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Objective: This study introduces functional analysis of variance as a method for
comparing germination trends under different treatments over a given time interval. This
approach not only enables the comparison of treatments over the entire time period but
also allows for treatment comparisons at each specific moment in time. Moreover, it
identifies critical time points at which the maximum significant difference between
treatments occurs, which can serve as novel germination indices.

Method: In this study, real experimental data from four germination studies were
analyzed: (1) the effect of temperature on Nigella sativa germination, (2) the effect of
salinity stress on Zea mays seed germination, (3) the comparison of germination among
different Triticum astivum cultivars, and (4) the effect of water stress on Brassica napus
germination. Using spline functions, germination data from these experiments were
modeled as a function of time. The results of functional analysis were then used to
compare treatments in terms of both germination percentage and germination time across
the four experiments.

Results: The results of the functional analysis demonstrated its high efficiency in
detecting significant or non-significant differences between treatments throughout the
germination period. Furthermore, this method enabled comparisons of germination
percentages at any given time point, as well as comparisons of germination times at
various germination percentiles, providing detailed insights into the nature of differences
among treatments. This approach also facilitated the introduction of new germination
indices applicable to different seed types.

Conclusions: Overall, the results of this study indicate that the stepwise functional
analysis method introduced here is an effective and precise tool for comparing treatments
in germination data. This approach not only enhances treatment comparisons but also
provides detailed insights into the nature of differences between treatments. Moreover, it
overcomes the limitations associated with using conventional germination indices for

treatment comparisons.
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Highlights

« Functional analysis was applied to compare treatments in germination percentage data.

o The method enabled treatment comparisons in terms of germination percentage at each
moment in time, as well as comparisons of germination times at various percentiles.

o Critical germination times and percentiles at which the maximum differences between
treatments occur were introduced as novel germination indices.

Introduction

In seed research, germination data are inherently time-dependent, with the germination
percentage recorded over a specific period. Traditional methods for comparing treatments
often rely on summary indices such as maximum germination percentage, time to reach
various germination percentiles, and germination rate (Haj Seyedhadi and Gonzalez-Andujar,
2009). However, since the germination process is inherently a function of time, relying solely
on indices may not fully capture significant differences or similarities across the entire
germination period (Romano and Stevanato, 2020). These indices may not fully capture the
dynamic nature of germination trends, potentially overlooking significant differences or
similarities that occur at specific time points throughout the germination period. To address
this limitation, functional analysis of variance is introduced as a novel approach that enables a
comprehensive comparison of germination trends under different treatments over the entire
time interval, while also allowing for point-wise comparisons at each moment in time. This
method not only enhances the accuracy of treatment comparisons but also identifies critical
time points at which the maximum significant differences between treatments occur, offering
new insights for germination assessment.

Method

This study utilized real experimental data from four distinct germination studies to
demonstrate the application of functional ANOVA. The experiments investigated: (1) the
effect of temperature on Nigella sativa (black cumin seed) germination, (2) the impact of
salinity stress on Zea mays seed germination, (3) the germination comparison among different
Triticum aestivum cultivars, and (4) the effect of water stress on Brassica napus germination.

Germination data from these experiments were modeled as functions of time using spline
smoothing techniques. Functional analysis of variance was then employed to compare
treatments in terms of both germination percentage over time and germination timing at
various percentiles, providing a detailed and dynamic perspective on treatment effects.

Results

The functional analysis of variance applied to the four germination studies revealed distinct
and detailed patterns of treatment effects over time. For each experiment, the method
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successfully identified specific time intervals and germination percentiles where significant
differences between treatments occurred.

In the study on temperature effects on black seed (Nigella sativa), the analysis detected
significant differences in germination trends across temperature regimes. Notably, the most
substantial divergence among treatments was identified at 87 hours, which corresponded to
the 30th germination percentile, rather than at the conventional 50% germination index.

Analysis of salinity stress on corn (Zea mays) seeds demonstrated a significant influence of
osmotic potential on germination timing. The maximum difference between salinity
treatments was observed at 34 hours, aligning with the 33rd germination percentile.

The comparison among different wheat (Triticum aestivum) cultivars showed no
statistically significant differences in either germination percentage over time or in the timing
of germination across percentiles. This result indicated consistent germination behavior
among the tested wheat varieties under the experimental conditions.

For canola (Brassica napus) under water stress, the functional analysis confirmed
significant differences in germination patterns among stress levels. The period of maximum
differentiation was identified between 10 and 16 hours. Additionally, a peak difference
between treatments was estimated at 38 hours at the 68th percentile.

Across the three experiments where significant treatment effects were found, the method
provided precise insights by generating continuous significance profiles over time and across
percentiles. These profiles allowed for the precise localization of periods and levels where
treatments diverged, offering a more detailed understanding than single-index comparisons.

Conclusions

The findings of this study confirm that functional analysis of variance is a robust and
precise method for comparing treatments in germination studies. This approach not only
facilitates a holistic evaluation of treatment effects over the entire germination period but also
enables detailed point-wise and percentile-based comparisons. By identifying critical time
points and germination levels where the maximum differences between treatments occur, the
method overcomes the limitations associated with traditional germination indices. Therefore,
it is recommended that researchers in seed science adopt functional analysis of variance to
enhance the accuracy and depth of treatment comparisons, moving beyond static indices to a
more dynamic and informative analysis of germination data.
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Table 1- Functional analysis of variance to assess the effect of temperature on the temporal pattern of
germination and to compare the germination timings of black cumin.
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Figure 1- Significant values of germination time comparisons for black cumin (a) and comparison of time at different
percentiles of germination (b).
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Figure 2- Spline functions of germination trends for black cumin at different temperatures along with the germination time
interval (_ ), maximum difference time (__), germination percentile range (__ ), and maximum difference germination
level ().
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Table 2- Functional analysis of variance to investigate the effect of salinity stress on the temporal pattern of germination and

to compare the germination times of corn
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Figure 3 - Significant values of germination time comparisons for corn (a) and comparison of time at different germination

percentiles (b)
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Figure 4- Spline functions of germination trends for corn under different salinity stresses, along with the germination time

interval (), maximum difference time (__), germination percentile range (__ ), and maximum difference germination

level ().
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Table 3- Functional analysis of variance for comparing germination based on time and germination times of different wheat
varieties
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Figure 5 - Significance values of germination time comparisons for wheat (a) and comparison of times at different
germination percentiles (b)
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Figure 6 - Spline functions of temporal germination trends for wheat varieties
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Table 4 - Functional analysis of variance to investigate the effect of water stress on the temporal pattern of germination and
compare germination times of canola.
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Figure 7- Significance values of germination time comparisons for canola (a) and comparison of times at different
germination percentiles (b)
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