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Abstract
Atemoya currently has its seeds studied in several aspects, from the technological and physiological point of
view. However, for the performance of the germination test, there is no standardization in relation to the number
of seeds and replicates. Thus, this work aims to determine the optimal sample size for germination tests with
atemoya seeds. A germination test was carried out with 5 treatments, considering 10, 20, 30 40 and 50 seeds per
sampling unit with 50 replicates of each. Data were analyzed using logistic regression, non-linear Gompertz
regression models, bootstrap simulation and graphs in the form of contour lines in order to be able to infer the
best binomial of the number of seeds per sampling unit and the number of replicates. The expected germination
percentage, maximum germination speed and times for the beginning of the germination process, maximum
germination speed and interruption of the germination process were determined. The treatment of 20 seeds per
sampling unit statistically differs from that of 40 seeds by the Tukey-Kramer test with 5% significance. It could
be concluded that for germination tests with atemoya seeds to have statistical validity, the smallest sample size is
10 seeds per unit, regardless of number of replicates.
Keywords: non-linear gompertz regression, logistic regression, bootstrap, germination time
1. Introduction
Annonaceae is a botanical family in which some species economically stand out due to their fruits that have high
commercial value and generate interest in both domestic and external market. Of these, atemoya, hybrid of
Annona cherimola Mill. and Annona squamosa L., has large area of cultivation in Brazil, mainly in the Southern
and Southeastern regions, already presenting cultivation area of over 1200 hectares (Lemos, 2014).
Its seeds, as well as the seeds of other Annonaceae, have been studied in several aspects, both from the
technological point of view, for the production of seedlings and for the understanding of physiological processes,
such as dormancy (Ferreira et al., 2016; Carvalho et al., 2018), desiccation tolerance (Corsato et al., 2013) and
synthesis of specialized metabolites during germination (De La Cruz & González-Esquinca, 2012). However, for
germination tests, there is no standardization in relation to the number of seeds per sampling unit and number of
replicates used: Carvalho et al. (2018) used 5 replicates of 25 seeds in Annona × atemoya (cv Thompson and
Gefner), Menegazzo et al. (2012) performed tests with 4 replicates of 20 seeds of A. squamosa. A smaller
number of seeds were observed in the studies of Oliveira and Andrade (2005), who used only four replicates and
10 seeds of Annona montana.
To avoid the researcher to reach wrong conclusions due to sampling deficiency, a representative sampling
methodology, based on solid and consistent methods that guarantee the quality of the scientific method, should
be used. In germination tests, there are two factors to consider: number of seeds per sampling unit
(pseudo-replicates) and number of sampling units to be used (replicates).
The number of replicates to be used will vary according to the study aims because it is closely linked to the
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experimental design, and therefore also associated to the residue degrees of freedom. The number of seeds per
sampling unit can be defined and fixed using statistical techniques.
In this way, characterizing the minimum number of seeds per sampling unit as well as the minimum number of
sampling units is important to ensure the quality of statistical tests, as well as to avoid wasting seeds, time and
resources. Thus, this work aims to determine the optimal sample size for germination tests with atemoya seeds
(Annona × atemoya Mabb.).
2. Method
Atemoya fruits (Annona × atemoya Mabb.) ‘Thompson’ cultivar were collected in a commercial area in the
municipality of Pardinho, São Paulo, in June 2017. Seeds (total of 7500) were collected from fruits, washed in
running water, selected, seed surface was dried on a bench and treated by immersion in hypochlorite solution at
5% concentration and fungicide (1% Captan) for 15 minutes. Tetrazolium tests were carried out to evaluate the
batch viability at the beginning of the experiment and at the end of the experiment to evaluate if seeds were
dormant or dead (Gimenez et al., 2014) and water content (oven method at 105 °C).
2.1 Germination Test and Experimental Design
Seeds were soaked in 250 mg L-1 gibberellic acid (GA3) solution for 24 hours with constant aeration, being then
separated into 5 treatments with 50 replicates. Treatments consisted of the number of seeds (10, 20, 30, 40 and
50) per sampling unit (paper roll for germination-‘germiteste’ paper).
For the assembly of the experiment, sowing was carried out on paper roll for germination, using three leaves per
roll. Leaves were moistened with 2.5 times the dry weight of the paper with deionized water. After sowing on
rolls, they were placed in transparent polyethylene bags and randomly disposed in two germinators with
alternating photoperiod, 16 hours of light at 30 °C and 8 hours of dark at 20 °C. Seeds with protrusion of at least
2 mm of primary root were considered germinated (Braga et al., 2010). Germinated seed counts were performed
every 2 days during the 45-day period.
2.2 Data Analysis
2.2.1 Logistic Regression
A generalized linear model with binomial distribution and logit - logistic regression link function (Nelder &
Wedderburn, 1972) was used to study the effect of the number of seeds per sampling unit (s.u.) at maximum
germination speed. The quality of the adjustment was initially performed by the analysis of deviations by
degrees of freedom and later by the standardized Pearson residue graphs (Nelder & Wedderburn, 1972). For
comparisons among treatments, the Tukey-Kramer test (Westfall et al., 2000) of the genmod
procedure-statistical program SAS-Free Statistical Software, SAS University Edition, was used.
2.2.2 Bootstrap Simulation
The bootstrap simulation technique was used to provide possible combinations of the binomial number of seeds
per sampling unit (s.u.)—number of replicates for maximum accumulated germination percentage. For each
treatment, 1000 random samples were obtained, with sample size ranging from 2 to 48 sampling units, varying
from 2 to 2 units. Random samples were obtained using the survey select procedure of the SAS statistical
software-Free Statistical Software, SAS University Edition.
From this sampling process, a graph in the form of contour lines of maximum germination percentages was
constructed as a function of the number of seeds per sampling units and number of replicates. The smoothing
method used was the spline, which consists of the use of a polynomial to generate a surface to minimize the
curvature, which results in a smoothed surface, passing through the sampled points (Wahba, 1990). Thus,
operational ranges can be empirically proposed, so that the sample size and the number of replicates can be
chosen based on the desired germination percentage.
2.2.3 Non-linear Gompertz Regression
Non-linear Gompertz regression models were adjusted to model the accumulated germination percentage in time,
according to the number of seeds per s.u. The adjusted Gompertz model was as follows:
yikj = αjk·exp{-exp[γjk (βjk – tijk )]} + uijk

(1)

where, y is the accumulated germination percentage (%); t is the time (days); α is the asymptote (%); β is the
time (days) for maximum accumulated germination speed; γ is a parameter related to the accumulated
germination speed; u is the random error with normal distribution with zero mean and constant variance; exp is
the basis of Neperian logarithms. The i, j and k indexes are, respectively, observations in time, number of seeds
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per s. u. and the number of sampling units.
After adjustment of models, the following functions of parameters were determined (Passos et al., 2012):
maximum speed of crescimento (vmax = αγ/e); lagtime (lagtime = β – 1/γ): estimated time for the beginning of
the germination process. The latter is determined by the interception of the tangent line to the Gompertz curve at
the point of inflection with the time axis; interruption time (tempop = β + 1.72/γ): time above which the gain in
the y-axis variation (accumulated germination speed) is not statistically significant. This time is obtained by
intercepting the tangent line to the Gompertz curve at the point of inflection with the asymptote, the straight line
(y = accumelated germination percentage = α).
These models applied to the accumulated germination percentage in time for the different treatments allow us
understanding the growth dynamics of the accumulated germination percentage over time and verifying the
effect of treatment (number of seeds per s.u.) on the expected accumulated germination percentage, on the
maximum germination speed and on times for: beginning of the germination process, maximum germination
speed, and interruption of the germination process.
For each of the previously mentioned parameter functions, as well as for the estimated asymptote, generalized
linear models were adjusted, taking treatments as factors. The quality of adjustments was initially performed by
the analysis of the deviation by degrees of freedom and later by the residue graphs (Nelder & Wedderburn, 1972).
For comparisons between number of seeds per s.u., the Tukey-Kramer test (Westfall et al., 2000) of the genmod
procedure-statistical program SAS-Free Statistical Software, SAS University Edition, was used.
2.2.4 Graphs in the Form of Contour Lines
A graph in the form of contour lines of the accumulated germination percentage according to the binomial time
and number of seeds per s.u. was obtained. Thus, it is possible to propose, in an empirical way, regions in which
this binomial produces the maximum accumulated germination percentage values and defines the time of
experiment interruption as a function of time and number of seeds per s.u. In this graph we used spline
smoothing method (Wahba, 1990).
3. Results
The water content and viability of seeds were respectively 8.27% and 88%.
The quality of adjustment of all models of this experiment can be considered good since the value of deviations
by degrees of freedom is close to unity and the standardized Pearson analysis shows a random residue around
zero and floating in its large majority, between -2 and +2, which is in agreement with (Nelder & Wedderburn,
1972).
3.1 Logistic Regression
There was a significant effect of the number of seeds per s.u. (sampling unit) (p = 0.0231), that is, there is
treatment effect. Table 1 shows the means of the maximum germination speed, followed by the respective
standard errors, as well as the result of the Tukey-Kramer test for comparison of means with 5% significance
level. The mean T2 value (20 seeds per sampling unit) is statistically different at 5% significance level by the
Tukey-Kramer test from the mean T4 value (40 seeds), with germination percentage of 79.9% and 72.7%,
respectively. However, the mean germination percentage reached with these treatments (20 and 40 seeds per s.u.)
was not different from the others (10, 30 and 50 seeds) at 5% significance level by the Tukey-Kramer test.
Table 1. Means of maximum accumulated germination percentage (%), standard error of the mean (in
parentheses) according to the number of seeds per sampling unit for the effect of the number of seeds per
sampling unit (s.u.-treatments) at maximum germination speed
Treatment
1
2
3
4
5

Number of seeds per s.u.
10
20
30
40
50

Means of maximum germination speed
77.40(*) (2.33) AB
79.90 (1.72)
A
76.13 (1.20)
AB
72.70 (1.15)
B
78.04 (1.22)
AB

Note. (*) Means followed by the same capital letter do not differ statistically by the Tukey-Kramer test (p <
0.05).
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3.2 Bootstrrap Simulationn
From the ggraph in the form
fo of contouur lines (Figuree 1), it is posssible to empiriically infer thaat 20 seeds per s.u.
(T2) is thee treatment thhat generates thhe highest acccumulated gerrmination perccentage, regarddless of number of
replicates.

Figure 1. Contour liness of maximum accumulated ggermination peercentages, num
mber of seeds per sampling unit
u
and number oof sampling unnits, by the spliine smoothing method

Figure 2. Contour liness of maximum accumulated ggermination peercentages, num
mber of seeds per sampling unit
u
andd time, by the spline smoothhing method
3.3 Non-linnear Gompertz
tz Regression M
Models
For the estimated asympptote (aො), whicch is the expeccted theoreticaal accumulatedd germination,, there is treatment
effect (p = 0.0477), thatt is, at least one treatment ddiffers from thhe others (Tabble 2), and this difference ag
grees
with resullts found by thhe generalizedd linear modell and the boottstrap simulatiion. The time for the maximum
germinatioon speed (β ), there
t
is no treeatment effect (p < 0.0965), that is, the nuumber of seedds per s.u. does not
influence the time for the
t maximum germination speed. The β mean for treeatments was 77.94 days, and
d the
standard errror of the meaan was 0.05. Inn relation to thhe maximum ggermination speed, there is trreatment effectt (p <
0.0001), thhat is, numberr of seeds per ppaper roll inflluences the maaximum germiination speed. Treatments ca
an be
separated into 3 distinctt groups accorrding to the T
Tukey-Kramer test at 5% siignificance levvel applied to their
means, andd within groupps, the means oof treatments aare not statisticcally different ffrom each otheer (Table 2).
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Table 2. Means of estimated asymptotes, maximum germination speed and time for interruption of the
germination process (days), (standard error of the mean) according to the number of seeds per sampling unit
Treatment
1
2
3
4
5

Estimated asymptotes
76.74(*) (2.24) AB
79.15 (1.70)
A
75.39 (1.17)
AB
72.18 (1.15)
B
77.28 (1.18)
AB

Maximum germination speed
29.56(*) (4.95)
A
21.25 (1.57)
BC
23.24 (1.76)
AB
18.17 (1.42)
BC
16.31 (0.87)
C

Interruption times
11.45(*) (0.42) A
10.56 (0.19)
AB
10.44 (0.20)
B
11.17 (0.22)
AB
11.37 (0.18)
AB

Note. (*) Means followed by the same capital letter in the columns do not differ statistically by the
Tukey-Kramer test (p < 0.05).
The highest mean group includes T1 and T3 (which means are not statistically different from each other), the
intermediate mean group includes T2, T3 and T4 and the lowest mean group includes T2, T4 and T5. The mean
T1 value is statistically different from the mean T2, T4 and T5 values; the mean T3 value is statistically different
from the mean T5 values.
Considering the time for the beginning of the germination process (lagtime), there is no treatment effect (p =
0.3493), that is, the number of seeds per s.u. does not influence the time for the beginning of the germination
process. The mean lagtime was 6.17 days, and the standard error of the mean was 0.06. For the time for the
interruption of the germination process, there is treatment effect, i.e., the number of seeds per s.u. influences the
germination process (p < 0.0076).
According to the Tukey-Kramer test at 5% significance level, it could be inferred that the means of treatments
can be separated into two distinct groups (Table 2). The group of treatments with the highest means, including
T1, T2, T4 and T5, which are not statistically different from each other, and the group with the lowest means,
including T2, T3, T4 and T5, which are not statistically different from each other. The mean T1 value is
statistically different from the mean T3 value.
3.4 Graphs in the Form of Contour Lines
It could be inferred from the graph that T2 reaches the highest accumulated germination percentage faster than
the other treatments, and that the maximum accumulated germination percentage of T4 is lower than those of the
other treatments.
4. Discussion
Sampling sufficiency studies for germination tests are scarce, especially with little explored genera such as
Annona. Works with this genus have standardization as to the number of seeds per sampling unit, so that some
end up having their validity questioned due to the small amount of seeds used. Thus, this work elucidated which
would be the minimum number of seeds that could be used for the test to have sampling sufficiency, but the
choice of the amount to be used is the researcher’s decision.
The different empirical and statistical approaches used in this work differ from the more common methods
applied in the area of sampling sufficiency for germination tests, such as that proposed by (Cochran, 1977)
(Bartlett et al., 2001), and methods developed later, such as (Ribeiro-Oliveira et al., 2016) which is the
adaptation of the maximum curvature method. This study also used the combination of several techniques that
converge on a common result and a very large sampling, avoiding that the results obtained are source of sample
deficiency.
Germination tests aim to determine the maximum germination potential of a seed lot, which can be used to
compare the quality of different seed lots and also to estimate the value for field sowing. When researches are
concerned, tests can compare efficiency of treatments applied to seeds. Thus, accumulated germination
percentage, germination speed and mean germination time are variables necessary in evaluations of the
germination process. Thus, results such as those obtained in this experiment are important because they allow
optimizing the experimentation time and reduce waste of resources.
The lagtime, which is the time for the beginning of the germination process, shows that seed evaluations can be
started on the sixth day after the germination test is set up, and this time is not influenced by the number of seeds
per sampling unit. The time for maximum germination speed shows that a large number of germinated seeds can
be expected from 8 days, but the maximum germination speed to be reached will depend on the number of seeds
per sampling unit, and in general, the smaller the amount of seeds per sampling unit, the faster the maximum
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speed will be reached.
The time for the interruption of the germination process denotes the duration of the experiment, and this variable
is important because it can result in resource savings and also minimize the risk of contamination of seeds by
fungi and bacteria that can damage them due to long evaluation periods, which could compromise the results.
In the case of this experiment, although the interruption times are different from each other according to the
number of seeds per sampling unit, this gain in time will not be significant for the researcher, since, as can be
seen in Table 2, the real gain in time would be only 1 day. Thus, although treatment 1, of 10 seeds per sampling
unit, is statistically different from T3, of 30 seeds per sampling unit, the gain in using greater number of seeds
would be negligible compared to the disadvantage of using 3 times more seeds per sampling unit.
Based on the combination of empirical and statistical techniques, it could be inferred that the use of 10 seeds per
sampling unit (T1) will already make this unit representative, which should be combined with number of
replicates that fit the experimental design determined by the researcher. Considering the fact that often there is a
restriction of the number of seeds available for germination tests, especially when it comes to native species, this
result elucidates the viability for these works with the use of fewer seeds.
In this context, the results obtained in this work support what has been developed with the genus Annona in
relation to the amount of seeds per sampling unit used in germination tests, such as Carvalho et al. (2018), who
used 25 Annona × atemoya seeds, Mendonça et al. (2007) 15 Annona muricata L. seeds and Oliveira and
Andrade (2005) 10 Annona montana seeds per sampling unit. In the same way, the number of replicates, since
the bootstrap simulation technique is not a statistical analysis but rather an empirical method, allows us inferring
that the number of replicates does not influence the accumulated germination percentage, which could be from 3
replicates, which already obtains maximum accumulated germination percentage. However, it should be
emphasized that the number of replicates to be used in each new experiment should be determined at the time of
the experimental planning, according to the basic precepts of statistics, such as respecting minimum values of
residue degrees of freedom.
5. Conclusion
Based on the different descriptive and statistical approaches, it could be concluded that for germination tests with
atemoya seeds (Annona × atemoya Mabb.) to have statistical validity, they should use at least 10 seeds per
sampling unit. This statistical validity extends to tests with 3 replicates or more, taking into account the
experimental design.
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