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Abstract
The germination process is one of the most sensitive stages in the early development of plants. The behavior and the responses of the plants in agronomic, biological and ecophysiological studies can be inferred through this process. However, the
calculation of the germination variables is laborious. In this sense, the GerminaR
package for the statistical software application R, which includes an interactive
web application “GerminaQuant for R” for users without programming knowledge
is presented. These tools should contribute greatly to improve analyses in germination studies.
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1 | INTRODUCTION
Seeds are the main method of plant propagation. Globally,
we depend heavily on seeds and grains, for both human and
animal nutrition and, more recently, biofuel production
(Fairley, 2011). Moreover, new plantings are usually started
from the germination of seeds (Moravcová et al., 2007). In
ecological studies, seed banks reserves of seeds in the soil or
on its surface and are a major determinant of vegetation
dynamics in many plant community types (Gaudet & Keddy,
1988). The soil seed bank is an important component of ecosystem resilience and represents a stock of regeneration
potential in many plant assemblages. As a potential plant
population, the soil seed bank plays an important role in the
research of plant ecology and is a popular research topic in
plant population ecology, vegetation ecology and regeneration processes (Klimkowska, Bekker, Diggelen, &
Kotowski, 2009). Therefore, understanding the viability loss
under natural conditions could be important for understanding the natural regeneration mechanisms. Both slower and
asynchronous seed release and germination are among the
most effective strategies for decreasing progeny mortality
and thus increasing the possibility of plants to survival
Ecol Res. 2019;34:339–346.

(Kalisz & McPeek, 1993; Sales, Pérez-García, & Silveira,
2013). Species that release seeds fractionally are more likely
to survive in nature because their seeds may face different
environments that affect their survival (Lamont, Connell, &
Bergl, 1991). However, seed release may occur rapidly after
a particular environmental condition or may be spread over a
long period, depending on the species (El-Keblawy & Bhatt,
2015). In this sense, the synchrony and complete germination of seeds are among is one of the basic requirements for
establishing new crops. Seeds are studied exhaustively, and
the biological approaches are used to fully exploit phenomena such as dormancy and germination (Baskin & Baskin,
2014; Penfield & King, 2009). Germination percentage is
the most common way to evaluate the germination, but it
often generates limited data, especially when evaluating germination in time (McNair, Sunkara, & Frobish, 2012). The
germination, rate and synchrony are essential parameters for
understanding the physiological status of a seed lot, such as
dormancy, stress tolerance and aging (Baskin & Baskin,
2014; Marques et al., 2015; Moncaleano-Escandon et al.,
2013). However, the germination calculations present many
complex mathematical expressions (Marques et al., 2015;
Ranal & Santana, 2006) and are often difficult to calculate,
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even using tools such as spreadsheets in Microsoft Excel.
Several spreadsheets have been described with the purpose
of assisting researchers in this task (Joosen et al., 2010;
Miranda, Correia, Almeida-Cortez, & Pompelli, 2014;
Ranal, Santana, Ferreira, & Mendes-Rodrigues, 2009). However, all the spreadsheets share the same limitation: they do
not provide the ability to analyze different data arrays on the
same working screen. This problem can exhaust the
researcher, especially when large experiments, treatments or
growing conditions are involved. Many of these issues were
partially solved with GerminaQuant 1.0 (Marques et al.,
2015). However, this software has several limitations, such
as not generating graphs and statistical analyses and being
limited to an installation on the computer. However, the
main limitation of GerminaQuant 1.0 is that it restricts the
analyzes because it can analyze only one factor at a time and
disregards possible interactions between different factors
also do not take account the different number of seeds in
each experimental unit. Thus, germination analyses are limited to controlled experiments in the laboratory, which do
not represent realistic situations in nature and do not reflect
the need of the global seed production industry. Recently,
several packages were developed for the analysis of seed
germination (Casanoves, Pla, Di Rienzo, & Díaz, 2011;
Duursma, 2015; Katabuchi, 2015), and many of these applications are open source, but none was developed for the
analysis of seed germination, being GerminaR package was
the first package to have this functionality. The main goal of
the GerminaR package is to help researchers studying germination to solve complicated germination measurements. This
tool includes an interactive web application “GerminaQuant
for R” for the analysis of germination indices in an easy and
interactive way. The development of the open source GerminaR package, together with the participation of users and the
scientific community, will enable continuous improvement
of this tool.

2 | P R I N C I P A L FU N C T I O N S
The main functions included in the GerminaR package are
as follows: (a) calculation of the 10 most important germination indices, (b) temporal evaluation of germination,
(c) graphical and statistical expression of the results and
(d) the interactive web application “GerminaQuant for R”
for users unfamiliar with programming (Table 1).

3 | LANGUAGE
GerminaR was been developed in the R programming language and was released on CRAN (Lozano-Isla, Benites
Alfaro, Garcia de Santana, & Ranal, Pompelli, 2017). This
document was written using version 1.2 of the package. GerminaR depends on the functions described in the “dplyr”

TABLE 1 Main functions in the GerminaR R package for seed
germination variables and graphical analysis

Function

Description

ger_summary()

Calculate 10 germination indices maintaining the
factors levels for analysis of variance

ger_intime()

Calculates and displays cumulative germination data

Fplot()

Function that allows to graphic the results in bar or line
plot

GerminaQuant()

Runs the interactive web application in offline mode
for use on a personal computer

prosopis

Dataset with germination experiment in Prosopis
juliflora seeds under different osmotic potentials and
temperatures

(Wickham, Francois, Henry, & Müller, 2018) and “tidyr”
(Wickham & Henry, 2018) packages to organize data. The
deployment of the web interface depends on the “shiny”
packages (Beeley, 2016; Chang, Cheng, Allaire, Xie, &
McPherson, 2017); graphics are generated with the
“ggplot2” package (Wickham & Chang, 2016), and the statistical analyses and results depend on the “agricolae” package (de Mendiburu, 2017). The germination index
algorithms were written natively in the R programming language, and the source code is maintained on a GitHub repository (Dabbish, Stuart, Tsay, & Herbsleb, 2012), where the
development version can be easily queried and installed. The
repository includes an issue tracker, where users can interact
with developers and communities of interest suggest modification and enhancements or report errors.

4 | G E R M I N A T I O N V A R IA B L E S
The GerminaR package is implemented to calculate 10 germination indices (Table 2). The following notation is used to
describe each of these variables, it is necessary to show the
symbology of the equations: ni, the number of seeds germinated in the ith time; N, the total number of seeds in each
experimental unit; k, the last day of germination evaluation;
ti, the time from the beginning of the experiment to the ith
observation; fi, the relative frequency of germination; Gi, the
number of seeds germinated in the ith time; and Xi, the
number of days from sowing. This data make it possible
to calculate many germination indices: (a) germination or
germinability
!
Pk
i = 1 n1
× 100
GNP =
N
is the percentage of seeds that complete the germination process. (b) The mean germination time
Pk
MGT = Pi k= 1

ni t i

i = 1 ni

,
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Germination variables evaluated in GerminaR package and
limits according to Ranal and Santana (2006), where ni is the number of
seeds germinated in ith time; and k is the last day of the evaluation process
for germination
TABLE 2

Variables

Abbreviation

Limits

Units

Germinated seed number

GSN

0 ≤ GSN ≤ ni

count

Germinability

GNP

0 ≤ GNP ≤ 100

%

Mean germination time

MGT

0 ≤ MGT ≤ k

time

Germination speed

GSP

0 < GSP ≤ 100

%

Mean germination rate

MGR

0 < MGR ≤ 1

time−1

Synchronization index

SYN

0 ≤ SYN ≤ 1

−

Uncertainty index

UNC

0 ≤ UNC ≤ log2ni

bit

Germination standard
deviation

SDG

0 < SDG ≤ ∞

time

Germination variance

VGT

0 < VGT ≤ ∞

time2

Coefficient of variation

CVG

0 < CVG ≤ ∞

%

which denotes the number of seeds germinated with respect
to the number of seeds germinated at the time of evaluation.
(c) The germination speed coefficient
!
Pk
G
i
× 100:
GSP = Pk i = 1
i = 1 Gi X i
(d) The mean germination rate (MGR) is expressed as
the reciprocal of MGT. (e) The germination uncertainty (UNC), an adaptation of the Shannon index,
evaluates the uncertainty associated with the relative
distribution of the frequency of germination. When the
uncertainty values are low, the germination frequency
must be higher since this index evaluates the degree
of dispersion of the germination through the following
formula:
UNC = −

k
X

f i log 2 f i ,

i=1

where f i = Pkni
i=1

ni

. (f) The germination synchrony (SYN)

was initially proposed to evaluate the degree of overlap of
flowering individuals in a population (Primack, 1985).
When synchrony is equal to 1, seed germination occurs at
the same time, whereas synchrony near 0 denotes that at
least two seeds complete the germination process at different times:
P
C n1 , 2
,
SYN =
N
P P
ni ð
ni − 1Þ
where C n1 , 2 = ni ðn2i − 1Þ and N =
. (g) The
2
index of germination variance,
!
Pk
2
i = 1 n i ðt i − t Þ
VGT =
:
Pk
i = 1 ni − 1
(h) The germination standard deviation

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
v8
o9
u nPk
2
u<
=

n
ð
t
−
t
Þ
i
i
i
=
1
u
SDG = t
Pk
:
;
i = 1 ni − 1
is expressed as the square root of the variance of the germination. (i) The germination coefficient of variation


SDG
× 100:
CVG =
MGT
For more information about these functions and formulae, see Ranal et al. (2009), Miranda et al. (2014), and the
references therein.

5 | F IE L D BO OK PR E P A R A T I O N
Data organization and proper data collection during the germination process must be considered for accurate analysis
and fast data processing. Some conditions for the dataset
are required for accurate data analysis: (a) the germination
database must be cumulative in the time, (b) at least one
factor or a treatment must be present to be evaluated,
(c) the number of seeds in each experimental unit must be
entered, and (d) a prefix must exist in the evaluation period
name to calculate the frequency from the collected data.
The evaluation of the germination process is based on the
count of germinating seeds in each experimental unit and
can be evaluated in time periods of hours, days, months or
other time units always beginning with time zero (i.e., D0),
and continuing until the end of the germination process or
until researcher criteria (Figure 1). A research can design a
personalized field book with different names in the columns based on their experimental design. The GerminaR
package allows the evaluation of any germination data set
with an experimental design. More information in the user
manual, available on the web on https://flavjack.shinyapps.
io/germinaquant/.

6 | C A S E S TU DY IN GERM IN AT ION
AN AL YSIS
6.1 | Dataset
The GerminaR package has a germination experiment dataset “proposis” that is available for use in the interactive web
application and can be used to demonstrate the package
operations. This database example is a completely randomized design with four replications per treatment under laboratory conditions. The first factor corresponds to five levels
of sodium chloride (NaCl) (0, 0.5, 1.0, 1.5 and 2 MPa), and
the second factor corresponds to four levels of temperature
(25 C, 30 C, 35 C and 40 C).
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Layout for germination evaluation process. The factor column (red) are according the experimental design. The seed number column (green) for
the number of seed sown and the evaluation columns and blue columns for accounting the germination

FIGURE 1

6.2 | Analysis of the germination variables
The evaluation of germination can follow a routine in the
analyzes, where the functions are explained according to the
dataset included in the GerminaR package (“prosopis”). The
package must be activated and the data must be loaded in
the session. To use another dataset, the user can load the data
and proceed according to the script below:
# load data
library(GerminaR)
library(cowplot)
fb <- prosopis %>% dplyr::mutate(nacl = as.factor(nacl),
temp = as.factor(temp), rep = as.factor(rep))
The user can implement the following code to calculate the
germination indices, analyze the variance, and perform mean
comparison tests.
# Germination analysis
gsm <- ger_summary(SeedN = ''seeds'', evalName = ''D'',
data = fb)
### Punctual analysis
## Germination percentage (GRP)
# Analysis of variance
av <- aov(formula = GRP ~ nacl*temp + rep, data = gsm)
# Mean comparison test
mc_grp <- ger_testcomp(aov = av, comp = c(''temp'',
''nacl''), type = ''snk'')
## Mean germination time (MGT)
# Analysis of variance
av <- aov(formula = MGT ~ nacl*temp + rep, data = gsm)
# Mean comparison test

mc_mgt <- ger_testcomp(aov = av, comp = c(''temp'',
''nacl''), type = ''snk'')
This code can be used to generate bar or line graphs showing
the results (Figure 2), with the possibility of adding various
features, such as the standard error, significance of the mean
test, color, labels and limits. The graphical results are
improved for publications and allow for inserting math
expressions into the label titles.
# Bar graphics for germination percentage
grp <- fplot(data = mc_grp, type = ''bar'',
x = ''temp'', y = ''mean'', z = ''nacl'',
lmt = c(0,110), brk = 10,
ylab = ''Germination ('%')'',
xlab = ''Temperature ( C)'',
lgl = ''NaCl (MPa)'', lgd = ''top'',
erb = T, color = F)
# Bar graphics for mean germination time
mgt <- fplot(data = mc_mgt, type = ''bar'',
x = ''temp'', y = ''mean'', z = ''nacl'',
lmt = c(0,9), brk = 1,
ylab = ''Mean germination time (days)'',
xlab = ''Temperature ( C)'',
lgl = ''NaCl (MPa)'', lgd = ''top'',
erb = T, color = F)
6.3 | Cumulative analysis of germination
The cumulative analysis of germination enables observation
of the evolution of the germination process, which is
expressed as the percentage of germination or as relative germination, which takes into account the total number of seeds
germinated in relation to the number of germinated seeds per
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FIGURE 2 Germination experiment with Prosopis juliflora under different osmotic potentials and temperatures. (a) Bar graph with germination percentage
in a factorial analysis. (b) Bar graph for mean germination time in a factorial analysis

day (Figure 3). The following the script can be used to perform this type of analysis.
## In time analysis
# Data frame with percentage or relative germination in time
by NaCl
git <- ger_intime(Factor = ''nacl'', SeedN = ''seeds'',
evalName = ''D'', method = ''percentage'', data = fb)
# Graphic germination in time by NaCl
nacl <- fplot(data = git, type = ''line'',
x = ''evaluation'', y = ''mean'', z = ''nacl'',
lmt = c(0,110), brk = 10,
ylab = ''Germination ('%')'',
xlab = ''Day'',
lgl = ''NaCl (MPa)'',

lgd = ''top'', color = FALSE)
# Data frame with percentage or relative germination in time
by temperature
git <- ger_intime(Factor = ''temp'', SeedN = ''seeds'',
evalName = ''D'', method = ''percentage'', data = fb)
# Graphic germination in time by temperature
temp <- fplot(data = git, type = ''line'',
x = ''evaluation'', y = ''mean'', z = ''temp'',
lmt = c(0,110), brk = 10,
ylab = ''Germination ('%')'',
xlab = ''Day'',
lgl = ''Temperature (' C')'',
lgd = ''top'', color = FALSE)

FIGURE 3 Germination experiment with Prosopis juliflora under different osmotic potentials and temperatures. (a) Line graph from cumulative germination
under different osmotic potentials. (b) Line graph from cumulative germination under different temperatures
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FIGURE 4

Graphic tab from GerminaQuant for R web interface include in the package GerminaR

6.4 | Interactive web application
The GerminaR package includes an interactive web application called “GerminaQuant for R” for users who are not
familiar with R programming (Figure 4, Table 1). The application can run directly through the R console or can be
hosted on a server that allows user access from any mobile
device (e.g., notebook, tablet and smartphone). The application can run on any platform (e.g., iOS, Android or
Windows Phone) since it does not require substantial power,
only access to the internet. The application has a step-byTABLE 3 Name and description of each tab of GerminaQuant for R to
evaluate and analyze the germination process

step user manual with information on how to develop a custom germination experiment, as well as how to collect, process and interpret the data. Users can analyze their data in an
easy, fast and intuitive way using a “click and point” interface designed according to the workflow in the analysis of
the germination indices (Table 3). All the functions for the
application are included in the package. Therefore, the user
can choose the best alternative according to their requirements and programming skills.
The application also allows the user to calculate the
amount (in grams) of a particular salt (e.g., NaCl or
PEG6000) to be weighed and to determine the osmotic
potential promoted by the addition of that salt (see tools in
the web application). The inversion of this function is also
allowed when the user wants to know how many grams of
salt is necessary to add to obtain a certain osmotic potential
at a given temperature. This function abbreviates the complicated formulae previously described by Prickett, Elliott,
Hakda, and McGann (2008) and Michel and Kaufmann
(1973) for NaCl and PEG6000, respectively.

Tabs

Description

Presentation

Presentation of the application, principal characteristics and
contributors

User
manual

User manual explain the meaning of each indices and how to
collect and process your data

Fieldbook

Interface to upload the field book and choose the parameter
for the germination analysis, GerminaQuant allows to
upload the data from Google® sheet or excel file

Germination

Calculate automatically the germination variables and export
the data file

Boxplot

Interface to explore your data and the distribution of the data

6.5 | Advantages over other applications

Statistics

Interface to choose the variables according the experimental
design for analysis of variance and summarize the
information according the principal mean comparison test

Graphics

Graphic the mean comparison test for the variables selected
in the statistical analysis and plot the information in
customized bar or line plot

InTime

Selecting the factor from your experiment, allows plotting the
germination process in time

Tools

Tool for calculate the osmotic potential for any salt or PEG
for germination experiments

The GerminaR package provides an interactive web application for statistical and graphic analysis of germination. In
addition, researchers can use the R console for reproducible
data analysis. This is the first time that a germination analysis application has provided such ease and flexibility of
interaction for use on multiple devices in an innovative way
(Joosen et al., 2010; Miranda et al., 2014; Ranal et al.,
2009). The package and the web application work
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independently of the operating system, functioning easily on
Windows, Linux, Macintosh, Android, iOS and other mobile
devices. The open source structure of these packages, combined with the version control, promotes the development of
new code and tools over time. The GerminaR package has
been implemented as a universal programming language tool
used for statistical and graphic analysis. In the future, the
GerminaR may include new tools, such as image analysis, to
evaluate germination in an automated way and new algorithms for germination and graphical analysis.
Availability and requirements:
Name of the project: GerminaR.
Stable project launch: https://cran.r-project.org/web/
packages/GerminaR/index.html
Interactive application: https://flavjack.shinyapps.io/
germinaquant/
Issue tracker: https://github.com/Flavjack/GerminaR/
issues
Operating systems: Platform independent.
Programming language: R and HTML + CSS.

7 | CON CLU SION S
An open source tool was developed to calculate the timing
and cumulative germination indices. To the best of our
knowledge, this is the first open source package that can
assist researchers and users with the analysis and graphing
of germination variables. The GerminaR package has been
implemented in a worldwide usage language for statistical
analysis. In addition, the package includes a web application
called “GerminaQuant for R” for interactive data analysis,
which can be used on any type of mobile device without
prior programming experience.
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