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Comparison of heat-unit methods to predict tomato anthesis
Comparación de métodos que utilizan unidades de calor para predecir la antesis de tomate
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Resumen. El objetivo de este trabajo fue comparar algunos 
métodos para predecir el momento de la floración en el cultivo de 
tomate (Solanum lycopersicum L.). Se realizaron dos experimentos 
independientes utilizando semillas del híbrido comercial Tauro. La 
temperatura del aire se midió con frecuencia horaria mediante un 
termómetro electrónico con almacenamiento de datos, y el fotope-
ríodo se calculó mediante un procedimiento matemático. Se realizó 
un registro para establecer el momento en que cada inflorescencia 
presentaba el 50% de sus flores en antesis. La utilización de días ca-
lendarios (DC) tuvo una alta dispersión, medida con un coeficiente 
de variación (CV) mayor a 3,70% para todas las inflorescencias. El 
método que consideró una temperatura base y el fotoperíodo fue el 
que permitió tener la mayor uniformidad de predicción para las con-
diciones de este ensayo, debido a que su CV fue menor a 0,30%. 

Palabras clave: Solanum lycopersicum L.; Ontogenia; Floración; 
Simulación; Desarrollo; Temperatura.

Abstract. The aim of this work was to compare methods to pre-
dict the time of anthesis in tomato (Solanum lycopersicum L.). Two 
independent experiments were carried out using seeds of the Tauro 
commercial hybrid. Daily maximum and minimum air temperatures 
were measured by means of an electronic thermometer with data 
storage; the photoperiod was calculated using a mathematical pro-
cedure. The moment at which each inflorescence presented 50% of 
its flowers in anthesis was recorded. The use of calendar days (CD) 
had a high dispersion, which was measured with a variation coeffi-
cient (VC) higher than 3.70% for all inflorescences. The method that 
considered both a base temperature and the photoperiod allowed the 
highest prediction uniformity for the conditions of this assay, since 
its VC was lower than 0.30%. 

Keywords: Solanum lycopersicum L.; Ontogeny; Flowering; 
Simulation; Development; Temperature.
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INTRODUCTION
Predicting the development of horticultural crops is of great 

importance for technical decision-making. In tomato, the pos-
sibility of having a reliable calculation method would allow 
producers, technologists and breeders to employ a useful tool to 
predict the anthesis moment of the crop with higher certainty. 

The employment of methods relating plant phenology to 
some environmental variables, e.g. temperature, would allow to 
obtain a more accurate precision than those based on calendar 
day calculations. The methodology to calculate the accumula-
tion of heat units has been applied in numerous crops to predict 
harvest date and, consequently, determine planting date (Mc-
Master & Wilhelm, 1997). However, there are different calcu-
lation methods of heat units (UC) that take into account the 
response of the development rate to air temperature.

Each phase or expression of plant development is deter-
mined by characteristic or cardinal temperature values such as 
minimum or base temperature (TB) and maximum or ‘ceil-
ing’ temperature (TC) below or above which, respectively, the 
crop arrests its development. Another characteristic tempera-
ture value is the optimum temperature (TO), at which the 
process reaches its maximum intensity (Charles-Edwards et 
al., 1986). The duration of a phase usually decreases as tem-
perature increases from TB to TO, and increases above the 
latter (Squire, 1990). 

Values between 4.3 °C and 10.0 °C have been proposed as 
TB for tomato. These differences might be due to various fac-
tors such as the varieties employed, locality and handling con-
ditions of the crop (Perry et al., 1997). The TO value goes from 
15 °C to 18 °C at night, and from 18 to 27 °C during daytime; 
the TC value goes from 30 to 36 °C (Perry et al., 1997). Pro-
cedures other than the canonical way of calculating degree-
days (GD), consisting in subtracting the TB value from the 
medium daily temperature (TM), have been proposed. These 
new procedures incorporate the following parameters: (1) 
maximum temperature or higher threshold temperature (TC) 
(McMaster & Smika, 1988); (2) photoperiod, transforming 
GD in photothermal units (FT); (3) optimum temperature 
(TO), calculating units as ‘tautochrones’ (Norero, 1987), or 
(4) different values of TB for day- and nighttime (Brown & 
Bootsma, 1997). The aims of this work were to compare some 
of these methods to predict development, and establish the 
most reliable one, for fresh-tomato consumption. 

Materials and methods
Two independent experiments were carried out consist-

ing in sowing tomato seeds (Solanum lycopersicum L.) of the 
‘Tauro’ commercial hybrid on two dates: 5 and 19 January, 
2012. Multicell packs filled with substrate with a volume of 
70 cm3 per cell were employed. The substrate consisted of 
a mixture of perlite 20% and a pre-mixture based on peat 

moss 80% (Sunshine Premix N° 6, SUNGRO-Horticulture, 
Canada). During the nursery phase, a parabolic greenhouse 
was employed covered with polyethylene LDT 150 µm thick. 
Microsprinkling was used for irrigation using a total of 5 mm 
distributed twice a day. Fertilization started on day seven after 
seeding with a solution of 300 ppm N, 100 ppm P, 100 ppm 
K, 95 ppm Ca and 30 ppm Mg. The transplant was performed 
on February 8. Plants were 35 and 21 days old for the first and 
second experiment, respectively. They were placed on a typical 
Argiudol soil located at Angel Gallardo (Santa Fe) (31° 30’ S, 
60° 43’ W), in separate rows leaving 1.40 m or 0.35 m between 
plants, which represented a density of about 20400 plants/ha. 
Tomato plants were pruned to one stem by removing all lat-
eral shoots, and the crop was conducted in trellising with the 
plants staked individually. 

The plants were drip-irrigated and fertilized with a to-
tal of 250 kg/ha N, 80 kg/ha P and 350 kg/ha K. During 
the experiment, rainfall was 590 mm ​​and crop evapotrans-
piration of 640 mm; irrigation provided an extra 70 mm. 
The experimental design consisted of complete blocks at 
random with five repetitions per seeding date. The time at 
which inflorescences had 50% of the flowers in anthesis 
was recorded to relate it to the indices calculated by the 
different study mathematical methods. Daily maximum 
and minimum air temperatures were recorded at each plot 
by using thermocouples connected to multiplexers and a 
datalogger (Cava-Logger, Mod. LM35/01). The photope-
riod was calculated according to the procedure proposed by 
Goudriaan & Van Laar (1994) (Fig. 1). The mean relative 
humidity during the experiment was 69% (±10%). Initially, 
it was 61% and at the end of the experiment (and early 
autumn) it was 71%.

Fig. 1. Variation in the measured maximum (Tmax) and minimum 
(Tmin) temperatures, and calculated photoperiod during the ex-
periments.
Fig. 1. Variación durante los experimentos de las temperaturas medi-
das máxima (Tmax) y mínima (Tmin), y del fotoperíodo calculado. 
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Hni = 1.8 . (T mini - TBn)

where TB is Base Temperature (TB = 6.1 ˚C); Tmaxi and 
Tmini, daily maximum and minimum temperatures, respec-
tively; TC, ‘ceiling’ temperature (TC = 27.0 ˚C); LD, day 
length (hours); TBd and TBn, base temperatures during day- 
and nighttime, respectively (TBd = 10.0 ˚C and TBn = 4.0 ˚C); 
LD, duration of the daytime period; Hdi and Hni: auxiliary 
variables for day- and nighttime, respectively; UO: Ontario 
Units; GD: Degree Days; UFT: Photothermal Unit.

Results AND DISCUSSION
Using calendar days (DC) to predict anthesis caused a high 

dispersion of the data measured through the variation coeffi-
cient (CV), with values higher than 3.7% for all inflorescences 
(Table 1). Method 6 showed the best prediction for the condi-
tions of this assay with a CV lower than 0.30%. These results 
confirm those obtained by Perry et al. (1997) who reported 
that the inclusion of day length improves prediction (Table 
1). In this case, day length was applied in combination with 
the GD conventional method. It is highly likely that its ap-
plication to methods also containing a higher threshold tem-
perature (TC) could improve the predictive value even fur-
ther. Method 7, whereby Ontario Units were calculated, was 
another method which provided a low coefficient of variation 
(CV). The results obtained are comparable with those of Gray 
et al. (1980), even though these authors worked with tomato 
genotypes for industry. All the remaining methods evaluated 
had higher CV values. However, these results should not be 
taken as definitive for the case of fresh-tomato consumption, 
since these methods should be compared with a greater num-
ber of varieties and localities. Even for the same locality, it 
would be necessary to perform the evaluation of methods dur-
ing two different seasons, as proposed by Perry et al. (1993) 
for chili pepper. 

For example, a useful comparison for tomato would be to 
consider the prediction ability of the methods in the same 
locality for spring and summer seedings. However, the results 
obtained with Method 6 and the low dispersion of results from 
the two experiments and the three inflorescences evaluated af-
ford a higher level of reliability to this method. All the other 
methods had a variability twice as high as the one obtained 
with Method 6 (Table 1). The methods employed have been 
proposed to simulate the development of a great number of 
crops. In this process, it is the temperature plants reach which 
really regulates the rate of crop development (Wheeler et al., 
2000). In this vein, and although air temperature is a good 
indicator of the cultivar temperature, there are other meteoro-
logical variables that modify plant temperature by impinging 
on the energy and mass balance of the cultivar, e.g., air humid-
ity, intensity of solar radiation, or wind velocity (Bouzo, 1998). 
However, the incorporation of these variables might not allow 
obtaining a simple, fast method to estimate the anthesis mo-
ment of a crop. Our preliminary results indicate (1) the little 

The methods employed were the following:

Method 1 (conventional):

Method 2 (Perry et al., 1997):

Method 3 (Perry et al., 1986):	

					     if T maxi  ≤ TC

				                 

					     if T maxi  > TC

Method 4 (Owens & Moore, 1974):

					      if T maxi  ≤ TC

					     if T maxi  > TC

Method 5 (Tyldesley, 1978):	

Method 6 (Masle et al., 1989): 

Method 7 (Brown & Bootsma, 1997)
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Table 1. Values resulting from the evaluated methods for obtaining 50% of anthesis in each inflorescence for the first and second experi-
ment (Exp. 1 and Exp. 2, respectively), where DC are calendar days. For each inflorescence, the first column shows the mean value 
(MV), and the second column shows the variation coefficient (VC) in percentage. 
Tabla 1. Valores obtenidos para el primer y segundo experimento (Exp. 1 y Exp. 2, respectivamente) de los métodos evaluados para el 50% 
de antesis en cada inflorescencia, donde DC son los días calendarios. Para cada inflorescencia, en la primer columna se presentan los valores 
medios (MV), y la segunda columna muestra el coeficiente de variación (VC) en porcentaje.

M
et

ho
d Inflorescence 1 Inflorescence 2 Inflorescence 3

Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2

MV VC (%) MV VC (%) MV VC (%) MV VC (%) MV VC (%) MV VC (%)

1 705.4 1.1 689.0 1.0 843.1 1.0 838.0 1.0 1004.6 0.9 1089.5 0.8

2 927.4 1.0 957.1 0.9 1104.8 0.9 1152.8 0.9 1317.2 0.8 1386.1 0.6

3 833.5 1.0 853.4 0.8 1008.4 0.8 1028.1 0.8 1220.6 0.8 1237.8 0.6

4 658.5 1.1 646.3 1.0 794.9 0.9 778.5 1.0 956.3 0.9 941.2 0.8

5 584.6 1.2 542.7 1.2 697.7 1.1 653.8 1.2 831.6 1.0 792.9 1.1

6 9514.0 0.3 9298.0 0.3 11276.5 0.3 11209.0 0.4 13288.4 0.3 14412.9 0.1

7 1119.8 0.8 1060.6 0.8 1351.1 0.7 1277.6 0.8 1617.3 0.7 1534.4 0.5

DC 39.1 4.5 38.0 4.0 47.4 3.9 45.8 4.0 56.9 3.7 62.0 12.5

reliability of calendar days (DC), and (2) the possibility of 
improving the predictive value of the conventional procedure 
(Method 1) through the incorporation of day length, accord-
ing to the results obtained with Method 6. 

CONCLUSIONS
Seven methods were analyzed to predict the development 

of tomato employing reference temperatures characteristic of 
this species, and simple meteorological variables such as maxi-
mum and minimum temperatures and daily photoperiod.

The method which appeared as the most reliable one, 
given the low variation coefficient calculated, was that which 
included day length (photoperiod) in the normal calculation 
of daily heat units.
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