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Abstract: Procedures for estimating Growing Degree-Day (GDD) accumulation are frequently instead of the
more accurate method of calculating degree-days. Field experiment was carried out on summer seasons at farm
the Faculty of Agriculture, Alexandria University, with four eggplant cultivars (Solanum melongena L.) sown
at three times starting April 22", May 2™ and May 12" during two seasons 2011 and 2012, to determine the most
reliable method to calculate GDD of eggplant based on daily maximum and minimum air temperature. Six methods
of heat units were tested. Results were observed that [Eq3] and [Eq5] methods gave very low identical values
of tested characteristics (accumulative GDD all over sowing dates months and growing seasons) and high
correlation and regression with stander equation [Eql]. Moreover, reduced ceiling methods were very good by
[Eq3] and [Eq5]. In addition, two equations had minimum values of stander deviation (SD), coefficient of

variation (CV) and root mean square error (RMSE).
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INTERODUCTION

Eggplant (Solanum melongena L.) which belong to
Solanaceae family is an important crop, eggplant has a
growing reputation and is now cultivated globally.
Eggplant is a valuable for the human diet; eggplant
is grown commercially as a fresh vegetable crop, with
the fruit being the edible portion. Botanically, eggplant
may live for more than a year. It requires a long and
warm growing season to produce optimum yields of
eggplant is highly susceptible to injury due to frosts and
long periods of cold temperatures.

On other hand, the response of eggplants to
environmental  stresses depends on the plant
development stage and the length of severity stress.
Temperature is one of the most important factors
governing plant growth. Each plant has its own
temperature range, i.e. it’s minimum, optimum and
maximum for growth, for any plant, a minimum or base
temperature must be reached before any growth stage.
Above the base temperature is more rapid the growth rate

of the plant. Once the optimum temperature is exceeded
the growth rate will begin to slow until a maximum
temperature is reached at which growth ceases [1-9].

Moreover, the heat unit theory postulates is
important for eggplants measure heat requirements that
can be quantified and linked to maturity time of fruits. The
eggplant will not grow if the mean temperature falls below
its base temperature, the only portion of the mean daily
temperature that contributes to the plant’s development
if the amount of the temperature exceeded than the base
temperature, to measure the total heat requirements of a
plant, the accumulation of daily mean air temperatures
above the plant’s base temperature is recorded over the
period of the plant’s growth and expressed in terms of
heat units. Degree-days provide a simple estimate of
the accumulated heat energy available over the growing
season or life cycle of an organism and represent an
important factor for all biological development. The rate of
growth and phenological development of individual plant
has been found to increase almost linearly from a base to
a limiting temperature threshold [10,11].
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Since 1730 when Reaumur introduced the concept of
heat units, or thermal time, many methods of heat units
have been wused successfully in the agricultural
application. Particularly in the areas of crop phenology
and development, the concept of heat units, to measured
growing degree-days (GDD, °C-day), has vastly improved
description and prediction of phenological events
compared to other approaches such as time of year or
number of days [12-17].

Knowledge concerning the timing of crop
phenological events is important for management
decisions such as the timing of pesticide application,
scheduling harvest crops, select genotypes for optimum
yield in varying climates and irrigation scheduling. Since
it was developed, the heat unit concept has been widely
used to determine the length of the growing season for
vegetables and field crops [18,19]. Most of the research
on field crops have been conducted for Maize [20,21],
Wheat [22,23] and Sunflower [24,25]. Studies for
vegetables include: Potatoes [26,27], Tomatoes [28],
Cucumber [29], [30,31] and others [32-34]. The concept of
heat units (HUs) is expressed in Growing degree Days
(GDDs), which is calculated [19,23].

MATERIALS AND METHODS

Growing Degree Days (GDD) was calculated for
different four eggplant cultivars (Solanum melogena L.
cvs. Romy, Long white balady, Long purple F1 and Long
black balady). The four cultivars were sowed in three
different sowing dates during summer seasons 2011 and
2012 (April 22", 2and 12" May) respectively under field
conditions at the experimental farm of Faculty of
Agriculture, Alexandria University. Experimental were
carried out in a randomized complete blocks design with
3 replications. The size of each plot was 6m x 0.5m. Plant
row spacing was 1.00 m and the distance between plants
within row was 0.35m. Recommended amount of N P K
fertilizers were add in all plots. Total amount of P and 40%
of the N and K fertilizers were applied prior to planting
and thoroughly mixed to the soil during plowing. The
remaining 60% of N and K were added equally at weekly
intervals through the drip irrigation system starting from
fourth leave until the second harvest. Irrigation was
scheduled three times weekly and applied by drip-
irrigation system. Weeds were controlled by hand hawing
when 1is needed also, there were no infections related to
diseases and insects. The daily minimum and maximum air
temperature were recorded by the weather station at the
experimental site.

The daily of GDD was calculated using the standard
formula of degree day:

*  Equation 1 [Eq1]GDD= [(T,ux + Trin)/2 - Tous)

Where
T 18 the daily maximum air temperature, T,,, the daily
minimum air temperature and T,,, the base temperature of
11°C according to [35].

Five additional constraints are used in the GDD
calculations.

min

«  Equation 2 [Eq2]: If the T, is less than T,,, then it is
set to T,

*  Equation 3 [Eq3]: If the T,,,, exceed to 30°C (ceiling
temperature), it is set to T,,,.= 30.

«  Equation 4 [Eq4]: If the T, exceed to 32°C (ceiling
temperature), it is set to [32-(2 x (T ,..32))].

*  Equation 5 [Eq5]: Appling constraints (2) + (3).

«  Equation 6 [Eq6]: Appling constraints (2) + (4).

The stander deviation (SD), coefficient of variation
(CV) and root mean square error (RMSE) were used to
identify the best method for calculating growing degree-
days.

The objectives of this paper are to describe the six
implementations of calculating GDD, to determine whether
if among several degree-day estimation methods that
utilize min/max daily temperature data; there is one method
that consistently provides more accurate estimates.
Recorded climatic data were analyzed using the GLM
procedure [36] and Duncan multiple range tests [37] was
used to measure the significant differences according to
the following model:

Y= u + Ses; + Time; + (Ses*Time); + e,

Where:

Y : is the GDDs Equations on the k"
replicates of the i" season, j"times;

p :  is the overall mean;

Ses; is the fixed effect of the season (i =1, 2;
1 =Summer season 2011 and 2 =Summer
season 2012);

Time; is the fixed effect of the Times (j =1, 2,
3; 1 =22" April, 2 =2" May and 3 =12"
May);

(Ses*Time); : is the effect of the interactions between

seasons and times;
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Ey ' and independently distributed with zero mean and

o, variance.

Partial correlation coefficient within GDDs equations
was estimated.

RESULTS AND DISCUSSION

The average maximum temperature during crop
growing season during 2011 varied from 21.03 to 31.61°C,
while, temperature varied from 24.07 to 32.32°C during
2012. The average minimum temperature varied from 13.22
to0 23.71°C during 2011 and 13.77 to 24.90°C during 2012
crop seasons. The average maximum and minimum
temperature conditions are almost similar in both
crop growing seasons (Fig. 1). Also, from (Fig. 2)
it’s observed that the highest maximum temperatures were
recorded36.00°C in May and September in first season,
but it recorded 36.00°C, 36.00°C and 35.00°C in August,
May and July, respectively, during second season.
While the lowest minimum temperatures were
obtained during November and April which were
recorded (9.00, 10.00, 10.00 and 10.00°C) in the two
seasons, respectively.

The growing data, (Table 1) show that the lowest
values of growing degree-days were found in April and
followed by November (68.50, 186.00, 74.50 and 299.00) in

Average Maximum Temperature

Air Temperature

=+ First Season —8— Second Season

Air Temperature

2011 and 2012, respectively. On other hand, the highest
values were observed in July (516.00) in 2011 and 544.00
in August and followed by June (541.50) and July
(541.00) in 2012.

The growing degree-days between six equations were
arranged from in April 68.50 to 70.00, in May 321.00 to 327,
in June 414.00 to 421.50, in July 490.00 to 516.00, in
August 489.00 to 504.00, in September 455.00 to 466.50, in
October 345.00 to 350.00 and in November 186.00 to 190.50
at all first season. Also, varied in second season as follow
in April 75.50 to 74.50, in May 350.00 to 354.50, in June
436.00to 541.50, in July 505.50to 507.00, in August 510.00
to 544.00, in September 446.50 to 451.50, in October 401
and in November 266.00 to 268.00 (Fig. 3).

Moreover, (Fig. 4) indicated that great differences
between the equation of total growing degree-days values
are observed in both seasons Eql= 2840.00, 3084.50,
Eq2= 2846.00, 3087.50, Eq3= 2771.50, 2991.00, Eq4=
2807.00,3018.50, Eq5=2777.50,2994.00 and Eq6=2813.00,
3021.50, respectively.

Furthermore, data in (Fig. 3 and 4) clear that the
equations Eq3 and Eq5 recorded the lowest values
of growing degree-days during two growing season as
month’s values except months May and October in
season 2011 and May in season 2012. The total growing
degree-days values were 2771.50, 2777.50, 2991.0 and
2994.00 in both growing seasons 2011 and 2012.
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Fig. 1: Average maximum and minimum air temperature during 2011 and 2012 seasons.
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Fig. 2: Highest and lowest air temperature values in both growing season 2011 and 2012.
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Fig. 3: Accumulative growing degree-days for each equation per months during the growing seasons 2011 and 2012.
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Fig. 4: Accumulative growing degree-days for tested
equations in both crop growing seasons 2011 and

2012.
Table 1: Monthly accumulative growing degree-days during seasons of
2011 and 2012.
Months 2011 2012
April 68.5 74.5
May 327 3545
June 421 541.5
July 516 541
August 504 544
September 466.5 451
October 350 401
November 186 266

(Fig. 5) presented the growing degree-days values for
each equation at all period of months and different sowing
dates in both growing seasons. It is indicated that Eq3
and Eq5 gave the lowest growing degree-days all over
sowing dates except May and October in first season and
only May in second season at three sowing dates.

From mentioned before, the same results were found
at all over different sowing dates in both crop seasons
(Fig. 6).

On another side, data in (Table 2) deduce that all
tested equations had high correlation with stander
degree-day method (Eql). Although, the highest

correlation values were recorded with Eq2, Eq3 and Eq5 in
both crop growing seasons. Moreover, from step wise
regression analyses found that Eq2, Eq3 and Eq5 more
regression with basic equation (Eql) more than Eq4 and
Eq6 through 2011 and 2012 seasons.

According to Yanget al. [38] and Rumlet al. [39]
studies, noticed that the stander deviation (SD) and
coefficient of variation (CV) methods produced almost
identical results when the mean development period
temperature was used to calculate (GDD). In this respect,
results in (Fig. 7 and 8) showed that both Eq3 and Eq5
equations recorded the lowest values for SD, CV and root
mean square error (RMSE) through two crop seasons and
at different sowing dates in over both seasons than other
tested equations. Obtained results are harmony with Perry
et al. [28], who mentioned that the most reliable method
was defined as the one with the smallest coefficient (CV)
and heat unite summation technique, recommended for
reduced ceiling method multiplied by daylength.
Furthermore, Perry ef al. [31] and Perry and Wehner [29]
found that among 14 heat unit summation methods, the
reduced ceiling methods was the best to determine the
harvest date of cucumber. The reduced ceiling method
sum days from planting to harvest the difference between
the daily maximum and a base temperature; but if the
maximum temperature exceeds the ceiling temperature, it
is replaced by the ceiling minus the difference between
the maximum and the ceiling, before subtracting the base.
Dufault [40] also, found this reduced ceiling method
produced the lowest coefficient of variation (CV) when it
was used to determine the heat unite requirements.
Dufault [41] and [42] obtained that, it was necessary first
to determine the method of least variability. The method
with lowest (CV) for predicting first harvest was to sum,
over days from planting to harvest. Also, a great
emphasis on including maximum temperatures and ceiling
temperatures in heat unite summation for broccoli may
reduce the variation and error in predicting harvest dates.
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Table 2: Partial correlation coefficients between five additional constraints and formula stander degree day method in both crop during 2011 and 2012 seasons.

Eql Eq2 Eq3 Eq4 Eq5 Eq6
Eql 1.000000 0.999808 0.987004 0.962451 0.987262 0.962244
<.0001 <.0001 <.0001 <.0001 <.0001
Eq2 0.999808 1.000000 0.986186 0.961726 0.986872 0.961925
<.0001 <.0001 <.0001 <.0001 <.0001
Eq3 0.987004 0.986186 1.000000 0.984223 0.999761 0.983609
<.0001 <.0001 <.0001 <.0001 <.0001
Eq4 0.962451 0.961726 0.984223 1.000000 0.984148 0.999784
<.0001 <.0001 <.0001 <.0001 <.0001
Eq5 0.987262 0.986872 0.999761 0.984148 1.000000 0.983987
<.0001 <.0001 <.0001 <.0001 <.0001
Eq6 0.962244 0.961925 0.983609 0.999784 0.983987 1.000000
<.0001 <.0001 <.0001 <.0001 <.0001
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Fig. 5: Growing degree-days values per months through different sowing dates during 2011 and 2012 seasons.
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Ruml ef al. [39] reported that, the best agreement with
observation was obtained by the method that minimizes
(RMSE) between the observation and predicted number
of days.

CONCLUSION

The goal of this paper is to determine the most
reliable equation for calculating growing degree-days
(GDD) at multiple sowing dates of eggplant. The results
suggested that both equations (Eq3 and Eq5) are suitable
to use as function for calculating GDD, because Eq3 and
Eq5 methods gave very low identical values of tested
characteristics (accumulative GDD all over months,
sowing dates and seasons) and high correlation and
regression with stander equation (Eql). Moreover,
reduced ceiling methods were very good by Eq3 and Eq5.
In addition, two equations had minimum values of SD, CV
and RMSE.

So, considering from that, Eq3 is more suitable to
calculate GDD for summer vegetables, when Eq5 is most
reliable to calculate GDD for vegetables which grown in
autumn or winter seasons and complete life cycle in
spring or summer seasons.
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