weibull model

Y = Yasym [exp[– exp[– k(ln(t) – ln(tm))]]]
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dry weights. The Weibull model presented non-significant parameters for the fresh and dry weights of
the pulp, polar diameter and suture diameter and presented the highest values of AICc, BIC and RSE (Tab.
3), making it unreliable for estimating the models for
the growth variables in this study.
The accumulated growth of the peach fruit cv. Dorado followed a sigmoid behavior, represented by the
three-parameter logistic model, which is characteristic of short-cycle peach cultivars (dela Bruna, 2007),
regardless of the model type used to describe. This
growth presented three phases. Phase I was characterized by rapid growth as the result of cell division,
moving to phase II, in which there were important
changes at the physiological and anatomical levels,
including a temporary decrease in pulp mass gain,
increased endocarp mass, accumulation of substances such as lignin and others involved in endocarp lignification and partial or total seed formation
(Cunha et al., 2007; dela Bruna, 2007). Phase III was

characterized by physical and biochemical changes
that are typical of the ripening process, such as: increased production of ethylene and other volatiles,
color changes, increased respiratory rate, decreased
firmness and chemical transformations that affect
sugars, organic acids, proteins, phenolic compounds,
pigments and pectins (Almanza et al., 2015).
The evaluated material presented fruit set one month
after full flowering (stage 65). Afterwards, the fruits
began the first growth phase, characterized by active
cell division. This phase lasted 30 d and accumulated
273.5 GDC. A second phase of cell expansion and simultaneous lignification of the endocarp lasted for 60
days and accumulated 561.8 GDC. A final phase of
fruit maturation lasted 33 d and accumulated 246.5
GDC. This cultivar accumulated a total of 1081.8
GDC in a period of 153 days after full flowering (Fig.
1 and 2).

Table 3. Non-linear models, estimated parameters and information criteria for growth variables of the peach fruit cv. Dorado.
Model

Logistic

Variable

tm

AICc

BIC

RSE

693.57*

-0.00497*

1272.47*

74.15

55.93

4.06

Fresh weight of endocarp

12.278

-0.0072

*

570.79

35.75

17.54

0.48

Dry weight of pulp

49.861

-0.0047

1135.28

37.17

18.96

0.45

Dry weight of endocarp

6.112

-0.0111

*

691.82

14.44

-3.76

0.14

Polar diameter

7.695*

-0.00284*

449.38*

26.65

8.44

0.29

Suture diameter

7.671

*

-0.00369

*

462.87

29.11

10.9

0.33

NS

*
*

*

*
*
*

*

*

4518.35

-0.00109

2132.83

79.41

61.41

5.45

Fresh weight of endocarp

13.274*

-0.0042*

496.01*

37.06

18.84

0.51

Dry weight of pulp

252.35

-0.0011

NS

NS

*

1869.30

34.65

16.44

0.52

*

*

25.29

7.08

0.26

NS

*

Dry weight of endocarp

6.401

-0.0069

639.90

Polar Diameter

8.721

NS

-0.0016

321.049

23.94

5.73

0.25

Suture diameter

8.687*

-0.00214*

358.93*

25.10

6.89

0.26

NS

*

Fresh weight of pulp

Weibull

k

Yasym

Data criteria

Fresh weight of pulp

Fresh weight of pulp

Gompertz

Estimated parameters

*
*

*

NS

24114.0

-0.6913

10586.5

85.78

67.57

7.76

Fresh weight of endocarp

*

18.331

-1.5050

583.37

40.04

21.82

0.61

Dry weight of pulp

1345.0NS

-0.6324*

10238.3NS

41.73

23.52

0.67

6.802

*

-4.398

646.05

27.53

9.32

0.30

-0.2367

9263.21

38.52

20.30

0.56

-0.2963

7929.08

33.59

15.38

0.42

Dry weight of endocarp

*

Polar diameter

33.188

NS

Suture diameter

42.117

NS

*
*

*
*

*
NS
NS

* parameter significant at 5%; ns: non-significant parameter; Yasym is the asymptotic or maximum Y value, k refers to the inflection point of the curve, and tm is the
inflection point where the growth rate is maximized, AICc: Akaike’s Information Criterion, corrected; Bayesian Information Criterion (BIC); Residual Standard Error
(RSE).
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Figure 1. Mathematical modeling of fresh weight in pulp (A) and endocarp (B) of the peach fruit cv. Dorado.

A

Phase 3

Dry weigth pulp (g)

25

Phase 2

20

Phase 1

15
10
5
0

0

B

8

100 200 300 400 500 600 700 800 900 1000 1100 1200
Growing degree day (GDD)

Observed

Logistic

Gompertz

Weibull

Dry weigth endocarop (g)

30

Phase 3

7

Phase 2

6
5

Phase 1

4
3
2
1
0

0

100 200 300 400 500 600 700 800 900 1000 1100 1200
Growing degree day (GDD)

Observed

Logistic

Gompertz

Weibull

Figure 2. Mathematical modeling of dry weight in pulp (A) and endocarp (B) of the peach fruit cv. Dorado.

The Dorado cultivar presented a fresh endocarp weight (stone and seed) with a final value of
11.95±0.67 g and a dry weight of 5.93±0.26 g (Fig.
1A and 2A). The fresh pulp had a maximum value
of 192.63±8.27 g, which corresponded to a pulp dry
weight of 22.06±1.50 g. Previous values were 1081.8
GDC (153 ddpf) (Fig. 1B and 2B).
The polar and suture diameters presented a constant
increase that was adjusted to the Gompertz model
with three parameters. The polar diameter had a final value of 6.80±0.11 cm, and the suture diameter
had a final value of 7.27±0.15 cm (Fig. 3A and B).
Increases in diameters and volume in fleshy fruits,
including the peach, depend on epidermal extensibility (Thompson, 2001). While epidermal cells divide
throughout fruit development, the division in the
pericarp is limited to a short period of development
and is located in the external tissues around the
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vascular bundles and in the hypodermis. Once cell
division ends, cell expansion begins, increasing fruit
size (Bertin, 2005).
In addition, the size and final diameter of an organ
is related to its dumping power because it is the capacity or potential demand to accumulate assimilates
and water (Marcelis and Heuvelink, 2007). As such,
fruits are the main sink organs that compete with
each other, as do vegetative organs, for the available
assimilates (Peil and Galvez, 2005).
The logistic, Gompertz, and Weibull models were
evaluated to obtain the parameters for the total dry
weight for calculating the TAC and CRT. Although
the models presented significant parameters, the logistic model was the best model because it presented
lower AICc, BIC and RSE values (Tab. 4).
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Figure 3. Mathematical modeling of the polar diameter (A) and suture diamter (B) of the peach fruit cv. Dorado.

Table 4. Non-linear models, estimated parameters and information criteria of the total dry weight of the peach fruit cv. Dorado.
Variable

Total dry weight

Estimated parameter

Model

Yasym

k

Data criteria
tm

AICc

BIC

RSE

Logistic

29.0515*

-0.00898*

778.221*

41.03

22.03

0.64

Gompertz

*

34.330

*

-0.00453

*

742.20

50.86

32.86

1.10

Weibull

44.053

*

ns

-2.6361

805.293

53.27

35.06

1.27

ns

AICc: Akaike’s Information Criterion, corrected; Bayesian Information Criterion (BIC); Residual Standard Error (RSE). Yasym is the asymptotic or maximum Y value, k
refers to the inflection point of the curve, and tm is the inflection point where the growth rate is maximized

The TAC and CRT were evaluated with the threeparameter logistic model (Tab. 5). The CRT slowly
increased during phase I of growth and increased rapidly until reaching its maximum point at 790.3 GDC
(114 ddpf), with a gain of 0.0650 g GDC-1. It then
decreased continuously until harvest (Fig. 4), that
is, the maximum growth rate occurred in phase II,

0,09

Phase 1

as reported for some fleshy fruits (Hernández et al.,
2002; Rodríguez et al. , 2006).
The CRT had a continuous decrease but its decrease
was more marked, from 469.4 GDC (80 ddpf). At the
beginning the CRT was 0.01548 g g-1 GDC-1 and, at
harvest, it was 0.001501 g g- 1 GDC-1 (Fig. 5).

Phase 3

0,08
AGR (g per GDD)

0,07
0,06
0,05
0,04
0,03
0,02
0,01
0

Phase 2
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Figure 4. Absolute growth rate (AGR) based on the dry weight of the peach fruit cv. Dorado.

Vol. 15 - No. 3 - 2021

8

PINZÓN-SANDOVAL / PINEDA-RÍOS / SERRANO-CELY

RGR (g . g -1 per GDD)

0,012

Phase 1

Phase 3

0,01
0,008
0,006
0,004
0,002
0

Phase 2
0

100 200 300 400 500 600 700 800 900 1000 1100 1200
Growing degree day (GDD)

Figure 5. Relative growth rate (RGR) based on the dry mass of the peach fruit cv. Dorado.

Since the relative growth rate expresses the increase
in dry mass of the plant or its organs in time intervals, based on the initial value of the dry mass produced and accumulated, the CRT tended to decrease
during the fruit growth and development, as has
been reported for this cultivar (Carranza et al., 2009).

CONCLUSIONS
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Colombia. pp. 47-67. In: Miranda, D., G. Fischer, and
C. Carranza (eds.). Los frutales caducifolios en colombia
Situación actual, sistemas de cultivo y plan de desarrollo.
Sociedad Colombiana de Ciencias Hortícolas, Bogotá.

This research evidenced the importance of applying statistical processes, specifically the modeling
of growth variables with the Logistic and Gompertz
non-linear models, which adequately described the
growth curves of the peach cultivar ‘Dorado’ and
generated parameters with practical interpretations
that represented the studied biological phenomenon.
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Crecimiento de frutos y ramas de duraznero (Prunus
persica L. Batsch, cv. ’Conservero’) en los altiplanos
colombianos. Agron. Colomb. 22(1), 40-45.
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