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Abstract: The onset of phenological phases of plant species is influenced mainly by air temperature. 
Each phenophase has its temperature limits (base temperature and temperature sum), which must 
be reached for each phase to occur. With knowledge of these limits, it is possible to predict the onset 
of phenological phases in localities where only meteorological data are available and also in future 
climate conditions. In this work, we used phenological ground-based data from 33 stations within 
the Czech Republic to calculate the most relevant meteorological predictors. PhenoClim software was 
used for phenological and meteorological data calibration and modelling. The smallest error that allows 
us to predict the term of the phenophases was found for the heading of spring barley (Hordeum 
vulgare L.), as the best predictor was the maximum daily temperature and the statistical error was 
3.6 days. 
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INTRODUCTION 

Spring barley (Hordeum vulgare L.) is one of the most cultivated field crops in the Czech 
Republic. The monitoring of field crops and the ability to detect and predict specific phenological phases 
can optimise agrotechnical interventions, such as fertiliser and pesticide applications or irrigation. 
This can help reduce the use of chemicals and lead to more sustainable management (Mercier et al. 
2020). 

The phenology of plants is influenced by solar radiation, precipitation totals and air humidity 
(Fu et al. 2020). However, the main factors influencing the onset of the phenological phases are 
air temperature, length of photoperiod and water availability (Oteros et al. 2015), with air temperature 
being the most significant (Fu et al. 2020). First of all, the plants need a certain minimum temperature 
for their growth and development (Středová et al. 2017). Below this temperature, the phenological 
development ceases; this is called the base temperature (Tb) (Salazar-Gutierrez et al. 2013) – in this 
paper indicated as Tbase. Next, the onset of a certain phenological phase requires the sum of effective 
temperatures (SET) (Bartošová et al. 2010) which will be represented by Tsum in this paper. 
The importance of the use of temperature sums for modelling phenological phases or phenological 
periods of field crops can be noted in recent studies. For example, modelling based on temperature sums 
was performed in Denmark with a focus on predicting the historical harvest dates of winter wheat 
and spring barley (Pullens et al. 2021). In Argentina, they modelled the onset of the phenological phase 
grain filling of barley based on temperature sums (Otero et al. 2021). 

Knowledge of the dynamics of the development of field crops is important in terms of proper 
agricultural technology and thus in achieving yields (Sujetoviene et al. 2018). Also, the knowledge 
of temperature thresholds (Tbase and Tsum) for each phenophase allows us to calculate possible terms 
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of plant development phases for localities or years where no in-situ data is available; these calculations 
can then be used for remote sensing data verification. In response to the changing climate and the effort 
to adapt to future climatic conditions, there are a number of studies dealing with the prediction 
of the onset of phenological phases according to different scenarios of the future climate even in 
Central Europe, including the Czech Republic (e.g. Olesen et al. 2012 or Eitzinger et al. 2013).  

For this reason, the aims of this study were: (1) to process all available phenological data 
for spring barley that were observed within various localities in the Czech Republic; (2) to use 
phenological data and daily meteorological parameters and set the model for each phenophase based 
on Tbase and Tsum (using software Phenoclim); and (3) to evaluate the best model (based on statistical 
parameters) and calculate the terms of phenophases for the years with missing values (within 
the observed localities) and fill the phenological observations for the period 1961 to 2020. 

MATERIAL AND METHODS 

In this study, we analysed the onset of phenological phases (emergence, tillering, first node, 
second node, heading, yellow ripeness and ripening) of spring barely (Hordeum vulgare L.) in the period 
1968 to 2012 from 33 localities. In-situ data sets were obtained from stations of the Czech 
Hydrometeorological Institute (CHMI) and the Central Institute for Supervising and Testing 
in Agriculture (CISTA) (Figure 1 and Table 1). Yellow ripeness and ripening were analysed 
individually, because each of institutes observed a different specific phase throughout the period 
of ripening. Data availability differs within each locality and phenophase (Table 1). For analysis, 
the software PhenoClim was used.  

This software makes it possible to model the onset of phenological phases in localities or time 
periods where we only know the meteorological parameters (Bartošová et al. 2010) or (Černá 
et al. 2012). For this study, an optimization method called Calibration/Validation was used 
in PhenoClim software. The process of estimating the onset of phenological phases using this tool can 
be divided into several steps. First, in-situ phenological data are required for data calibration 
and validation. Phenological data were used together with meteorological data, namely daily values 
of minimum and maximum air temperature (°C), sum of precipitation (mm) and global solar radiation 
(MJ/m2/day). For each of phenophases, each of the meteorological parameters was analysed 
individually. The variable was the use of different combinations of stations and time periods. By testing 
different software settings (different combinations), the strongest predictor is found for each 
phenological phase, i.e., meteorological parameter on the basis of which the software is able to model 
onset of phenological phases. For each of these parameters, the sum of effective temperatures (Tsum) 
(or the sum of precipitation or of radiation) above the selected base temperature was calculated. Tsum 
means the sum of the daily average (maximum, minimum) temperatures exceeding the threshold when 
the threshold value is subtracted. Base temperature (Tbase) and the corresponding sum of effective 
temperatures (Tsum) (precipitation or radiation) are the values that are needed to reach a certain 
phenological phase. In modelling, Tbase is the temperature from which the software begins to calculate 
Tsum, needed to reach a certain phenophase. 

Other result parameters that complete the full interpretation of the result include mean bias error 
(MBE), root mean square error (RMSE), and coefficient of determination (R2). RMSE gives the value 
of the error (number of days), which defines the accuracy of the model and its ability to calculate 
the terms of phenological phases. The MBE value indicates whether the shift in the onset of phenological 
phases will be to an earlier or later date. Finally, the value of R2 is the value of the coefficient 
of determination, which indicates the strength of the relationship between a particular phenological 
phase and a meteorological parameter. Based on the smallest RMSE, the strongest meteorological 
parameter (i.e., predictor) was determined along with its corresponding Tbase and Tsum. Using these 
values, the terms of onset of phenological phases were modelled for two time periods (1961–1968 
and 2011–2020) for which we have only meteorological data at the input localities. The period with 
available ground observations is specific for each locality, therefore the modelled period is also specific 
for each locality and phenological phase. 
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Figure 1 Phenological experimental sites from the Czech Hydrometeorological Institute (blue dots) 
and from the Central Institute for Supervising and Testing in Agriculture (red dots) 

 
Table 1 Summary of basic information from two input data sets  

Czech Hydrometeorological 
Institute (CHMI) 

Central Institute for Supervising 
and Testing in Agriculture (CISTA) 

Number of stations 9 24 

Available phenological phases emergence, tillering, first node, 
second node, yellow ripeness emergence, heading, ripening 

Time period (years) 1984–2012 1968–2011 

Altitude range (m.a.s.l.) 179–725 171–647 

RESULTS AND DISCUSSION  

Various model settings were tested for each phenological phase and each meteorological 
parameter (mean, maximum and minimum temperature, solar radiation and number of rainy days). 
An overview of all detected RMSE ranges and Tbase and Tsum ranges is shown in Table 2, where 
the smallest RMSE values for each phenophase and each meteorological parameter are highlighted 
in grey. A smaller value of RMSE means a smaller deviation (greater accuracy) in modelling the onset 
of the phenological phase and therefore a more suitable predictor. For most phenophases, average 
and maximum daily air temperatures were found to be the best predictors. 

The smallest uncertainty (errors of modelling) was found for the phenological phase of heading, 
when the predictor was the maximum air temperature with RMSE = 3.6 days, Tbase = 6.1 °C 
and Tsum = 932.8 °C. For the first node, the predictor was solar radiation, and for the second node it was 
the minimum air temperature. The highest value of root mean square error, but still the best for this 
phenophase, was found in the phenological phase of emergence, where the predictor was the maximum 
air temperature with RMSE = 7.0 days, Tbase = 6.0 °C and Tsum = 259.7 °C. The maximum 
air temperature was also found to be the strongest predictor for the phenological phases of yellow 
ripeness. For the phenological phases of tillering and ripening, the average air temperature was found 
to be the strongest predictor. RMSE = 5.9 days was found for tillering and RMSE = 4.3 days was found 
for ripening. In Germany, using a combination of genome-wide prediction and a phenology model, 
researches achieved RMSE values in the range of 3.1 to 5.6 days for modelling the phenophase heading 
of the spring barley (Uptmoor et al. 2017). Using calibration and cross-validation of the models, 
Pullens et al. (2021) reached RMSE = 5.5 days for maturity not only in spring barley but also 
in winter wheat.  
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Table 2 Overview of the range of RMSE, Tbase and Tsum results for each phenological phase – the smallest 
RMSE values are highlighted in grey 

 
 

E 
(CHMI/CISTA) 

T 

(CHMI) 
FN 

(CHMI) 
SN 

(CHMI) 
H 

(CISTA) 
YR 

(CHMI) 
R 

(CISTA) 

Tmean 

RMSE (days) 8.8–10.1 5.9–9.9 6.7–9.8 6.4–9.8 4.1–8.5 5.7–10.6 4.3–9.4 

Tbase (°C) 0.0–3.6 0.5–5.3 0.8–6.2 0.4–6.4 0.0–5.0 0.0–5.2 0.0–4.7 

Tsum (°C) 144.6–349.0 181.2–512.1 299.1–753.3 365.7–891.0 537.4–1066.1 1006.4–1814.5 1173.9–1921.0 

         

Tmax 

RMSE (days) 7.0–9.3 6.7–10.4 7.1–11.2 7.1–11.7 3.6–8.7 5.5–14.0 4.6–9.1 

Tbase (°C) 3.4–7.9 4.3–7.8 0.7–9.1 0.1–8.8 1.7–8.3 0.0–6.2 1.8–7.1 

Tsum (°C) 184.4–400.0 328.1–579.3 464.6–1286.8 564.3–1493.6 730.2–1459.9 1607.1–2657.7 1635.0–2497.4 

         

Tmin 

RMSE (days) 12.2–14.3 7.2–12.6 7.2–11.9 6.2–11.2 6.1–10.7 6.4–9.1 6.7–14.3 

Tbase (°C) 0.0–6.1 0.0–2.7 0.0–3.9 0.0–5.3 0.0–0.9 0.0–3.8 0.0–0.4 

Tsum (°C) 4.9–126.8 85.9–226.8 163.1–367.6 133.3–446.8 410.2–524.7 583.1–1020.7 964.2–1096.1 

         

Tmax–

Tmin 

RMSE (days) 11.6–18.7 9.8–25.0 11.7–29.7 12.1–31.0 12.9–17.6 13.2–53.3 13.8–18.9 

Tbase (°C) 0.0–5 0.0–6.8 0.0–6.4 0.0–4.6 0.0–4.4 0.0–2.3 0.0–0.9 

Tsum (°C) 306.7–742.5 286.3–967.8 417.0–1229.8 635.3–1303.3 761.7–1413.0 1354.6–1892.5 1823.1–2005.2 

         

Srad 

RMSE (days) 9.2–11.7 7.3–12.5 5.9–12.0 6.3–13.4 6.0–9.5 6.1–12.5 10.0–13.4 

Tbase (°C) 0.8–4.3 0.0–7.0 0.0–2.9 0.0–2.8 0.3–5.0 0.0–3.1 0.0–5.0 

Tsum (°C) 317.4–624.2 293.4–942.3 918.8–1320.4 973.7–1449.7 935.0–1654.2 1739.6–2371.1 1615.9–2676.3 

         

Number 

of rainy 

days 

RMSE (days) 26.0–32.6 24.8–32.1 24.4–31.4 23.6–31.3 23.0–30.9 23.7–49.4 30.6–43.6 

Tbase (°C) 0.0–0.0 0.0–8.8 0.0–8.4 0.0–7.5 0.0–5.9 0.0–6.4 0.0–0.0 

Tsum (°C) 48.2–54.9 2.8–59.7 4.5–70.8 6.2–74.5 8.8–87.0 13.2–106.5 112.7–120.9 

Legend: E – emergence, T – tillering, FN – first node, SN – second node, H – heading, R – ripening, YR – yellow ripeness 

Each station has its altitude and the total number of stations with available phenological data 
for heading was 11. By analysing the data observed and modelled for the phenological phase of heading, 
the value of R2 has a decreases trend with increasing altitude, as shown by localities with different 
altitudes in Figure 2. This means that the correlation between the observed and modelled data decreases, 
which means that at higher altitudes, the model can make larger errors. Figure 3 shows randomly 
selected stations, which are only to be as an example of the specific relationship between the observed 
and modelled terms of the onset of heading on stations with different altitudes. However, there is still 
a strong relationship between the two parameters. High values of R2 between the observed and predicted 
data for heading (R2 = 0.72–0.83) of winter wheat were found in a study from the south-eastern USA 
(Salazar-Gutierrez et al. 2013). 

Figure 2 The relationship between elevation and value of R2 on stations with available data set for 
heading 
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Figure 3 The relationship between selected observed and modelled terms of heading on stations 
at different elevations: Lednice (171 m.a.s.l.), Puste Jakartice (295 m.a.s.l.), Chrastava (345 m.a.s.l.), 
Lipa (505 m.a.s.l.) 

 

Based on the values of RMSE, Tbase and Tsum of the best predictors, the onset of phenological 
phases were finally modelled for the years in which only meteorological data are known. We completed 
the whole period 1961 to 2020. Figure 4 shows an example of the onset of heading (observed 
and modelled) at four localities with different altitude in a given time period. The change in the onset 
of phenological phases (at all four experimental sites) show a shift to an earlier date by two to four days 
per decade (Lednice = 2.1 days, Puste Jakartice = 2.8 days, Chrastava = 2.9 days and Lipa = 3.5 days). 

Figure 4 Course of observed and modelled terms of heading onset in the period 1961–2020 – using 
Tmax as a predictor of modelling with RMSE = 3.6 days, Tbase = 6.1 °C and Tsum = 932.8 °C 
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