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Abstract: Plants adapt to continual changes in environmental conditions throughout their life
spans. High-throughput phenotyping methods have been developed to noninvasively monitor the
physiological responses to abiotic/biotic stresses on a scale spanning a long time, covering most of
the vegetative and reproductive stages. However, some of the physiological events comprise almost
immediate and very fast responses towards the changing environment which might be overlooked
in long-term observations. Additionally, there are certain technical difficulties and restrictions in
analyzing phenotyping data, especially when dealing with repeated measurements. In this study,
a method for comparing means at different time points using generalized linear mixed models
combined with classical time series models is presented. As an example, we use multiple chlorophyll
time series measurements from different genotypes. The use of additional time series models as
random effects is essential as the residuals of the initial mixed model may contain autocorrelations
that bias the result. The nature of mixed models offers a viable solution as these can incorporate time
series models for residuals as random effects. The results from analyzing chlorophyll content time
series show that the autocorrelation is successfully eliminated from the residuals and incorporated
into the final model. This allows the use of statistical inference.

Keywords: Arabidopsis; linear mixed models; time series analysis; ARIMA

1. Introduction

A series of data is considered as a time series when it consists of observations taken or
sampled sequentially in time. The most important feature of time series is that the data
are not identically and independently distributed (IID) [1]. This feature makes methods
such as simple regression models or Analysis of Variance (ANOVA) inappropriate for the
analysis of these data. Time series analysis is an important tool for every science. The study
of phenomena across time may lead to new important findings for every scientific field.
Nevertheless, there are certain difficulties and restrictions in analyzing these kinds of data,
especially when there are many repeated measurements. Many repeated measurements
used in time series problems usually indicates that the data in the time points for each
individual plant will be correlated and not independent (autocorrelation). For example, the
value in Tn+1 directly depends on the value in Tn. So, methods such as classical ANOVA
or t-tests at each time point cannot be used as they assume independence between the
measurements which does not hold for time series. To our knowledge, so far, a standard
methodology for comparing mean values of data in different groups of time series does not
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exist. As a result, a combination of methods including time series analysis, which can deal
with the special nature of longitudinal time series data, must be applied. Consequently, if
we find a valid way to identify and describe the mechanism of creating the data (by fitting an
appropriate statistical model), we can proceed to statistical inference and multiple pairwise
comparisons of time series data which may lead to biological conclusions. Therefore, we
must create a model (a mathematical relationship between the response variable we want
to examine and explanatory variables of interest) that takes this kind of correlation into
account. Additionally, since we want to compare several time series, we need to find a
modeling method that will allow us to incorporate them into one single model. Linear
mixed models (LMMs) are the perfect mathematical tools for this situation as they can
combine population average (fixed for all individual measurements) effects and subject-
specific (called random) effects for each individual plant separately, so that the variability
between genotypes and time points is retained. As a result, a combination of linear mixed
models and time series analysis is used to address all the above-mentioned issues.

Photosynthetic acclimation to environmental conditions such a fluctuating irradiance
is an example of a biological process comprising short-term (minutes- or even seconds-
long events including changes in electron transport and enzyme activities, CO2 diffusion,
nonphotochemical quenching, light harvesting capacity, etc. [2–4]) and long-term (events
lasting for days such as photosynthetic acclimation) responses [5]. Moreover, these bio-
logical processes are species-specific, and depend on environmental factors such as daily
and seasonal irradiance fluctuations and circadian rhythms. For more details describing
the impact of environmental factors on photosynthesis, we recommend following these
comprehensive studies [6–12]. Plant phenotyping is based on noninvasive high-throughput
monitoring of parameters including photosynthetic activity, growth dynamics in response
to the environment, etc. [13,14]. As a high-throughput method, phenotyping produces
a quantity of longitudinal or time-to-event data which is challenging to process by an
adequate statistical approach [15–17]. In our study, we show that not considering the
dependency that exists among individual time points in time series might lead to wrong
assumptions, which might further cause a false hypothesis to be made. On the other hand,
we show that using mixed models combined with time series analysis methods as a tool
for comparing groups of time series in plant sciences overcomes such an issue.

After germination under the surface of the soil (i.e., in the darkness), the plants start
elongating with bended cotyledons forming what are called apical hooks, protecting the
plant apex while reaching the soil surface, where the light induces the process of de-
etiolation. De-etiolation is by far the most dramatic period of plant life cycle, characterized
by complete rearrangement of plant metabolism (i.e., from heterotrophic de-etiolated
seedling to autotrophic plant). The process of de-etiolation is (among other things) initiated
by very fast (immediate) activation of light-responsive enzymes, involved in the chlorophyll
biosynthesis from its dark-phase accumulated precursor protochlorophyllide [18]. This is
a very delicate operation for the plant, as chlorophyll must be synthesized very quickly,
but the chlorophyll itself or its biosynthesis intermediates can (instead of transferring their
excitation energy to excited porphyrin pigments) mediate formation of singlet oxygen,
leading to strong photo-oxidative damage of chloroplasts [19]. Thus, sensitive phenotyping
systems as well as a correct and precise data processing that allows monitoring of the very
fast (taking place in order of minutes or even seconds) and subtle changes in chlorophyll
biosynthetic dynamics are required for studies on the processes associated with the early
stages of a plant’s life in light (photomorphogenesis).

The goal of this paper is to find a statistical tool allowing unbiased comparison in the
chlorophyll fluorescence dynamics of different genotypes (wild type vs. mutant). This fast
biological process serves as an example of time series data, where the dynamic change can
take place in the first minutes of observation. More specifically, we seek to find when in
time the difference between the chlorophyll fluorescence mean values of the genotypes
becomes statistically significant. In this way, we will be able to determine significant early
and/or late differences in chlorophyll dynamics which might otherwise be incorrectly
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identified by a wrong statistical approach. For this reason, we present a combination of
methods that can lead to accurate chlorophyll fluorescence results in the case of multiple
comparisons of chlorophyll fluorescence in different groups of time series. In particular,
linear mixed models (LMMs) [20] are applied in combination with methods of time series
analysis which can help us to overcome the difficulties arising from the longitudinal nature
of the data. Using this method, the dynamic changes in chlorophyll fluorescence of several
de-etiolating genotypes are clearly identified.

2. Materials and Methods
2.1. Plant Material and Chlorophyll Quantification

The data used in this study consist of 27 time series. We performed fluorescence-based
chlorophyll measurements in 3 genotypes of Arabidopsis thaliana, and for each genotype we
conducted 3 independent experiments, each containing 3 biological replicas. This makes 9
different time series for each genotype. The genotypes are one wild type (WT) Landsberg
erecta-1 (Ler-1) and two mutants in the same genetic background defective in chlorophyll
biosynthesis (light-dependent protochlorophyllide to chlorophyllide conversion), which
were cultivated in vitro for 4 days on half-strength Murashige and Skoog ( 1

2 MS) medium in
the dark (16 h cycle and 8h cycle at 21 and 19 ◦C, respectively). The same Ler-1 background
lines were selected since different genetic backgrounds might be associated with modulated
growth and stress responses [21].

The starting point refers to the exposure of the seedlings to the first short pulse of
actinic light (50 ms, 238 µmol m−2 s−1; 21 ◦C) used to induce fluorescence of the biosyn-
thesized chlorophyll for nondestructive real-time in vivo measurements of chlorophyll
content (Balakhonova, Dobisova et al., manuscript in preparation). Briefly, chlorophyll
content was quantified using imaging fluorometer FluorCam (Photon Systems Instruments,
Drásov, Czech Republic). The fluorescence signal was acquired by a sensitive CCD camera
(1.4 M pixels) with an emission band of 690–770 nm. Camera resolution allowed analysis
of pixels corresponding to cotyledons of individual seedlings. The fluorescence emission
was excited by 50 ms long pulses of blue actinic light generated by a LED light source with
a peak wavelength of 470 nm. The pulse was sufficient to induce chlorophyll biosynthesis
(de-etiolation), thus no additional source of light was used.

The time series consists of 121 measurements that were taken over a 4 h and the
sampling period (defined by the pulse of the actinic light) was every 2 min.

Data were scaled to the first time point measured (T0), so all variables started at the
same point, allowing comparison of time series data which inputs values differing in scale.
Every value of the time series was divided by the first corresponding time point. As a
result, the first time point was always 1.

The scaled data are given in Figure 1 where the dots represent the mean of all the time
series of the same genotype and the error bar represents a 95% confidence interval.
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Figure 1. Means (dots) and confidence intervals (error bars) for groups of time series (WT: wild type).

2.2. Linear Mixed Models and Time Series analysis

The idea behind linear mixed models (LMMs) is that different coefficients are esti-
mated for different subjects [20]. The estimates are characterized as subject-specific because
they are conditional on the random subject effect. This property makes LMMs appropriate
for modeling longitudinal and clustered data [17]. The implementation of a LMM analysis
begins with the construction of a normal distribution around the intercepts and then the
variance of this normal distribution is estimated. That variance is added to the regression
model in order to create different coefficient for every subject. As a result, an extension of
the simple linear model of the form:

y = XT
i b, i = 1, . . . , N (1)

is the following:
yij = b0 + XT

ijb + u0j + εij (2)

where b0 is the fixed-average intercept, u0j is the random (subject-specific) intercept for
subject j, b is the vector of regression parameters, Xij is the matrix of explanatory variables
and εij is the error for subject j at time i.

As can be seen from Equation (2), the intercepts differ between the subjects, but
the other regression coefficients are the same for all subjects. Additionally, it is common
in longitudinal studies for someone to also include random effects for the remaining
coefficients, so that all the coefficients differ between subjects. The resulting model in this
case is given by Equation (3):

yij = b0 + XT
ijb + u0j + ZT

ijuj + εij (3)

where uj represents the vector of random (subject-specific) coefficients for the variables
and Zij is the matrix of explanatory variables associated with uj.

The coefficients can be estimated by using the Maximum Likelihood (ML) and the
Restricted Maximum Likelihood (REML) methods. The estimates for the random effects
variances obtained by the REML method are less biased, while the ML method allows
for comparisons between models with the use of information criteria such as the Akaike
Information Criterion (AIC) and Bayesian Information Criterion (BIC), which have no
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meaning for the REML estimates. For more detail, refer to [22,23]. In this paper the ML
method is used to choose the best model describing the data.

When modeling repeated measurements of different subjects (seedlings) using the time
t as a variable, we obtain an estimate of the trend of the time series. It is possible that within
the residuals εij (error between actual values and model fitted values), autocorrelations
remain. More information about the estimate of the autocorrelation function is given in
Appendix A [1].

In this case, εij need to be further modeled so they do not contain any kind of autocor-
relations and the whole model may be considered valid.

Thus, the final form of the general model used in this work to compare means between
different time points can be given by Equations (4) and (5):

yij = b0 + XT
ijb + u0j + ZT

ijuj + εij, (4)

The ε̂ij are described as:

ARIMA
(

pj, dj, qj
)
×

(
Pj, Dj, Qj

)
S (5)

The autoregressive integrated moving average (ARIMA) model was used to fit the
initial residuals εij, while rij are the final residuals of the whole model.

In Equation (5), (pj, dj, qj) is the nonseasonal part of the model for each subject and(
Pj, Dj, Qj

)
is the seasonal part of the model if seasonality is present. If seasonality is absent,

we ignore the second part.
Mixed models are ideal for situations with observations that are not identically and

independently distributed (IID) and when we have repeated measurements for different
individuals (seedlings). Additionally, there is a degree of randomness in the data acquisi-
tion that is not fully controllable. The mixed model we propose contains, as random effects,
the effects of each seedling separately, so that the model includes the randomness that
might exist between experiments and genotypes. As fixed and random parts of the model
(initially, before the addition of ARIMA models as random effects), we used the variables
Time (1, 2, 3, . . . , 121) and Time2 (1, 4, 9, . . . , 1212). The variable Time represents the time
points when the measurements were taken (1st time point is 0 min, 2nd time point is 2
min, 3rd time point is 4 min, etc.). A categorical variable “Genotype” (3 categories: wild
type (WT), Mutant 1 (MUT1), and Mutant 2 (MUT2)) was also used, but only in the fixed
part of the equation as the random effects already contained the genotypic differences and
the model would not converge if we included “Genotype” in the random effects as well.
Here, “Genotype” is a dummy variable with the 3 referred categories. The first (reference)
category is the WT and its information is contained in the intercept term b0, which plays a
significant role.

Thus, MUT1 and MUT2 are binary variables—e.g., MUT1 = 1 when the genotype is
MUT1 and 0 otherwise. When MUT1 and MUT2 are both equal to zero, then the genotype
is WT. So, the values of coefficients b3 and b4 show the general differences of MUT1 and
MUT2 with the WT. More information about dummy variables can be found in [24]. Finally,
the covariance structure that is used with this dataset is the heterogeneous unstructured
structure, which is the most commonly used as it does not limit the values of the covariance
matrix at all [25].

So, the model of Equation (4) takes the following form (Equation (6)):

yij = b0 + b1Time + b2Time2 + b3GenotypeMUT1 + b4GenotypeMUT2+u0j + u1jTime + u2jTime2 + ε̂ij + rij. (6)

Instead of using the original values of the time series, we can take their logarithms. It
was found in several studies that the log transformation of the underlying series improves
forecasting and stabilizes the variance [26].

The modeling procedure and data analysis were performed in R studio (R GUI 4.0.3)
with the use of “glmmTMB” and “forecast” packages [27–31].
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3. Results

The difficulty here follows from the fact that for different subjects the form of the
autocorrelation might be different and thus we will need a different model for each subject’s
residuals [24–26].

In Figure 1, we can observe the means (dots) and the confidence intervals (error bars)
for every group of chlorophyll fluorescence time series after transferring the seedlings from
the dark to actinic light condition. The goal is to discover if and when in time the difference
between the means of the genotypes becomes statistically significant.

To be able to do this, we need to create a common forecasting model that describes all
the time series that we want to analyze equally well. The LMM of Equation (6) is found to
be the best model to describe these data according to AIC.

The case of a third order term, Time3, was examined as well, but the coefficient was
found to be nonsignificant and the AIC was higher. The model of Equation (6) successfully
describes the trend of all the time series in one single mixed model. In addition, looking
at the coefficients b3 and b4 of GenotypeMUT1 and GenotypeMUT2, we have an indication
of whether there are differences between WT and MUT1-MUT2 by the significance of the
coefficients of dummy variables (MUT1 and MUT2).

However, if we plot the autocorrelation function for the residuals of each time series,
we will see that strong autocorrelations exist. This means that if we directly apply statistical
inference in this model to identify differences (multiple comparisons, etc.), the result will be
incorrect. This happens because the model which is used for forecasting is not the correct
one, as these autocorrelations should be incorporated in the model fitted values (i.e., they
are taken into consideration when we make comparisons) and not in the residuals, as the
data here are not independent, as mentioned before, so the inclusion of autocorrelations in
the model is essential. Otherwise, we can obtain biased (misleading) results (either false
positive or false negative). Estimates of the autocorrelations of residuals for each seedling
are given in Figure 2. Autocorrelation plots such as those in Figure 2 show the dependence
that exists within observations in every time series. The autocorrelation with lag zero
always equals 1, because it reflects the autocorrelation between each observation in the time
series and itself. The autocorrelation with lag 1 shows the relation that exists between the
observations of the time series whose distance is one step; the one with lag 2 shows the
relation that exists between the observations whose distance is two steps, etc. Each value
of the autocorrelation function that is above or below the dashed lines (95% confidence
interval) is considered to be statistically significant. If we have values significantly different
from zero, this shows that significant autocorrelations exist in the time series. Briefly,
significant autocorrelations contain information that should be included in the model and
not in the residuals of the model. If the residuals of the model do not contain significant
autocorrelations, the procedure described in this work is not necessary. In Figure 2, one
can observe that the chlorophyll measurements are highly correlated with each other as
there are many values of the autocorrelation functions above and below the 95% confidence
intervals. To be able to remove these autocorrelations from the residuals and make the model
appropriate for statistical inference, time series analysis can be applied. One way to do this
is to separately examine every autocorrelation function and find a proper time series model
to remove it. The most popular time series models for this case are the autoregressive (AR)
models, the moving average (MA) models, and the more complex autoregressive moving
average (ARMA) models or autoregressive integrated moving average models (ARIMA) in
case trends are still present in the residuals. It is possible to have more complex time series
where periodical phenomena are present. In this case, seasonal ARIMA (SARIMA) models
can be useful [32]. A more automatic procedure that makes things easier and much faster
is the “auto.arima” function from the “forecast” package in R. The auto.arima function
uses a variation of the Hyndman–Khandakar algorithm, which combines unit root tests
and finds the best ARIMA model based on several information criteria such as AIC, AICc
(corrected AIC for small samples), and BIC [28]. Plotting the residuals will allow us to see if
trends remain. Figure 3 presents the residuals of the initial model of Equation (3). A trend
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is present in time series when a long-term increase or decrease exists. Identifying these
patterns is the first step for choosing a proper forecasting method. Figure 3 clearly shows
that trends are still present in the residuals.
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autocorrelation function is given in Appendix A. It can be observed in the residuals of every time
series that there are patterns of significant autocorrelations (several values are outside the 95% confi-
dence interval). This means that further modeling is required to remove these autocorrelations from
the residuals.
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Index refers to time points (2 min, 4 min, etc.). The title of each plot refers to Genotype: Replicate:
Experiment (WT: Wild Type, MUT1: Mutant 1, MUT2: Mutant 2). It is obvious that long-term
increases or/and decreases (trend) exist in the residuals of the model given by Equation (3).

To deal with this, we need to set at least d=1 in the ARIMA models for all the residuals,
so the trends were eliminated from the time series after differentiation. In Equation (5),
dj reflects the number of differences (nonseasonal) needed for the trends to be removed.
Differentiation in time series might help to stabilize the mean value of the time series and
it is the most popular way of removing trends [32]. A list of all the fitted ARIMA models
for the residuals is provided as a supplementary material. Finally, if we add these models
to the previously fitted LMM, we obtain the form of the model given in Equation (4). It is
obvious from Figure 4 that the estimated residuals rij of the final model given by Equation
(4) and consequently by Equation (6) do not contain significant autocorrelations as there
are no significant values in general. This implies that the model is now valid for statistical
inference. Additionally, the mean values of the residuals for each genotype are very close
to zero which is another important result (see Supplementary Materials: Figure S1).

Furthermore, other diagnostics for the model are provided as Supplementary Materials
(Figures S2 and S3).

Hereafter, we can proceed with the comparison of the means of each time point. Since
in R there is no automatic procedure for such a model yet, we can use a t-test considering
the Bonferroni correction for all time points. At each time point are three comparisons,
so that the corrected threshold for the p-value is 0.05/3 = 0.01667. The t-test was applied
on the model fitted values and the groups that are compared are the values (scaled) of
chlorophyll at separate time points between genotypes. For example, for the first time
point, we compared the mean value of WT chlorophyll measurement with the MUT1
mean value. It is very critical to correct the p-value, otherwise there will be an increase in
Type I errors [33].

The fixed part of the model is given in Table 1. The “Estimate” column corresponds
to b0, b1, b2, b3 and b4 of Equation (6). Additionally, the standard deviation that exists
within the random/subject-specific effects (u0j, u1j and u2j) is given. The random effects
u0j, u1j and u2j, as well as those concerning the residuals, are provided as supplementary
materials (the standard deviation in Table 1 resulted from finding the standard deviation
for each column of the supplementary file random_effects.xlsx which corresponds to
the values of u0j, u1j and u2j of Equation (6)). With regard to the fixed coefficients of
MUT1and MUT2, we expected, in the final analysis, to see significant differences between
WT-MUT1 (p-value of coefficient of MUT1 is <0.001 which indicates significant difference
from the reference genotype WT) and MUT1-MUT2 (MUT2 is not significantly different
from WT (p-value = 0.657)). However, it would be wrong to make inferences just from
these p-values as the random effects of the ARIMA models are not considered and they
might significantly affect this result in the pairwise comparisons, as referred to before,
because of the autocorrelation.

Thus, based on this modified model combined with the ARIMA models for the
residuals (see supplementary file random_effects.xlsx and ARIMA_models.pdf), we can
proceed to apply statistical inference.

The multiple comparison results are summarized in Figure 5. The vertical lines
correspond to the intervals in which there are significant differences between the genotypes.
Indeed, as indicated in Table 1, we obtained significant differences between WT-MUT1 and
MUT1-MUT2.
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Replicate: Experiment. The dashed blue lines represent the 95% confidence interval. (WT: Wild Type,
MUT1: Mutant 1, MUT2: Mutant 2). We can see that except for the zero lag which is always 1, there
are generally no statistically significant values (outside the 95% confidence intervals). This means
that the model is now valid for statistical inference.

Table 1. Linear mixed model for chlorophyll data.

Family = Gaussian (link = Identity)

Model formulae are given in Equations (4) and (5)

Fixed Effects:

Coefficients Estimate Standard Error z-Value p-Value

Intercept − b0 0.09175 0.0182 5.04 <0.001

Time − b1 0.04297 8.471 × 10−4 50.72 <0.001

Time2 − b2 −1.961 × 10−4 5.681 × 10−6 −34.52 <0.001

GenotypeMUT1 − b3 −0.1914 0.02289 −8.36 <0.001

GenotypeMUT2 − b4 0.1083 0.02443 −0.44 0.657

Random Effects (Conditional Model):

Groups Name Variance Standard Deviation Correlation

Id Intercept 0.003901 0.0625

Time 1.923 × 10−5 4.385 × 10−3 −0.65

Time2 8.624 × 10−10 2.937 × 10−5 0.58 −0.97

Residual 1.318 × 10−3 3.630 × 10−2

Number of Groups (id): 27 (3 experiments each containing 3 replicas for each genotype)

Number of Observations: 3267

In the final residuals of the model (εij in Equation (6)), we can see that there are
some outliers (see Figure S2: Q-Q plots in Supplementary Materials) which are due to
slightly larger prediction errors in the beginning of some of the time series (see Figure S1:
Final residuals). If these outliers are not considered, then the residuals approximate the
standard normal. These errors exist because the exponential increase is affected by complex
regulations in chlorophyll metabolism [18].
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Figure 5. Pairwise comparisons of genotypes for each time point. The intervals inside the solid black vertical lines are
considered as significantly different. The intervals inside the dashed red lines are the wrong results we would have if we did
not take the autocorrelation into consideration. (A) There are significant differences in the chlorophyll dynamics between
WT and Mutant 1 from 6 min to 102 min after the first measurement. Without considering autocorrelations, the (wrong)
result would be from 2 min to 130 min (dashed red lines). (B) There are no significant differences found between WT and
Mutant 2. (C) There are significant differences in the chlorophyll dynamics between Mutant 1 and Mutant 2 from 2 min to
80 min after the first measurement. Without considering autocorrelations the (wrong) result would be from 2 min to 68 min
(dashed red lines).
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4. Discussion

Comparing groups of time series can be essential in plant sciences. Longitudinal
studies are now very popular in plant biology to describe plant adaptation strategies to
various environmental conditions. There are many plants and crop studies containing
growth curve modeling during stress and recovery periods. Other methods such as paired
t-tests and repeated measures ANOVA (RMANOVA) are useful but not for the type of
problem we deal with in this work [34]. A paired t-test (dependent sample t-test) is
used to determine if the difference of the means between two groups of observations is
zero (null hypothesis) [35]. In a paired sample t-test, each subject or entity is measured
twice, resulting in pairs of observations. In an RMANOVA, we can extend this to more
time points. These methods can lead to useful conclusions as well. For example, we
can check if the genotypes differ if we average over all seedlings and all time points,
or if the mean response differs over time when we average over all seedlings and all
genotypes. Finally, based on interaction terms, we can assess whether the pattern across
time depends upon the specific genotypes. Neither of the above methods can focus on
specific time points. Other studies also deal with chlorophyll fluorescence data using time
series. In [36], the authors identified differences between wild types and mutants using
deep neural networks and discriminant analysis. More specifically, they used a time series
deep learning algorithm to extract time series chlorophyll fluorescence features which
were then used for classification by applying several methods. Their method appeared to
be very efficient as the discrimination–classification accuracy percentages are very high.
However, this leads to more general results (finds discrimination between mutants and
wild type) and not time-specific results as our method obtained. Furthermore, in [37], the
author used residuals (restricted) maximum likelihood (REML) models for comparing
time series of chlorophyll fluorescence measurements. There is no reference, however, to
autocorrelation. The reason for this is that the measurements were taken 0, 23, 47, 71, 143
and 191 h following detachment. When the sampling intervals are so large, and the number
of the measurements so small (six measurements with intervals of 24 hours between them),
the observations within time series are not correlated and therefore can be considered
independent. In contrast, we made 121 measurements with intervals of 2 min between
them. Now, if we did not take into account the autocorrelation that exists in the residuals
and directly apply statistical inference in the model of Equation (3) (similarly to [37]), i.e.,
without further analyzing the residuals and removing them from the autocorrelation, we
would have obtained false significant differences (i.e., false positives) or/and significant
differences which were missed (false negatives). This is so because the autocorrelation
contains information that should be included in the estimations of the coefficients of the
model and not in the residuals. In particular, for WT-MUT1 (Figure 5A), we would have
wrong significant differences until the point of 130 min after the first measurement, and for
MUT1-MUT2, we would have 6 points (12 min) which, with the present method, would
be considered significant, while without the extra time series analysis, the significance in
the difference is lost (false negatives). The wrong results we would have if we did not
consider the autocorrelation are shown in Figure 5A,C with dashed red lines. It should
be also noted here that, in our study, we did not measure the chlorophyll fluorescence to
quantify the photosynthesis efficiency, used most frequently to evaluate the immediate
physiological status of the plant as referred to in the mentioned works [36,37]. Here,
the chlorophyll fluorescence corresponds dominantly to the chlorophyll amount in the
de-etiolating seedlings.

The proposed method, combining LMMs which are commonly used for longitudinal
studies, with time series analysis seems to be a valuable tool for analyzing longitudinal
data without producing any bias in the results since every case of possible bias due to
repeated measurements (non-IID, strong autocorrelations that remain in the residuals, etc.)
has been carefully taken into consideration.

The pairwise comparison of genotypes using mixed models identified significant
differences in the early phases of de-etiolation (see Figure 5) after transferring the seedlings
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from dark to light conditions. More specifically, from the multiple pairwise comparisons,
the 2-minute interval measurements provided us with sufficient coverage of time points
and the final shape of the chlorophyll biosynthetic curves. Thus, we were able to apply
our robust statistical method that projected the significant changes in early dynamics
of chlorophyll biosynthesis, which could be otherwise obscured by not fulfilling all the
necessary conditions for time series analysis.

To maintain the equilibrium between the fast chlorophyll biosynthesis and avoidance
of photo-oxidative damage, plants evolved an instrumentation with delicate and complex
regulations, employing feed-forward and feed-back regulatory mechanisms [18,38,39]. This
is, however, a rather common feature of many fast-responding (not only) biological systems.
To study these complex regulations, we need to measure not only the end points, but also
the dynamics of the process before they are reached. For this, we need techniques that can
discriminate changes in the measured variable with not only (high) spatial resolution, but
also time resolution. A prerequisite of correct data interpretation is using the proper tools for
the generated data processing/evaluation. Based on our results, it seems that linear mixed
models combined with time series analysis might be one of the possible solutions. One
possible limitation of this study is that the model used can describe data that are expressing
an exponential increase. In this study, all the genotypes have an exponential increase in
chlorophyll through time. In general, in case of applied stress for example, this can change.
The problem is not so important when they do not have exponential growth (other models
may be applied in this case, e.g., linear, without the use of the exponential term or even
logistic models, Gompertz, monomolecular, etc. [40,41]), but when the genotypes that we
have to compare follow completely different growth patterns. The modeling process will
then become more difficult as we will have to experiment with random effects to find the
most suitable model that describes the data and then apply statistical inference. Of course,
the method used in this work can be also applied to other scientific fields and areas in
which time and repeated measurements play important roles, such as economic and sales
forecasting, medical studies, engineering problems and others [1].

5. Conclusions

The use of proper statistical methods for data analysis is essential in life sciences.
In this work, we present a combination of linear mixed models and time series analysis
permitting the use of statistical inference when comparing chlorophyll contents in groups
of time series that belong to different genotypes. Even though repeated measurements and
longitudinal data are becoming more popular in life sciences as they can examine various
effects through time, to our knowledge there is no standard methodology for comparing
mean values of time points in different groups of time series. Especially when the time
points examined are many, it is almost certain that autocorrelations will be present within
time series and this is not considered for standard models. As a result, a combination of
methods must be applied for valid statistical inference.

The results of the analysis combining linear mixed models and time series analysis
models show that the proposed method can be a valuable tool to explore fast responses
assayed using time series. More specifically, it was found that the significant differences
between the wild type and Mutant 1 exist from 6 min to 102 min after the first measurement
and between Mutant 1 and Mutant 2 from 2 min to 80 min after the first measurement.
No significant difference was found between wild type and Mutant 2. In addition, the
results without considering the autocorrelation are provided. These show that if we do not
consider this, the results will be different, leading to false positive or/and false negative
results.

For future research, it would be interesting to also apply this method under different
conditions (stress, heat, etc.) for other phenotypic traits which will be more difficult due to
the different dynamics that the genotypes might have under different treatments.

Supplementary Materials: The following are available online at https://www.mdpi.com/2223-7
747/10/2/362/s1, Figure S1: Final residuals of the model, Figure S2: Normal Q-Q plots of the

https://www.mdpi.com/2223-7747/10/2/362/s1
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final residuals of the model, ts_means_comparison.R: The R code used for this paper, guide for R
code.pdf: Instructions for how to use the R code. Chlorophyll.xlsx: The raw data used in this paper
(chlorophyll measurements are denoted as CHL). Random_effects.xlsx: Random effects of the mixed
model. ARIMA_models.pdf: ARIMA models for the initial residuals.
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Appendix A

Autocorrelation is defined as the correlation of a signal with a copy of itself and is a
function of delay (lag). At lag k ≥ 0 the autocorrelation function is given by Equation (A1):

rk =
σk
σ0

, (A1)

where σ0 is the estimated variance of the time series and σk is the estimated autocovariance
function given by Equation (A2):

σk =
1
n

n−k

∑
i=1

(yi − y)(yi+k − y) =
1
n

n

∑
i=k+1

(yi − y)(yi−k − y) (A2)

References
1. Box, G.E.P.; Jenkins, G.M.; Reinsel, G.C.; Ljung, G.M. Time Series Analysis: Forecasting and Control; John Wiley & Sons: Hoboken,

NJ, USA, 2015; pp. 21–46.
2. Kaiser, E.; Morales, A.; Harbinson, J.; Kromdijk, J.; Heuvelink, E.; Marcelis, L.F.M. Dynamic Photosynthesis in Different

Environmental Conditions. J. Exp. Bot. 2015, 66, 2415–2426. [CrossRef]
3. Kaiser, E.; Morales, A.; Harbinson, J. Fluctuating Light Takes Crop Photosynthesis on a Rollercoaster Ride. Plant Physiol. 2018, 76,

977–989. [CrossRef]
4. Kaiser, E.; Galvis, V.C.; Armbruster, U. Efficient Photosynthesis in Dynamic Light Environments: A Chloroplast’s Perspective.

Biochem. J. 2019, 476, 2725–2741. [CrossRef] [PubMed]
5. Morales, A.; Kaiser, E. Photosynthetic acclimation to fluctuating irradiance in plants. Front. Plant Sci. 2020, 11, 268. [CrossRef]
6. Way, D.A.; Pearcy, R.W. Sunflecks in Trees and Forests: From Photosynthetic Physiology to Global Change Biology. Tree Physiol.

2012, 32, 1066–1081. [CrossRef]
7. Peak, D.; Mott, K.A. A New, Vapour-Phase Mechanism for Stomatal Responses to Humidity and Temperature. Plant Cell Environ.

2011, 34, 162–178. [CrossRef]
8. Stitt, M.; Lunn, J.; Usadel, B. Arabidopsis and Primary Photosynthetic Metabolism—More than the Icing on the Cake. Plant J. 2010,

61, 1067–1091. [CrossRef]
9. Taylor, S.; Terry, N. Limiting Factors in Photosynthesis: V. Photochemical Energy Supply Colimits Photosynthesis at Low Values

of Intercellular CO2 Concentration. Limiting Factors in Photosynthesis: V. Photochemical Energy Supply Colimits Photosynthesis
at Low Values of Intercellular CO2 Concentration. Plant Physiol. 1984, 75, 82–86. [CrossRef] [PubMed]

10. Bailey, S.; Walters, R.G.; Jansson, S.; Horton, P. Acclimation of Arabidopsis thaliana to the Light Environment: The Existence of
Separate Low Light and High Light Responses. Planta 2001, 213, 794–801. [CrossRef] [PubMed]

11. Anderson, J.M.; Chow, W.S.; Park, Y.I. The Grand Design of Photosynthesis: Acclimation of the Photosynthetic Apparatus to
Environmental Cues. Photosynth. Res. 1995, 46, 129–139. [CrossRef] [PubMed]

http://doi.org/10.1093/jxb/eru406
http://doi.org/10.1104/pp.17.01250
http://doi.org/10.1042/BCJ20190134
http://www.ncbi.nlm.nih.gov/pubmed/31654058
http://doi.org/10.3389/fpls.2020.00268
http://doi.org/10.1093/treephys/tps064
http://doi.org/10.1111/j.1365-3040.2010.02234.x
http://doi.org/10.1111/j.1365-313X.2010.04142.x
http://doi.org/10.1104/pp.75.1.82
http://www.ncbi.nlm.nih.gov/pubmed/16663607
http://doi.org/10.1007/s004250100556
http://www.ncbi.nlm.nih.gov/pubmed/11678285
http://doi.org/10.1007/BF00020423
http://www.ncbi.nlm.nih.gov/pubmed/24301575


Plants 2021, 10, 362 16 of 16

12. Nelson, N.; Ben-Shem, A. The Complex Architecture of Oxygenic Photosynthesis. Nat. Rev. Mol. Cell Biol. 2004, 5, 971–982.
[CrossRef] [PubMed]

13. Mir, R.R.; Reynolds, M.; Pinto, F.; Khan, M.A.; Bhat, M.A. High-Throughput Phenotyping for Crop Improvement in the Genomics
Era. Plant Sci. 2019, 282, 60–72. [CrossRef] [PubMed]

14. Pérez-Bueno, M.L.; Pineda, M.; Barón, M. Phenotyping Plant Responses to Biotic Stress by Chlorophyll Fluorescence Imaging.
Front. Plant Sci. 2019, 10, 1135. [CrossRef]

15. Humplík, J.F.; Dostál, J.; Ugena, L.; Spíchal, L.; de Diego, N.; Vencálek, O.; Fürst, T. Bayesian Approach for Analysis of
Time-to-Event Data in Plant Biology. Plant Methods 2020, 16, 14. [CrossRef]

16. Flood, P.J.; Kruijer, W.; Schnabel, S.K.; Schoor, R.; Jalink, H.; Snel, J.F.H.; Harbinson, J.; Aarts, M.G.M. Phenomics for Photosynthesis,
Growth and Reflectance in Arabidopsis thaliana Reveals Circadian and Long-Term Fluctuations in Heritability. Plant Methods 2016,
12, 1–14. [CrossRef] [PubMed]

17. Hedeker, D.R.; Gibbons, R.D. Longitudinal Data Analysis; John Wiley and Sons: Hoboken, NJ, USA, 2006; pp. 47–79.
18. Tanaka, R.; Kobayashi, K.; Masuda, T. Tetrapyrrole Metabolism in Arabidopsis thaliana. Arab. Book 2011, 9, e0145. [CrossRef]
19. Reinbothe, S.; Reinbothe, C.; Apel, K.; Lebedev, N. Evolution of Chlorophyll Biosynthesis—The Challenge to Survive Photooxida-

tion. Cell 1996, 86, 703–705. [CrossRef]
20. McCulloch, C.E.; Neuhaus, J.M. Generalized Linear Mixed Models. In Encyclopedia of Biostatistics, 2nd ed.; Armitage, P., Colton, T.,

Eds.; John Wiley and Sons: Hoboken, NJ, USA, 2005; Volume 2, pp. 2085–2089.
21. Clauw, P.; Coppens, F.; de Beuf, K.; Dhondt, S.; van Daele, T.; Maleux, K.; Storme, V.; Clement, L.; Gonzalez, N.; Inzé, D. Leaf

Responses to Mild Drought Stress in Natural Variants of Arabidopsis. Plant Physiol. 2015, 167, 800–816.
22. Corbeil, R.R.; Searle, S.R. Restricted Maximum Likelihood (REML) Estimation of Variance Components in the Mixed Model.

Technometrics 1976, 18, 31–38. [CrossRef]
23. Hunger, M.; Döring, A.; Holle, R. Longitudinal Beta Regression Models for Analyzing Health-Related Quality of Life Scores over

Time. BMC Med. Res. Methodol. 2012, 12, 144. [CrossRef]
24. Draper, N.R.; Smith, H. Applied Regression Analysis; John Wiley and Sons: Hoboken, NJ, USA, 1998; pp. 299–326.
25. Wolfinger, R.D. Heterogeneous Variance-Covariance Structures for Repeated Measures. J. Agric. Biol. Environ. Stat. 1996, 1,

205–230. [CrossRef]
26. Lütkepohl, H.; Xu, F. The Role of the Log Transformation in Forecasting Economic Variables. Empir. Econ. 2012, 42, 619–638.

[CrossRef]
27. Brooks, M.E.; Kristensen, K.; van Benthem, K.J.; Magnusson, A.; Berg, C.W.; Nielsen, A.; Skaug, H.J.; Maechler, M.; Bolker, B.M.

glmmTMB Balances Speed and Flexibility among Packages for Zero-Inflated Generalized Linear Mixed Modeling. R J. 2017, 9,
378–400. [CrossRef]

28. Hyndman, R.J.; Khandakar, Y. Automatic Time Series Forecasting: The Forecast Package for R. J. Stat. Softw. 2008, 27, 1–22.
[CrossRef]

29. Hyndman, R.; Athanasopoulos, G.; Bergmeir, C.; Caceres, G.; Chhay, L.; O’Hara-Wild, M.; Petropoulos, F.; Razbash, S.; Wang, E.;
Yasmeen, F.; et al. Forecasting Functions for Time Series and Linear Models. 2019. Available online: https://cran.r-project.org/
web/packages/forecast/forecast.pdf (accessed on 20 November 2020).

30. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2014; Available online: http://www.R-project.org/ (accessed on 20 November 2020).

31. Rstudio, T. RStudio: Integrated Development for R; RStudio, PBC: Boston, MA, USA, 2020. [CrossRef]
32. Hyndman, R.J.; Athanasopoulos, G. Forecasting: Principles and Practice, 2nd ed.; OTexts: Melbourne, Australia, 2018; Available

online: OTexts.com/fpp2 (accessed on 20 November 2020).
33. Lee, S.; Lee, D.K. What Is the Proper Way to Apply the Multiple Comparison Test? Korean J. Anesthesiol. 2018, 71, 353. [CrossRef]
34. Fitzmaurice, G.; Laird, N.; Ware, J. Applied Longitudinal Analysis, 2nd ed.; John Wiley & Sons: Hoboken, NJ, USA, 2011; pp. 76–86.
35. Crowder, M.J.; Hand, D.J. Analysis of Repeated Measures, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2017; pp. 5–11.
36. Sun, D.; Zhu, Y.; Xu, H.; He, Y.; Cen, H. Time-Series Chlorophyll Fluorescence Imaging Reveals Dynamic Photosynthetic

Fingerprints of sos Mutants to Drought Stress. Sensors 2019, 19, 2649.
37. Banks, J.M. Chlorophyll Fluorescence as a Tool to Identify Drought Stress in Acer Genotypes. Environ. Exp. Bot. 2018, 155,

118–127. [CrossRef]
38. Liu, X.; Li, Y.; Zhong, S. Interplay between Light and Plant Hormones in the Control of Arabidopsis Seedling Chlorophyll

Biosynthesis. Front. Plant Sci. 2017, 8, 1433. [CrossRef] [PubMed]
39. Zhong, S.; Shi, H.; Xue, C.; Wei, N.; Guo, H.; Deng, X.W. Ethylene-Orchestrated Circuitry Coordinates a Seedling’s Response to

Soil Cover and Etiolated Growth. Proc. Natl. Acad. Sci. USA 2014, 111, 3913–3920. [CrossRef]
40. Hau, B. Mathematical Functions to Describe Disease Progress Curves of Double Sigmoid Pattern. Phytopathology 1993, 83, 928–932.
41. Neher, D.A.; Campbell, C.L. Underestimation of Disease Progress Rates with the Logistic, Monomolecular, and Gompertz Models

When Maximum Disease Intensity Is Less Than 100 Percent. Phytopathology 1992, 82, 811–814.

http://doi.org/10.1038/nrm1525
http://www.ncbi.nlm.nih.gov/pubmed/15573135
http://doi.org/10.1016/j.plantsci.2019.01.007
http://www.ncbi.nlm.nih.gov/pubmed/31003612
http://doi.org/10.3389/fpls.2019.01135
http://doi.org/10.1186/s13007-020-0554-1
http://doi.org/10.1186/s13007-016-0113-y
http://www.ncbi.nlm.nih.gov/pubmed/26884806
http://doi.org/10.1199/tab.0145
http://doi.org/10.1016/S0092-8674(00)80144-0
http://doi.org/10.2307/1267913
http://doi.org/10.1186/1471-2288-12-144
http://doi.org/10.2307/1400366
http://doi.org/10.1007/s00181-010-0440-1
http://doi.org/10.32614/RJ-2017-066
http://doi.org/10.18637/jss.v027.i03
https://cran.r-project.org/web/packages/forecast/forecast.pdf
https://cran.r-project.org/web/packages/forecast/forecast.pdf
http://www.R-project.org/
http://doi.org/10.1145/3132847.3132886
OTexts.com/fpp2
http://doi.org/10.4097/kja.d.18.00242
http://doi.org/10.1016/j.envexpbot.2018.06.022
http://doi.org/10.3389/fpls.2017.01433
http://www.ncbi.nlm.nih.gov/pubmed/28861105
http://doi.org/10.1073/pnas.1402491111

	Introduction 
	Materials and Methods 
	Plant Material and Chlorophyll Quantification 
	Linear Mixed Models and Time Series analysis 

	Results 
	Discussion 
	Conclusions 
	
	References

