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Abstract

Several studies on plant physiology are aimed at describing or assessing seed germination processes under
laboratory conditions. With respect to seed germination of crop species, some statistical complexities have
been discussed, but they have not been developed much in practice. That is, such discussions are not as
common as in other areas of plant biology. Additionally, the current literature that is concerned directly with
the application of statistics in seed germination indicates that simple and well-known statistical procedures still
merit further consideration. Regarding the use of multivariate statistical methods in agriculture, several field
studies have used such procedures as a means of clarifying some underlying ecological principles that govern
crop production. Nonetheless, multivariate tests have not been widely employed in germination experiments.
Therefore, in the present study a simple multivariate statistical procedure (Hotelling’s T2 statistic) was utilised
in order to compare two common bean cultivars, using germination indices as variables. The outcome derived
from the multivariate approach was compared with that obtained from the utilisation of the univariate t test.
The simultaneous application of both methods (that is, the classical univariate t test and the multivariate T test)
showed that the outcomes may well depend on the approach utilised.

Key words germination rate; Hotelling’s T2 synchronisation; t test.

1 Introduction

The common bean (Phaseolus vulgaris L.) is recognised worldwide both as an important subsistence crop and
as a profitable agricultural product. In Brazil, for example, common bean cultivars are utilised by most of the
population as an accessible source of protein. Furthermore, extensive agronomic research into the life cycle of
this species is regarded as essential, because of the great usefulness of this crop as a feeding resource
(Ramalho and Abreu, 2006). On the whole, the current production and distribution of beans is directly
influenced by several socioeconomic and environmental factors that may be fundamentally interrelated. To a
large extent, such factors are responsible for the interest in studying every developmental stage of P. vulgaris
in order to enhance and forecast its yield. In this integrated context, seed germination represents an important
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developmental phase that should be described in a detailed manner.

It is important to note that several studies are aimed at describing or assessing seed germination processes
under laboratory conditions (Labouriau and Agudo, 1987; Moreau-Valancogne et al., 2007) or partially
controlled conditions (e.g., Mavi et al., 2010). The main drawback to germination studies conducted under
controlled conditions is that they are frequently confined to artificial factors, and such a fact precludes general
assertions concerning the potentialities of specific crops. Moreover, crop yield depends on factors that are not
restricted to the germination phase (Graham and Ranalli, 1997), and the variable behaviour of field conditions
may not be satisfactorily simulated under controlled conditions.

The extrapolation of results derived from controlled experiments (especially in the case of cash crops)
suffers from limitations that might not be suitably overcome. Nonetheless, germination studies conducted
under laboratory conditions possess the advantage of permitting researchers to obtain larger sample sizes than
field experiments. In view of the fact that adequate sampling is essential for every statistical procedure,
laboratory experiments provide seed physiologists with the possibility of deploying experimental designs that
would not be feasible under natural conditions.

In regard to seed germination parameters of weeds and crops, some statistical complexities and implications
have been discussed, but they have not been developed much in practice (e.g., Santana and Ranal, 2006;
Gardarin et al., 2011). That is, such discussions are not as common as in other areas of plant biology. With
respect to the utilisation of multivariate statistical methods in agriculture, several field studies have used such
statistical procedures as a means of clarifying some underlying ecological principles that govern crop
production. Interestingly, multivariate tests have been feasibly applied to novel approaches such as
agroecology and organic farming. For instance, Drinkwater et al. (1995) used classical multivariate statistical
approaches in order to identify relationships between agronomic and community level properties of organic
and conventional systems, and their assessment was improved with the outcomes derived from the
implementation of principal component analysis, canonical discriminant analysis, and non-hierarchical cluster
analysis.

Furthermore, principal component analysis was utilised by Monokrousos et al. (2008) with the aim of
comparing organic cultivation with conventional agricultural practices, using soil biochemical variables. This
multivariate statistical analysis permitted the authors to assert that the changes in soil biochemical variables
with years of organic management were more complex than they had initially expected.

Nonetheless, multivariate tests have not been widely employed in germination experiments, especially
studies conducted under laboratory conditions, in which the evaluation and measurement of several variables
could well be easier than in most of the current field experiments. Therefore, in the present study a simple
multivariate statistical procedure (T2 statistic) was utilised in order to compare two common bean cultivars,
using well-known germination indices as variables (germination rate and synchronisation). Additionally, the
outcome derived from the multivariate approach was compared with the result obtained through the utilisation
of the classical univariate t test. The option of presenting a simple and controlled experiment was chosen
because it is hoped that such analyses, albeit under artificial conditions, will serve as a basis for deploying
more complex designs in a feasible manner.

2 Materials and Methods

2.1 Seed material

‘lapar 81’ and ‘IPR Uirapuru’ were the two bean cultivars analysed, and each of them constitutes a treatment
in the present work. Both cultivars were obtained from Instituto Agronomico do Parana (Londrina, Parana
state, Brazil) and harvested in November 2006. The viability of the utilised seed lots was assessed by means of
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the tetrazolium test (C19H15N4Cl, 0.3%, data not shown) prior to the beginning of the experiment (see Sawma
and Mohler, 2002, for a discussion about seed viability testing). Eighteen replicates were utilised in every
treatment, and each replicate consisted of a Petri dish (9cm in diameter, 12mm in depth) containing three
layers of filter paper (moistened with distilled water) on which 20 seeds were set out. Each Petri dish was put
into a transparent plastic germination box and kept at a temperature of 25£2°C under constant white light. A
seed was characterised as germinated after the protusion of its radicle. The germination counts were performed
at 24-hour intervals, and the germinated seeds were progressively removed from the dishes.

2.2 Germination indices

Germination rate and synchronisation were the two variables analysed in this paper. The germination rate (V)
is usually defined as the inverse of the mean time of germination (mean time™, measured in days™ in this

study). That is,
mean time = Kzn: niT; J/[Zn: n; H (1)
i=1 i=1

in which T; is the elapsed time from the start of the experiment to the ny, observation (days or hours); n;is the
number of seeds germinated at time i (the number of seeds that germinated within a specific period of
observation) (Ranal and Santana, 2006). Mavi et al. (2010), for example, utilised a mean time germination
index similar to the mean time deployed in this paper.

The uniformity or synchronisation of germination (£) is defined as

E=-Y 1 logy(f;) @
i=1
in which f; represents the relative frequency of germination (that is, the number of germinated seeds within a
specific time interval (i) divided by the total number of germinated seeds over the whole experiment); and log,
is the base-2 logarithm of each fi. Low synchronisation values indicate more synchronised germination than
high values. “Bit’ represents the unit of synchronisation if log, is utilised (see Ranal and Santana, 2006, for
additional details).

The attempts to incorporate two distinct characteristics of the germination process (germination rate and
synchronisation, for example) in the same mathematical expression have not been entirely satisfactory (Bewley
and Black, 1994), and such a fact may be the reason behind the deployment of germination indices that
describe one single aspect of the germination process. For instance, ‘germination rate’ describes only the
germination speed, and ‘synchronisation’ describes whether or not the germination occurs in a synchronised
manner. However, the germination rate and synchronisation have been widely utilised in seed physiology.
There has been some debate over the usefulness of these indices as effective germination measures;
nonetheless, such indices are deemed to be important variables in seed germination (Labouriau and Agudo,
1987; Ranal and Santana, 2006).

Moreover, the comprehension of the germination rate and synchronisation plays an important role in
forecasting productivity levels of crops, because the dynamics of every developmental stage should be
carefully analysed with the aim of obtaining a high crop yield in the long term (Gardarin et al., 2011). Both
indices are of equal biological value (Labouriau and Agudo, 1987; Larcher, 1994; Ranal and Santana, 2006).
Therefore, they were both utilised in the present description of how a simple multivariate test could be
deployed in comparing two bean cultivars with respect to their germination phase.

2.3 Statistical procedure
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Hotelling’s T statistic was used in order to verify whether or not the difference between ‘lapar 81" and ‘IPR
Uirapuru’ was significant with respect to mean values of two variables (i.e. germination indices). The T?
statistic is a multivariate generalisation of the well-known univariate t test and is clearly and thoroughly
described in a large number of statistical texts (e.g., Mardia et al., 1979; Manly, 2005). The significance of T?,
or the lack thereof, may be easily determined if we bear in mind that, in the null hypothesis case of equal
population means, the transformed statistic F = [(ni+n,-p-1) T>] / [(n1+n,-2) p] follows a statistical F
distribution with p and (n;+n,-p-1) degrees of freedom, in which n; represents the sample size of each treatment,
and p represents the number of variables (Manly, 2005). This transformation is not essential for employing this
test, but it permits researchers to obtain a P-value using readily available spreadsheet programs (see Mardia et
al., 1979, and Manly, 2005, for additional details concerning the computation of Hotelling’s T2).

The outcome derived from Hotelling’s T? was compared with the results obtained from the well-known two-
sample t test (Student’s t test) (see Zar, 1999, for details). The univariate t test was utilised in order to compare
the two cultivars in relation to each variable separately. All statistical analyses were conducted at a 5%
significance level.

The robustness of Hotelling’s T2 is discussed in some papers (e.g., Mardia, 1975, and Kariya, 1981). To
some extent, if each one of the variables being analysed appears to be normally distributed, then the joint
distribution of such variables is usually regarded as multivariate normal. Furthermore, it is important to note
that, in general, multivariate tests seem to be less robust than univariate tests in terms of the normal
distribution assumption (Manly, 2005). However, this does not mean that several univariate tests should
substitute for a single multivariate analysis on the basis that univariate analyses seem to be more robust with
respect to the assumption of normality. In fact, the choice between univariate and multivariate methods should
be based on the effectiveness of such approaches. For example, most ecological phenomena could be
understood only by means of assessing the joint influence of the variables being analysed (Zhang, 2011),
which could require using an appropriate multivariate technique.

3 Results

Regarding the multivariate T test, neither cultivar was statistically different (T? = 4.92, P=0.11). That is, if we
analyse the simultaneous influence of the two variables (germination rate and synchronisation) on the
germination response of the beans, the two cultivars will be deemed to be similar. On the other hand, if we
were to deploy the univariate t test, the outcome would be different from that derived from the multivariate
approach, because the cultivar ‘IPR Uirapuru’ exhibits a slightly more synchronised (smaller mean value)
germination than ‘lapar 81’ (t=2.11, P=0.04) (Table 1). Thus, with respect to the two germination indices,
both cultivars present distinct responses from a univariate point of view. Conversely, from a multivariate
standpoint, neither cultivar was statistically different.

Table 1- Two Phaseolus vulgaris cultivars (‘lapar 81 and ‘IPR Uirapuru’) and
their mean and standard error values for the variables germination rate (X;) and
synchronisation (X,).

lapar 81 IPR Uirapuru
X1 X, X Xa
Mean* 027* 1.49°  031° 1.24°
Standard error  0.02  0.09 0.01 0.08
*Different letters represent cultivars that are statistically different in relation to
each variable separately, using the univariate t test. Each sample size was
equal to 18, and 5% was the significance level.
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4 Discussion

Santana and Ranal (2006), for example, discussed several implications of using the simple linear correlation in
germination experiments. Such a test has been broadly used and described in the literature. Nonetheless, it was
reconsidered, and the authors took into account the great interference of the sample size in the significance of
the correlation analysis. This type of evaluation of a trivial statistical test implies that the implementation of
simple experimental designs in germination experiments still deserves serious consideration. Furthermore, the
employment of complex statistical techniques, such as most of the multivariate statistical methods, may well
be considered a novel approach in comparative germination analysis.

In the current study, Hotelling’s T test assessed the evidence from all of the data together, but each t test
was only looking at half of the data. Thus, it should not be surprising that the results were not the same.
Regarding the T? test, the significant difference on one variable was offset by the means being very similar on
the other variable (Table 1). From an ecological point of view, both variables (germination rate and
synchronisation) are deemed to be equally important (Larcher, 1994). Therefore, the multivariate approach
may well be deemed to be more plausible for a general comparison between the two cultivars than the
univariate analysis, even though the univariate method could not be considered as an unsuitable or limited
option in the strictest sense.

In the univariate case, it is important to highlight that the cultivars should be compared between themselves
in relation to each variable separately. Moreover, it should be noted that the T2 statistic allows for correlation
between variables, but individual t tests do not. In other words, a multivariate test is not a simple combination
of univariate tests (Manly, 2005). Therefore, the T? statistic allows the researcher to analyse the cultivars in
relation to the germination rate and synchronisation in a simultaneous manner.

Regarding the reasonable implementation of hypothesis tests, it is important to emphasise that small sample
sizes should not be used. There are relevant studies on the germination of crop seeds in which the sample sizes
vary from four to six replicates of each treatment. Such studies (e.g., Gummerson, 1986; Alvarado and
Bradford, 2002; Mavi et al., 2010) are not especially aimed at assessing the power-efficiency of hypothesis
tests, and thus such small sample sizes might not be deemed to be restrictive factors, because biological
aspects of germination processes could be more important than possible statistical implications from a strict
biological point of view. Nonetheless, 4-6 replicates per treatment may be considered insufficient for analysing
germination processes (irrespective of the number of seeds per replicate), and such small sample sizes could
not provide seed physiologists with a reliable statistic, even if nonparametric hypothesis tests were deployed.
Therefore, larger sample sizes are highly desirable in order to conduct feasible and accurate germination
experiments (Gardarin et al., 2011).

Simple physiological studies of the germination of several types of seeds are frequently found in the
literature. In relation to P. vulgaris, descriptive and analytical studies of the influence of temperature and water
potential on seed germination and hypocotyl elongation under laboratory conditions are relatively common
(Moreau-Valancogne et al., 2007). Furthermore, the investigation of the secondary structure of different
proteins (Carbonaro et al., 2008) and the examination of the phenolic profiles of dry bean cultivars (Lin et al.,
2008) represent biochemical approaches to the basic characterisation of beans.

Similarly, other important crop species have been analysed with the aim of assessing the effect of
temperature and pH value of stress medium on hydroxyl radical inhibition (Li et al., 2008). Mavi et al. (2010),
for instance, evaluated mean germination time as a feasible test in order to rank the relative emergence of
seeds under stress conditions, and their work indicated that differences in mean germination times between
seed lots may determine the emergence performance regarding three cucurbit crops. These examples could
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indicate that crop seeds and their germination processes are frequently analysed in a detailed manner, with the
appropriate application of multivariate methods when necessary.

However, the germination of seeds has not been studied by means of multivariate approaches. In addition, if
multivariate statistical tests were substituted for univariate statistical methods (whenever necessary) in the
basic characterisation of bean cultivars, this substitution would provide researchers with more realistic
outcomes. From an agroecological point of view, the combined response of germination indices to different
treatments may well be more important than their separate responses, because several variables determine the
features of a specific seed simultaneously, and this intrinsically multivariate phenomenon will be dealt with in
an unrealistic univariate manner if a univariate test is deployed in this context.

Both cultivars (‘lapar 81’ and ‘IPR Uirapuru’) are usually described as moderately tolerant of water stress
and high temperatures (IAPAR, 2011). However, such general characteristics were derived from field
experiments conducted under the direct influence of several variables, and they were not based on detailed
germination experiments. Therefore, the present study, albeit under artificial conditions, may be useful to
broaden the current knowledge of the developmental stages of bean cultivars.

5 Concluding Remarks

The current work described a simple experiment, and other practical situations may require the utilisation of
other variables, as well as more sophisticated experimental designs. Apart from their biological and ecological
importance, the two variables used in this analysis were chosen for ease of presentation, because the main aim
of this research was to introduce a simple multivariate statistical method into the literature on seed germination.
In addition, this study was aimed at encouraging seed physiologists to deploy multivariate methods in
characterising crop seeds and their germination processes, because multivariate tests may be more realistic
than a univariate approach in several practical situations.

The simultaneous application of both methods (that is, the univariate t test and the multivariate T2 test)
presented in this paper showed that the outcomes may well depend on the approach utilised. Owing to the
importance of P. vulgaris as a feeding resource (Ramalho and Abreu, 2006), the more effective the statistical
method, the less scope there is for an unrealistic description, and the same is true of other important crops.
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