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Abstract: The phenological phases of field crops have shifted to earlier times in the Czech Republic in
recent decades; additionally, they have shown correlations with temperatures from previous spring
months. Using a thermal time model called PhenoClim, the correlations between temperatures and
phenophases allow us to evaluate the strongest predictors (i.e., maximum temperature) and indicators
of base temperatures and growing degree days for the selected phenophases of winter wheat (Triticum
aestivum L.). With the help of this model, it is possible to explain 0.6-0.82% of the phase variability
and to estimate the onset of phenophases for the selected time period and stations (with the RMSE
values of 9.4 days for jointing, 4.3 days for heading, and 5.3 days for full ripeness). To further refine
the modeled onsets of phenophases, we used satellite data, specifically the normalized difference
vegetation index and the enhanced vegetation index 2 from MODIS; based on these vegetation indices,
the start of the growing season (SOS) was determined. After including SOS to model PhenoClim, we
modeled the onsets of phenophases, with average accuracies ranging from 6.2 to 15.2. By combining
the thermal time model and remote sensing data, specifically the data concerning the determination
of SOS, we can refine the modeling of the onset of full ripeness in some locations.

Keywords: phenology; field crop; PhenoClim model; MODIS; remote sensing

1. Introduction

Phenology is an important indicator for assessment of the impacts of climate change [1],
owing to its relationship with air temperature [2,3]. Other factors influencing phenology
include the length of the photoperiod and the availability of water [4]. Each phenological
phase (phenophase) has optimal temperature limits that are required to reach specific
phenophase [5]. Temperature models are usually based on the base temperature (Tpase)
and growing degree day (GDD) values for each phenophase [6]. A challenge in studying
phenophases and their onsets estimation of the onsets of phenophases with the highest
possible accuracies [6-8] for further use in growth models [9] under current and future
climatic conditions [10,11]. Based on models of the onset of phenophases, it is possible to
evaluate the length of the vegetation period [12] or the length of the period between the
onsets of individual phenophases [8].

In recent decades, the use of satellite imagery has come to the forefront in phenology
assessments. Both optical [13] and radar satellite data [14] are used for this purpose. Some
studies have combined both sets of satellite data to identify phenophases and achieve more
accurate results than the results obtained using each set separately [15]. Satellite images
enable evaluation of the growth and development of vegetation on a much larger spatial
scale than can be achieved with ground observations. However, ground observations
(by humans or cameras) play an important role and serve to calibrate satellite data [7].
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Phenological metrics (phenometrics) obtained by the functional analysis of vegetation
indices (VIs) are used As indicators of the timing of phenophases. Basic phenometrics
include the start of the growing season (SOS), also called the green-up date, onset of
greenness, or spring phenology; the length of the growing season (LOS); and the end of the
growing season (EOS), also called the end of senescence, end of greenness, dormancy, or
autumn phenology [16].

Phenological studies most often describe shifts in the onsets of phenophases to an
earlier time and their relationships with climatic variables (most often temperature); how-
ever, recent studies have dealt with chilling units and the length of the day [17]. Many
studies have evaluated wild plant species [18-20], and some have reviewed field crops, e.g.,
rape [21,22] and rice [23]. Fewer publications have examined the relationships between
phenophases and satellite data in field crops [13,24,25] than those that have examined wild
plants. Therefore, in this study, we focused on the phenology of a field crop (winter wheat),
in particular, the phenophases of jointing, heading, and full ripeness. The main objectives of
this study are (1) to evaluate the trends in the onsets of selected phenophases for field crops
(winter wheat), (2) to establish the most accurate temperature model for determination of
selected phenophases, (3) to determine the dates of phenophases (jointing, heading, and
full ripeness) based on temperature models for selected areas, and (4) to determine the start
of the growing season (SOS) using VIs and its relationship with the temperature model.

2. Materials and Methods
2.1. Stations and Phenological and Meteorological Data

Phenological data from 28 stations in the Czech Republic at varying altitudes (from 171
to 647 m a.s.l.) were used in the present study, covering the period from 1961 to 2021. The
experimental stations represent the soil and climatic conditions of the region; the same set
of experimental fields was used in almost all cases. These data were visual ground-based
phenological observations of winter wheat (Triticum aestivum L.) from official state trials of
the registered and considered cultivars at small-plot experimental stations of the Central
Institute for Supervising and Testing in Agriculture (Figure 1). Phenological dates were
assessed by highly trained staff. Because the same set of 30—40 winter wheat cultivars
(depending on the year) was grown at each site, the so-called standard cultivar phenological
dates were used. The standard for the variety trials was always selected with respect to
the previous standard cultivar. The dates of onset of three phenophases were evaluated:
jointing (BBCH31), heading (BBCH51), and full ripeness (BBCH89). The completeness of
data in individual years depended on each station and phenophase. For some stations,
data were available for the entire period of 1961-2021, whereas for some stations, data were
unavailable in some years. In most cases, data were available for the last thirty years or
more, but at several stations, only a short-term series of observations (approx. 11-17 years)
was available. Long-term series of observations are generally used as part of phenological
studies (approx. 20-30 years), but in this study, a short-term series of observations was
also used in order to include as much accurate information as possible about the onsets of
phenophases in the model in an effort to increase the spatial resolution of the stations. The
geographical coordinates of all stations and the availability of phenological data at each of
them are shown in Table 1. A detailed overview of the available years is shown in Table Al.

Correlation coefficients (r, Pearson coefficient) were used as the primary indicators of
the strength of the relationships between given variables. The trends represent the slope
of the linear regression between the phenological date and the year. Any significance
in the observed trends was assessed using a t-test. All tests were performed with the
statistical /programming tool R 3.6.1. [26] and AnClim software [27].

Meteorological data for the observation stations were retrieved from maps interpolated
based on 268 climatological stations and 787 precipitation stations in the Czech Republic for
the period from 1961 to 2021. The required values for the average (Tmean), maximum (Tmax),
and minimum (Ty,,) air temperature, as well as precipitation values, were extracted from
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this map. Input climatological data were quality-controlled, homogenized, and confirmed
to not contain missing values [28-31].
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Figure 1. Overview map of the 28 stations with visual ground-based phenological observations.

Table 1. An overview of the experimental stations from the Central Institute for Supervising and
Testing in Agriculture with phenological observations and geographic coordinates (altitude (m.a.s.L.),
latitude, and longitude), as well as the total number of years of ground phenological observations for
each station. The observation stations are arranged according to altitude.

. . . . Jointing  Heading Full Ripeness
Station Altitude (m)  Latitude  Longitude

Years Years Years
Lednice 171 48°47'59" 16°48'12" 28 46 46
Zabcice 182 49°0'41" 16°36'9" 22 22 22
Branisovice 190 48°57'46" 16°25'54" 23 27 25
Chrlice 190 49°7'52" 16°39/9" 28 61 61
Uhersky 196 48°59'8"  17°23/23" 28 57 58
Ostroh
Kromeriz 201 49°17'52" 17°23'35" 12 11 12
Verovany 204 49°27'39" 17°17'16" 28 52 52
Hrubcice 210 49°27'0"" 17°11/35" 23 26 23
Zatec 233 50°19/37" 13°32/44" 25 25 25
Uhretice 237 49°58/44" 15°52/2" 22 22 22
Nechanice 239 50°14’14" 15°37'57" 30 30 30
Oblekovice 250 48°50'18" 16°4/53" 28 60 60
Kujavy 258 49°42/11" 17°58/21" 29 29 29
Stupice 277 50°3'12" 14°38'51" 22 28 27
Caslav 290 49°54'39" 15°23/22" 29 29 29
]al;:iiece 295 49°58'0"  17°56'55" 28 53 53
Sedlec 300 50°8/2" 14°23/29" 13 13 13
Chrastava 345 50°49’1" 14°58'7" 28 45 45
Stankov 370 49°33/7" 13°4'8" 29 29 29
Trutnov 414 50°33'39" 15°54/45" 29 29 29
Jaromerice 425 49°37'32" 16°45'6" 29 29 29
Libejovice 434 49°6'51" 14°11/36" 17 50 50
Horazdovice 450 49°19'14" 13°42/3" 27 45 45
Hradec
nad 450 49°42'41" 16°28'50" 29 29 29
Svitavou
Lipa 505 49°33/21" 15°32/10" 28 60 59
Domaninek 570 49°31/41" 16°14/11" 28 61 61
Vysoka 590 49°38/3" 13°57/9" 30 30 30
Krasne 647 5004207 12°55'16" 15 0 13

Udoli
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2.2. PhenoClim Model

PhenoClim is a model that allows for modeling of the onsets of phenophases in
locations or time periods with only meteorological parameters [10,32]. It is a temperature
model or a so-called thermal time model that works with one climate variable (Tmax, Tmean,
and Tnin) and uses statistical variables to determine the most suitable values of GDD and
Tpase- The beginning of temperature summation during model calibration was determined
using temperature conditions (Tmin = 0 °C, Trax =5 °C, and Tmean = 2.5 °C).

For each phenophase, the best meteorological predictor was searched for, which was
determined using the root mean square error (RMSE). The values of Ty,as. and GDD are
needed to reach a certain phenophase and were simultaneously calculated with the RMSE.
Different calibration and validation datasets were used for the analysis, and a total of
168 model runs were calculated for each phenophase. Using the lowest RMSE value, the
10 best model runs were determined; these values were averaged, and the most suitable
model was determined for each phenophase. PhenoClim made it possible to include the
length of the photoperiod in the calculations and simultaneously consider the snow cover.
According to the basic settings of the model, the photoperiod for winter wheat was defined
as a short day of 7 h and a long day of 13 h following the approach used by Trnka et al.
(2014) [33]. The beginning of the temperature summation was adjusted based on the day
length coefficient. When the day length was less than 7 h, the value of the coefficient was 0,
and there was no temperature summation. This phenomenon occurred only after crossing
the 7 h mark. The snow cover was calculated using seven parameters, which were key for
snow accumulation and melting [34]. Both of these functionalities reduced the resulting
RMSE values and thus improved the accuracy of the model. PhenoClim was further used
(based on the calculated models with the smallest error and the established SOS) to model
the dates of the phenophases for sites for which there was no ground-based phenological
monitoring.

2.3. Remote Sensing Data

The satellite data came from the Moderate Resolution Imaging Spectroradiometer
(MODIS) sensor that was carried on the polar-orbiting Terra satellite, i.e., the MOD09GQ
product, with a spatial resolution of 250 m, which was available through the LP DAAC
Data Pool [35]. For the Czech Republic territory, four images were downloaded, and three
layers were extracted from each image: two bands (red and infrared) and a quality layer.
Each band was covered with a layer of quality, and the grids with the highest qualities were
selected. After selection, the values of the normalized difference vegetation index (NDVI)
and enhanced vegetation index 2 (EVI2) were calculated as follows:

pNIR — pRed
NDVl = ——— 1
pNIR + pRed M)
EVI2 =G PNIR — pRed ?)

PNIR + (6 — 22) pRed + 1

where pRed and pNIR are the reflectance values in the red and near-infrared (IR) bands,
respectively. The factor G is determined by the c value, and c is derived by linearly fitting
pRed = ¢ x pNIR [36].

Based on the filter, which works with a + seven-day time window, the values of
the vegetation indices were interpolated in a daily step. Pixels containing only winter
wheat vegetation in the period from 2015 to 2020 were selected near stations where visual
ground-based phenological observations were available. Based on information from the
Land Parcel Identification System (LPIS) database, the plots and pixels containing only
with winter wheat were identified. A minimum of five and a maximum of ten available
pixels within a radius of five kilometers from the station at approximately the same altitude
were required for further analysis of a station. NDVI and EVI2 values were calculated for
these pixels. The index values were averaged, and the average values for each station were
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smoothed using the Gaussian ordinate method with a period = 10. AnClim software [27]
was used to smooth the curves, facilitating the used of this method. The adjusted daily
index values were converted into Z-score values. A Z-score threshold between 0.00 and
0.60 (in the 0.05 step) was determined at eight stations because data were available for these
stations each year between 2015 and 2020. Each of these threshold values corresponded
to a threshold for determination of a possible SOS. The conversion of VIs values to Z-
score values made it possible to take into account the interannual variability of VI values
when determining the SOS. The SOS was determined separately for each station and year.
This phenomenon indicated that for each year at one station, 13 days were determined
as possible days for the SOS. The established SOS for the individual thresholds was used
in the PhenoClim model as the day of the start of temperature summation to calculate
the onset of the phenophase. The onsets of phenophases for each threshold in the time
period of 2015-2020 were modeled based on the best predictor, GDD, Tj,age, and SOS. The
onsets of the phenophases modeled in this six-year time period were compared to ground
observations. For modeled onsets of phenophases, the RMSE value was calculated for each
threshold, and the best threshold of the Z-score coefficient was determine based on the
lowest value.

3. Results

The first outputs revealed trends in the phenophase dates of winter wheat. At almost
all studied stations (28 stations overall, with three phenophases each), phenophases were
shifted to earlier times, and at some stations, these shifts were statistically significant. The
lowest change and significance levels in trends were detected for the phenophase jointing,
which was mostly caused by short observation periods (e.g., Kromeriz: 12 years or Sedlec:
13 years). However, the heading and full ripeness phenophases were observed for longer
periods (reaching 61 years), and trends were frequently significant. The dates of observed
phenophases (jointing, heading, and full ripeness) advanced by an average of 2.1-3.4 days
per decade (Table 2). The shifting of phenophases to an earlier date differed according
to the given phenophase but was observed at almost all stations. Shifts to later dates
were observed at only three stations (nonsignificant). The largest significant trends (by
5.9-6.9 days per decade) were calculated for the jointing phenophase (at three stations), as
well as the full ripeness phenophase (at Stupice station). The most significant trends were
calculated for the full ripeness phenophase (trends were detected for 18 stations among a
total of 28 stations); however, for the jointing phenophase, only 11 stations presented with
significant trends (Table 2).

According to the lowest RMSE value, the best predictor for the onsets of phenophases
was Trmax calculated by the model PhenoClim for all three phenophases. The value of RMSE
(based on the average of the 10 best models) moved in a range of 4.3-9.4 days. The lowest
RMSE (4.3 days) was detected by the set of models for the heading phenophase, and the
largest RMSE (9.4 days) was detected for the jointing phenophase. Two main parameters
subsequently used for the modeling of the terms of phenophases were Tj,se and GDD
(Table 3).

Using the model setting (the best predictor, GDD, and Ty, ) for each phenophase,
the onsets of phenophases were modeled for the 28 experimental stations for the period
from 1961 to 2021. The lowest correlation (between observed and modeled terms of
phenophases) was calculated for the jointing phenophase (r = 0.45-0.87), with only one
station with no significance. The correlations for the remaining two phenophases (heading
and full ripeness) between observed and modeled onsets were high and significant at
all stations (r = 0.68-0.96) (Table 2). A comparison of observed and modeled phases is
displayed for station Chrlice for illustration in Figure 2. The line graphs on the left side of
Figure 2 show the time course of observed and modeled onsets of individual phenophases
in the period from 1961 to 2021. The scatterplots on the right side of the figure show the
relationship between observed and modeled onsets of individual phenophases.
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Table 2. Linear trends for observed jointing, heading, and ripening phenophases among the 28 ob-
servation stations. Positive values of trends indicate a shift in the onsets of phenophases to a later
date, and negative values indicate a shift to an earlier date. The values of the correlation coefficients
describe the relationships among observed and modeled terms of the phenophases and, which were
statistically significant in all cases. * Significant trend at o« = 0.05; ** significant trend at o« = 0.01;
*** significant trend at oc = 0.001.

JOINTING HEADING FULL RIPENESS
. In Situ/ Correlation/ In Situ/ Correlation/ In Situ/ .
. Altitude  Trend/10 Trend/10 Trend/10 Correlation/
Stations (m) Years/Days Moﬁfled Moi_eled Years/Days M°ﬁ§1ed Mocieled Years/Days Moﬁgled Modeled r
Lednice 171 -3.9 0.44 0.67 —3.2 ¥ 0.75 0.87 —3.8 ¥ 0.52 0.72
Zabcice 182 —-1.2 0.53 0.73 2 0.65 0.81 —-1.1 0.80 0.90
Branisovice 190 —2.5 0.64 0.80 -1.3 0.69 0.83 —2.7 0.75 0.87
Chrlice 190 2.7 0.63 0.79 —3.3 ¥ 0.74 0.86 —3.0 *** 0.81 0.90
Uhersky 196 —6.0* 0.61 0.78 —4.] 0.71 0.84 —20 % 0.47 0.68
Ostroh . . . . . . . . .
Kromeriz 201 -1.9 0.33 0.57 0.4 0.91 0.96 0.3 0.79 0.89
Verovany 204 —4.1* 0.67 0.82 —3.2 % 0.73 0.85 —4.4 0.79 0.89
Hrubcice 210 -1.1 0.60 0.78 -1.8 0.77 0.88 -0.7 0.59 0.77
Zatec 233 —46* 0.66 0.81 -1.8 0.83 091 —-2.6 0.69 0.83
Uhretice 237 —-3.7 0.23 0.48 2.7 0.64 0.80 -2 0.71 0.84
Nechanice 239 -1.7 0.55 0.74 —2.4 0.77 0.88 —5.0 ** 0.49 0.70
Oblekovice 250 —45* 0.59 0.77 —3.5 #** 0.63 0.79 —3.7 *** 0.75 0.87
Kujavy 258 —3.5% 0.60 0.78 —3.5% 0.58 0.76 —4.7%* 0.58 0.76
Stupice 277 —-1.2 0.60 0.77 -2.3 0.74 0.86 —5.9 *** 0.76 0.87
Caslav 290 -1.7 0.38 0.62 —-14 0.65 0.81 —-23 0.79 0.89
Puste % Fokk *kk
Jakartice 295 —5.5 0.66 0.82 —2.57 0.64 0.80 —42 0.88 0.94
Sedlec 300 —9.2* 0.44 0.67 -2.8 0.87 0.93 -3.3 0.86 0.93
Chrastava 345 —6.9 ** 0.44 0.66 —3.0 #** 0.82 0.90 —5.2 *** 0.86 0.93
Stankov 370 —2.8 0.45 0.67 —0.8 0.77 0.88 —5.3** 0.63 0.79
Trutnov 414 -1 0.47 0.68 -1.5 0.75 0.87 —b5.7 ** 0.54 0.73
Jaromerice 425 —0.04 0.20 0.45 —0.3 0.78 0.88 -3 0.73 0.85
Libejovice 434 —-1.6 0.76 0.87 —3.4 *** 0.87 0.93 —-0.9 0.60 0.77
Horazdovice 450 —-0.7 0.45 0.67 —4.1 *** 0.76 0.87 —4.6 *** 0.67 0.82
Igh?dec n. 450 -32 0.58 0.76 -2 0.82 0.91 —32* 0.79 0.89
vitavou
Lipa 505 —5.3 ** 0.58 0.76 —4.2 *** 0.80 0.90 —3.4 *** 0.76 0.87
Domaninek 570 —5.9 ** 0.58 0.76 —3.6 *** 0.73 0.86 —3.4 ¥ 0.70 0.84
Vysoka 590 —5.9 ¥+ 0.60 0.78 —14 0.86 0.93 —-3.1* 0.78 0.88
Iggirl‘f 647 —4 0.40 0.63 —3.6*** 0.77 0.88 —3.6* 0.79 0.89

Table 3. RMSE values for given phenophases with the corresponding growing degree day (GDD) and
base temperature (T, ) values for the best predictor (Tmax) as calibration results of the PhenoClim
model. R? is the value of the coefficient of determination, and r is the value of the correlation

coefficient.
Best Predictor (Tmax)—Average of 10 Models
Phenological Phase RMSE  Tpase Standard Deviation of T}, GDD R? r
Jointing 9.4 2.2 1.1 284.6 0.60 0.77
Heading 4.3 4.7 0.4 493.3 0.75 0.87
Full ripeness 5.3 4.7 0.5 1207.9 0.82 0.90

Based on the NDVI and EVI2 values, the SOS was determined for eight experimental
stations in individual years during the period from 2015 to 2020 for each phenophase.
After including SOS in the model, the RMSE value was calculated for the modeled onsets
of phenophases, based on which the best threshold of Z-score was determined. Among
the average values of eight stations, the best threshold for both vegetation indices was
found to have a Z-score of 0. The average RMSE value for this threshold moved within
the range of 6.2 to 15.2 (Table 4). The lowest average RMSE value was found for the full
ripeness phenophase by using the SOS determined by EVI2. For the jointing and heading
phenophases, improved results were obtained by using SOS from NDVI; nevertheless, the
average RMSE values were higher than for the full ripeness phenophase. The best threshold
Z-score and corresponding RMSE value differed for individual stations; an overview is
shown in Tables A2 and A3, highlighting that for the jointing phenophase and full ripeness
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phenophase at some stations, the accuracy of the model was improved when SOS was
included relative to when it was excluded. A comparison of the observed and modeled
values with and without the start of the season is displayed for the Chrlice station for
illustration in Figure 3.

A
i 160
140 140
=
= 120 120 /
k]
>
& 100 100
80 80
y=-0.23x+122.71 y=0.49x+61.46
INSITU = S
60 R?=0.06 & R?=0.63
A ) o ® o D P ® O > 60 80 100 120 140 160
CHEEC I AR R AR I Y
" 180
180
160
5 160
Y
-
k3 140
Z 140
=]
120 120
y =-0.33x+ 159.89 y =0.6x +58.60
—INSITU =047 R?=0.74
100 : 100
100 120 140 160 180
R «9"1 \913 x"ﬂg x"‘l’(’ K 0@ 106" 'S& 1“\(’ m@'
€ 240
240
220
220
5
v 200
2 200
=}
& 180
8 180
INSITU 160
160 y=-0.31x+211.38 y=0.79x+41.78
~——=Average 10 the best model R?=0.35 R?2=0.81
140 140
140 160 180 200 220 240
R x*" x"f’ x°5‘°’ @Q’c’ K «9‘;\ m°°3 1‘99 1"\’8 m°1\'

Years Day of year

Figure 2. Comparison between the observed and modeled jointing (A), heading (B), and full ripeness
(C) phenophases for Chrlice station. The red curves in the line graphs represent the modeled onsets
of phenophases in the period from 1961 to 2021, and the colored curves (light green, dark green, and
yellow) represent the ground-observed onsets of phenophases.

Table 4. The average RMSE values describe the accuracy with which the model calculated the onsets
of jointing, heading, and full ripeness phenophases. The lowest average RMSE values are highlighted
with a gray background. Thr-0 to Thr-0.6 are the thresholds of the Z-score for the model with SOS,
NDVI is the normalized difference vegetation index, and EVI2 is the enhanced vegetation index 2.

Model Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr
VI o 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE
(Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days)

JOINTING
NDVI 101 14.6 17.1 15.0 155 157 163 16.4 16.7 17.0 17.5 17.9 183 18.6
EVI2 10.1 152 17.8 15.8 164 16.6 16.8 17.2 17.6 18.0 185 18.8 19.1 19.4
HEADING
NDVI 44 7.8 7.9 8.0 8.1 8.2 85 8.7 8.8 9.0 9.3 96 98 10.1
EVI2 44 7.9 8.1 83 8.6 87 8.9 9.1 9.3 96 9.9 10.2 10.4 10.6
FULL RIPENESS
NDVI 5.0 6.4 6.5 6.4 6.6 6.6 6.6 6.6 6.7 6.8 6.9 7.1 7.2 73
EVI2 5.0 6.2 6.3 6.3 6.5 6.6 6.6 6.7 6.9 7.1 7.3 75 7.7 7.9
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Figure 3. Comparison between observed and modeled values excluding the start of the season
(left side) and a comparison between the observed and modeled values including the start of the
season based on a Z-score being 0 (right side) for the jointing (A), heading (B), and full ripeness (C)
phenotypes at Chrlice station in the time period from 2015 to 2020.

4. Discussion

Ground observations are among the most accurate methods for determining phenophases
and are necessary for the calibration and evaluation of the model. In order to ensure that
the model to considered as much accurate information as possible about the onsets of
phenophases and that this was high-spatial-resolution information, we decided to use phe-
nological data from stations with available short-term observations (e.g., Sedlec (13 years)),
in addition to phenological data from stations with available long-term observations. Pre-
vious studies dealing with the phenology of winter wheat showed changes in trends
comparable to those reported here, e.g., app. by 1.1-2.7 days/decade during the period
from 1981 to 2009 [37] or by 0.8-1.8 days/decade during the period from 1935 to 2004 [38].
We observed an average shift of 2.1-3.4 days during the period from 1961 to 2021. Which
may be the reason for a more pronounced shift compared to the mentioned studies given
the global increase in temperature in recent decades? One reason could be a different time
period that was evaluated. Compared to the aforementioned studies, in this study, we
included data from the last 30 years in our analysis at most stations, with a mor pronounced
increase in the temperature than in previous years; temperature is considered one of the
main factors influencing the onset of phenophases. Earlier onsets of phenophases have also
been reported in other field crops. In Germany [22], in the period from 1979 to 2013 shifts
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in winter rape of 4.8 days/decade and in winter rye by 1.3 days/decade were reported; in
a study of oats in the period from 1959 to 2009, researchers reported a shift in an average
of 0.2-3.3 days/decade [39]. The results of these studies showed that the shifts in the
onsets of phenophases are species-specific. The abovementioned changes in the onsets of
phenophases and in the lengths of time between individual phenophases led to reductions
in the growth period and negatively impacted the yields of field crops [40]. Given that
temperature affects the onsets of the phenophases of field crops [37], knowledge about
the effects of climate change on their phenological development is needed to optimize
the farming system and increase the productivity of field crops [1]. Additionally, owing
to climate change, increasing temperatures, and potentially more frequent occurrences of
extreme temperature conditions, it is necessary to adapt to these conditions and mitigate
their impact. One possible solution is the inclusion of varieties with higher temperature
requirements [40,41] and increased resistance to drought and heat [42] in the sowing pro-
cedure. The results of studies dealing with the temperature requirements of field crops
or changes in the onsets of phenophases can thus be crucial for the decision making of
breeding companies. Another possible measure to mitigate the negative impacts of climate
change is shifting the date of sowing [41,42]. The mentioned measures are mainly based on
the relationship between phenology and temperature; temperature is generally considered
to be one of the main factors influencing the onsets of phenophases. In our case, Tmax
was identified as the best predictor of the onsets of phenological terms. In addition to air
temperature, photoperiod plays an important role in plant phenology, which is important in
spring phenology to prevent damage from spring frosts and in autumn phenology to stop
plant growth [2]. Considering these two main factors influencing the onsets of phenophases
and in an effort to obtain more robust results, photoperiod was also included in the calcula-
tions during the calibration of the PhenoClim model. In addition to climatic conditions,
the phenologies of field crops are influenced by changes in management, although few
studies have been conducted on this topic. Such influences include the type of cultivar
(early vs. late), which is related to the density of planting and the date of sowing [22].
For example, a later sowing date can have distinct effects on winter (positive) and spring
(negative) wheat [41]. In this case, we did not include other factors in the calculations, but
they could be the subject of follow-up studies to provide more realistic information about
plant behavior.

The results of the PhenoClim model based only on temperature thresholds and pho-
toperiod showed relatively high accuracies in terms of predicting heading and full ripeness,
similar to the results of a study conducted in southeastern USA [6]. Using the same tem-
perature thresholds, researchers modeled three phenological stages for eight winter wheat
cultivars during the period from 1999 to 2010 and achieved a similar accuracy (average
RMSE in the range of 5.2-7.1 days), as in our study. The results of studies focused on
predicting the onset of key phenophases based on GDD and Ty, could be helpful for
crop management practices, such as fertilization, irrigation, pesticide applications, and
harvest scheduling. Possibilities of further use of predicting the prediction of the onsets of
phenophases of field crops were presented in a study conducted in Denmark [43] based on
field experiments of spring barley and winter wheat during the period from 1991 to 2018 to
assess the viability of growing cover crops on the basis of harvest date prediction in the
current season. In the first step, the ability of the model to predict the maturity date was
determined with an accuracy RMSE of 5.5 days for both evaluated crops. Then, based on a
calibrated sum of temperatures between maturity and harvest (400 °C for barley and 450 °C
for wheat), the model predicted the harvest date and, with an RMSE error of 6.6 days for
spring barley and 9.3 days for winter wheat. The model was capable of predicting the
date and harvests, which could be helpful for planning autumn work in the field and the
possible establishment of cover crops [43].

Finally, a combination of the PhenoClim thermal model and the SOS derived from re-
mote sensing showed that it was possible to model the onset of the full ripeness phenophase
with a relatively high accuracy. At half of the assessed stations, even higher accuracy was
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achieved when SOS was considered than when only the thermal model was used. A similar
accuracy in estimating the maturity date of winter wheat was achieved by combining the
sum of temperatures and EVI2, achieving an RMSE of 7.3 with a coefficient of determination
value of 0.48 (i.e., r = 0.69) [25]. Furthermore, a method for monitoring and predicting
heading and flowering dates of winter wheat was proposed based on a combination of
temperature sums and NDVI [24]. Researchers used the dynamic threshold method to
determine phenological metrics. The RMSE value for the prediction of the onset of heading
was in the range of 4.76-6.13 days, and that for the estimation of flowering was in the range
of 5.30-6.41 days. In this case, for the heading phenophase, by combining both methods, the
accuracy of the model was one day less than that for the full ripeness phenophase, which
can be considered a relatively satisfactory accuracy. The lowest accuracy of the model was
for the jointing phenophase, probably as a result of the limited amount of phenological
input data for this phenophase, given the overall poorer results in the other analyses. With
information derived from remote sensing data, it is possible to include another variable in
the temperature models reflecting the actual state of the vegetation on a large spatial scale.
Additionally, this information can be derived practically in real time, enabling estimation of
the onsets of phenophases in a given season. The results of this study could be of practical
use for planning field work (e.g., fertilization and pest control).

5. Conclusions

Analysis of long-term phenological data of winter wheat in the period from 1961
to 2021 showed shifts in the onsets of phenophases to earlier dates for all shifts with
statistical significance. The maximum air temperature was shown to be the best predictor
of phenophase onsets for model tools. Using models based on temperature thresholds to
determine phenophases, it was possible fundamentally approach to methods based on
traditional ground observations. Combining remote sensing data with temperature models
resulted in decreased accuracy of phenophase onset determination in most cases; however,
in the case of the heading and full ripeness phenophase, this deterioration did not exceed
an average of four days (for full ripeness, even better results were obtained at four stations),
indicating a still high ability of the model to predicting the onsets of phenophases.
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Appendix A

Table Al. An overview of experimental stations of the Central Institute for Supervising and Testing
in Agriculture with phenological observations and their geographic coordinates (altitude (m.a.s.1.),
latitude, and longitude). In the right half of the table, the time periods in which ground observations
were available for each phenophase and each station are listed. The period column indicates a specific
time period or year. The year column is the total number of years of ground observations for each

station.

. Altitud . . Jointing Heading Full Ripeness
Station titude (m) Latitude Longitude Period Years Period Years Period Years
Lednice 171 48°47'59"  16°48'12" 19942021 28 19762021 46 19762021 46
Zabcice 182 49°0'41”  16°36'9”  2000-2021 2 2000-2021 2 2000-2021 2

o et 1995; 1994-1997; 1994-1995;
Branisovice 190 48°57'46 16°25'54 2000-2021 23 1999-2021 27 1999-2021 25
Chrlice 190 49°7'52"  16°39'9"  1994-2021 28 19612021 61 19612021 61
1963-1965; ,
Uhersky 196 48°59'8"  17°2323 19942021 28 1967-1976, 57 126371965, 5g
Ostroh 19672021
19782021
Kromeriz 201 49°17'52"  17°23/35" §3821388§% 12 %883:%38% 1 é?,géié(’j%% 12
o 2004-2005. 2004-2005
2008 2007-2008
Verovany 204 49°27'39"  17°17'16"  1994-2021 28 19702021 52 19702021 52
. ot e 1997; 1995-1998; 1997;
Hrubcice 210 49°27'0"  17°1135 2000 901 23 o0 26 000l 23
vttt amomers 1993-1997; 1993-1997; 1993-1997;

Zatec 233 50°19'37"  13°32/44 19992014 25 To9a 2018 25 T99a 2018 25
Uhretice 237 49°58'44”  15°52/2"  2000-2021 22 2000-2021 22 2000-2021 2
Nechanice 239 50°14'14"  15°37/57"  1992-2021 30 1992-2021 30 1992-2021 30

. e e 1961-1978; 1961-1978;
Oblekovice 250 48°50'18"  16°4'53 19942021 28 Tos 000 60 Tooo 000 60

. sty mocery  1992-1998; 1992-1998; 1992-1998;
Kujavy 258 49°42'11"  17°58/21 o000 29 00 29 Y 29
Stupice 277 50°3'12"  14°38/51"  2000-2021 2 1994-2021 28 %gg‘é:%g? 27
Caslav 290 49°54'39"  15°23/22"  1993-2021 29 1993-2021 29 1993-2021 29
]a{’(gﬁfc . 295 49°58'0"  17°56/55"  1994-2021 28 19692021 53 19692021 53
Sedlec 300 50°8'2"  14°23/29"  1992-2004 13 1992-2004 13 1992-2004 13

Chrastava 345 50°49'1"  14°58'7"  1994-2021 28 19772021 45 19772021 45

Stankov 370 49°33'7"  13°4/8" 19932021 29 19932021 29 1993-2021 29
ey o 1992-1998; 1992-1998; 1992-1998;

Trutnov 414 50°33/39”  15°54/45 e 00] 29 e 00; 29 e 00] 29

Jaromerice 425 49°37'32"  16°45'6"  1993-2021 29 19932021 29 19932021 29

L R o 1994-2002; 1961-2002; 1961-2002;

Libejovice 434 49°6/51”  14°1136 ooao0lT 17 a0l 50 ATaE] 50
1973-1981; 1973-1981;
19941998 1983-1987, 1983-1987,
Horazdovice 450 49019147 1zea’3r PSS 27 1989-1992 45 198919920 45
1994-1998; 1994-1998;
2000-2021 2000-2021
Hradec nad et aemere sy 1992-1998; 1992-1998; 1992-1998;
Svitavou 450 49°42'417  16°28'50 2000-2021 29 2000-2021 29 2000-2021 29
1961-1978; 1961-1978;
Lipa 505 49°3321"  15°32'10"  1994-2021 28 P60 1980-1985, 59
19802021 Lo oo
Domaninek 570 49°31'41"  16°14/117  1994-2021 28 1961-2021 61 1961-2021 61
Vysoka 590 49°38/3"  13°57'9"  1992-2021 30 1992-2021 30 1992-2021 30
‘ 1965-1992; 1965-1992;

Krasne 1994; 1994; 1994;

. 647 50°4/20"  12°55'16" 19962002, 15  1996-2000; 42 U

Udoli ) 1996-2002;

2004-2010 2002; o

2004-2010
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Table A2. The RMSE values describe the accuracy modeled at the onsets of the jointing, heading,
and full ripeness phenophases. Thr-0 to Thr-0.6 columns indicated the RMSE values for the modeled
onsets of phenophases, including the start of the growing season derived from NDVI. The lowest
values for each station are highlighted with a light gray background. A dark gray background
highlights the station; the model including SOS is better than the model without SOS.

JOINTING

Model 1, 1y Th Th Th Th Th Thre Thr Thr Thr Th Th

Without r r r r r r r r r r r r T
rivs 0 0.05 0.1 0.15 0.2 0.25 0.3 035 04 045 05 055 0.6

Station

RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE
(Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days)

Branisovice 11.3 17.7 36.3 18.7 209 211 22.7 219 219 222 224 22.7 23.2 23.2

Caslav 11.4 22.9 23.5 23.8 24.3 24.8 25.0 253 25.8 26.2 26.4 26.6 27.0 27.3
Hrubcice 10.6 20.3 20.3 20.4 20.8 20.2 20.2 20.5 20.8 21.8 229 23.0 23.6 239
Chrlice 6.9 13.2 134 13.6 14.0 14.7 15.2 16.4 16.7 16.8 17.6 18.8 19.4 19.6
Oblekovice 10.2 9.7 10.0 9.6 9.9 10.3 11.5 11.5 119 11.9 12.2 12.8 13.0 13.1
]ali?al:’:iece 104 15.7 15.8 15.5 16.1 16.3 16.5 16.8 17.0 17.7 18.4 18.5 18.8 19.7
Uhretice 13.6 6.0 5.8 5.8 6.0 6.0 6.1 6.1 6.3 59 59 5.8 59 6.2
Verovany 6.2 11.7 12.0 12.2 12.2 12.5 129 13.3 13.6 13.7 14.5 15.0 15.4 15.8
Average 10.1 14.6 17.1 15.0 15.5 15.7 16.3 16.4 16.7 17.0 17.5 179 18.3 18.6
HEADING
wNiIt%c:ﬁ}t Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr
SOS 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
Station
RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE
(Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days)
Branisovice 24 5.0 5.0 5.0 5.6 5.8 6.0 6.0 6.0 6.2 6.2 6.5 6.5 6.7
Caslav 4.8 9.6 9.9 10.2 10.6 10.6 11.0 11.3 11.3 11.6 12.3 12.3 12.3 12.5
Hrubcice 2.8 5.8 6.2 6.0 6.1 5.9 5.7 5.7 5.6 5.8 6.4 6.6 6.8 7.2
Chrlice 49 6.1 6.1 6.5 6.5 6.7 7.1 7.5 8.1 8.1 8.3 9.2 9.6 9.7
Oblekovice 49 7.9 7.9 7.6 7.8 8.1 8.6 8.7 9.1 9.1 9.1 9.5 9.5 9.7
Jai‘;ﬁiece 5.8 8.0 8.0 8.2 8.2 8.2 8.4 8.4 8.4 8.9 9.2 9.5 9.8 10.2
Uhretice 4.5 9.4 9.6 9.6 9.6 9.8 10.2 10.4 10.6 10.9 10.9 111 114 11.6
Verovany 54 10.4 10.6 10.6 10.6 109 10.9 111 11.3 11.4 11.7 12.2 12.6 12.8
Average 44 7.8 7.9 8.0 8.1 8.2 8.5 8.7 8.8 9.0 9.3 9.6 9.8 10.1
FULL RIPENESS
wNiIt(l)l‘:})ﬂt Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr
SOS 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
Station
RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE
(Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days)
Branisovice 7.5 10.0 10.1 10.3 11.0 11.1 11.2 11.2 11.2 11.5 11.5 11.8 11.8 11.9
Caslav 2.8 5.7 6.4 6.4 6.6 7.1 7.3 7.3 7.9 8.1 8.4 8.3 8.6 8.7
Hrubcice 34 6.4 6.4 6.1 6.3 5.8 5.6 5.6 5.5 5.5 6.0 6.1 6.1 6.3
Chrlice 4.6 4.5 45 4.2 42 4.1 4.2 3.9 3.9 3.6 3.9 4.1 44 4.2
Oblekovice 9.5 9.3 94 9.3 94 9.6 9.9 9.9 10.3 10.3 10.3 10.5 10.5 10.7
Jall’(‘;::iece 4.0 45 4.7 43 4.1 4.0 3.9 3.9 4.1 4.0 42 43 43 4.8
Uhretice 2.3 5.7 6.0 6.0 6.2 6.2 6.2 6.2 6.4 6.2 6.0 6.4 6.4 6.5
Verovany 6.1 4.7 4.7 49 4.6 4.6 4.7 4.6 4.7 49 4.7 4.9 5.2 5.4

Average 5.0 6.4 6.5 6.4 6.6 6.6 6.6 6.6 6.7 6.8 6.9 7.1 72 7.3




Atmosphere 2022, 13, 1854 13 of 15

Table A3. The RMSE values describe the accuracy modeled at the onset of the jointing, heading,
and full ripeness phenophases. Thr-0 to Thr-0.6 indicate the RMSE values for modeled onsets of
phenophases, including the start of the growing season derived from EVI2. The lowest values for
each station are highlighted with a light gray background. A dark gray background highlights the
station; the model including SOS is better than the model without SOS.

JOINTING
Model 1, 1y Th Th Th Th Th Thre Thr Thr Thr Th Th
Without r r r r r r r r r r r r T
Station rivs 0 0.05 0.1 0.15 0.2 0.25 0.3 035 04 045 05 055 0.6

RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE
(Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days)

Branisovice 11.3 17.7 36.3 18.7 209 209 211 219 219 222 224 22.7 23.2 23.2

Caslav 11.4 229 23.4 23.8 24.3 24.8 25.0 25.3 25.8 26.2 26.4 26.6 27.0 27.3
Hrubcice 10.6 21.5 21.8 22.0 22.5 22.4 22.8 23.4 23.8 23.9 24.6 24.7 25.0 25.4
Chrlice 6.9 15.4 16.2 16.2 16.8 17.0 171 17.8 18.3 18.6 19.4 20.0 20.3 20.3
Oblekovice 10.2 11.0 11.0 12.0 124 12.6 129 129 13.1 13.6 13.8 14.5 15.1 15.2
Puste
Jakartice 104 15.7 15.8 15.5 16.1 16.3 16.5 16.8 17.0 18.0 184 18.5 18.8 19.7
Uhretice 13.6 52 5.0 52 53 5.2 53 5.6 59 6.2 6.4 6.4 6.8 6.8
Verovany 6.2 12.5 12.5 12.9 13.1 13.5 13.8 14.3 14.5 15.3 16.2 16.8 16.9 17.4
Average 10.1 15.2 17.8 15.8 16.4 16.6 16.8 17.2 17.6 18.0 185 18.8 19.1 19.4
HEADING
wNiIt%c:ﬁ}t Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr
Station SO% 0 0.05 0.1 0.15 0.2 0.25 0.3 035 04 045 05 055 0.6

RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE
(Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days)

Branisovice 24 5.0 5.0 5.0 5.6 5.8 6.0 6.0 6.0 6.2 6.2 6.5 6.5 6.7
Caslav 4.8 9.6 9.9 10.2 10.6 10.6 11.0 11.3 11.3 11.6 12.3 12.3 12.3 12.5
Hrubcice 2.8 6.2 6.5 6.6 6.6 6.5 6.7 6.7 7.2 74 7.7 7.7 7.9 8.1
Chrlice 49 7.0 7.1 7.5 7.9 8.2 8.2 8.5 8.7 9.0 9.6 10.1 10.4 10.4
Oblekovice 49 79 7.9 8.7 8.9 9.1 9.5 9.5 9.5 9.8 9.8 10.3 10.7 11.0
Puste
Jakartice 5.8 8.0 8.0 8.2 8.2 8.2 8.4 8.4 8.4 9.1 9.2 9.5 9.8 10.2
Uhretice 4.5 8.7 9.6 9.6 9.7 10.0 104 10.7 10.7 11.1 11.5 11.5 12.0 12.2
Verovany 5.4 10.7 10.7 10.9 10.9 11.3 11.5 11.5 12.0 12.5 129 13.6 13.6 14.0
Average 44 7.9 8.1 8.3 8.6 8.7 8.9 9.1 9.3 9.6 9.9 10.2 10.4 10.6
FULL RIPENESS
wNiIt(l)l‘:})ﬂt Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr
Station SO% 0 0.05 0.1 0.15 0.2 0.25 0.3 035 04 045 05 055 0.6

RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE RMSE
(Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days) (Days)

Branisovice 7.5 100  10.1 10.3 11.0 11.1 11.2 11.2 112 115 115 118 118 11.9
Caslav 2.8 5.7 6.4 6.4 6.6 7.1 7.3 7.3 7.9 8.1 8.4 8.3 8.6 8.7
Hrubcice 34 6.2 6.0 6.3 6.6 6.3 6.4 6.3 6.8 6.8 6.8 7.0 7.4 7.5
Chrlice 46 3.8 39 3.8 38 3.9 3.6 3.7 3.7 4.0 42 44 44 46
Oblekovice 9.5 9.6 9.6 10.1 10.2 10.4 10.4 10.4 105 109 109 114 119 12.1
Jall’(‘;::iece 4.0 45 47 43 41 4.0 39 39 41 4.0 43 43 43 48
Uhretice 2.3 5.0 5.3 5.3 53 5.5 5.6 6.1 6.1 6.1 6.5 6.5 6.9 6.9
Verovany 6.1 4.4 4.4 44 46 44 46 4.7 49 5.6 5.6 6.2 6.4 6.4

Average 5.0 6.2 6.3 6.3 6.5 6.6 6.6 6.7 6.9 7.1 7.3 7.5 7.7 79
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