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Abstract

This paper analyzes a long-term (1991-2019) flowering period of birch in the Czech Republic. Temporal and spatial evaluation in
timing of beginning and end of flowering (Fyegin and Feng) and flowering period (Fperioa) 0f Betula pendula were investigated in
different zones of the Czech Republic. The field observations were carried out at 44 sites of the Czech Hydrometeorological
Institute phenological network; the detailed analysis including growing degree days (GDD) evaluation to Fyegin and Fenq onsets
and time of flowering were made at 9 sites in different altitudes. The trends and Pearson’s correlation coefficients between Fy,egin
(Feng) and GDDs were calculated as well. The timing of both phenological stages showed a significant advance to earlier onsets
(e.g., — 7.0 d per decade at Médénec station) and the time of flowering shortens (e.g., — 3.8 d per decade at Rokytnice station).
Nevertheless, the most marked shift was observed for mountain area in the north-western and north-eastern part of the
Czech Republic. In contrast, the smallest shift was found in the southern part of the Czech Republic. The shift of the GDD
values fluctuates from negative to positive values. Pearson’s correlation coefficients calculated for both phenophases and period
of flowering of Betula pendula showed the highest values in Fperioq (€.g., 0.846 at Modrava station) and in Fe,q (e.g., 0.711 at
Rokytnice station) as well. Thus, our results indicate due to global warming symptoms that birch pollen allergy may appear

earlier in the year but for a shorter period.
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Introduction

Phytophenology, the timing of recurrent plant development,
such as sprouting, flowering, and leaf coloring, is
determinated by the abiotic conditions. Plant phenological
observations are widely used as bioindicators of climate
change; phenology has become an important tool in the
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climate change research. Phenological data play also an im-
portant role in other disciplines such as agriculture, ecology,
wildfire management, forestry, tourism, and medicine . Pollen
allergy has a remarkable clinical impact all over Europe, and
the allergenic content of the atmosphere varies according to
climate, geography, and vegetation (D’ Amato et al. 2007).

Numerous studies from around the world have shown sig-
nificant changes in the onset of phenological phases during
the twentieth century (e.g., Menzel 2000; Poikolainen et al.
2016). For example, according Menzel (2000), it was found
that in Europe, based on International Phenological Gardens’
data (1959-1996), spring events such as leaf unfolding have
advanced on an average of 6.3 days (—0.21 day per year),
while autumn events such as leaf coloring have been delayed
by 4.5 days (0.15 day per year).

The broad-leaved tree Betula pendula is the most wide-
spread species of the Betula spp. (birch) genus in Europe. To
know a shift in timing of birch pollen season is important —
Betula spp. is well-known as a significant aeroallergen.
Understanding the spatiotemporal patterns of changes in pol-
len season timing and levels is thus important in assessing
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climate impacts on aerobiology and allergy caused by allergic
airborne pollen (Zhang et al. 2014) such as birch. Climate
change is likely to affect allergic disease (Smith et al. 2014)
and impacts on allergens may be one of the most important
consequences of climate change for human health (Beggs
2015).

Phenological observations might be useful in determining
areas with increasing pollen release and moreover could be
used as an input data for atmospheric dispersion models.
Although, definitions of phenophases and observational meth-
odologies may vary from one country to another (van Vliet
et al. 2003), it is important to analyze the phenological phases
closely associated with the period of flowering.

The aim of this paper were as follows:

(1) to make spatial evaluation of the beginning (Fygin) and
end of flowering (F.,q) from CHMI phenological sta-
tions in the three main periods (1991-2000; 2001—
2010; 2011-2019),

(2) to calculate the trend in phenological development of
birch flowering including the number of days during
flowering in periods 1991-2019 in different climatic
zones,

(3) to evaluate the sums of growing degree days above
threshold above 5 °C (GDD) to phenophase onset and
during period of flowering calculated since January 1,

(4) to calculate Pearson’s correlation coefficients between
phenological stage (Fyegin, Fena), time of flowering
(Fperioa)> and GDD.

Material and methods

Nowadays, the Czech Hydrometeorological Institute (CHMI)
operates with a phenological network of wild plants following
methodology for voluntary observers (Anonymous 2009;
Coufal et al. 2004). There are observed 11 phenological
phases in birch; in this paper we focused on phases connected
with flowering (pollen release) such as the beginning of
flowering (Fyegin) and end of flowering (Fepnq). The phenolog-
ical dates are listed in the day of year (DoY), and phenological
phases are often also mentioned in BBCH (Bundesanstalt,
Bundessortenamt and Chemical Industry) codes. The
BBCH-scale is a system for a uniform coding of phenologi-
cally similar growth stages of all mono- and dicotyledonous
plant species (Meier 1997). According to the BBCH scale, the
phenological phase beginning of flowering (Fyegin) = BBCH
61 and end of flowering (F.,q) = BBCH 69.

Observations are made from the same tree individuals (3—
5) at least twice a week. Description of Fy,cgir, (We observe only
the male flowers) is subsequent: catkins are soft and opened,
anthers are fully visible, and pollen is already released. F,.q is
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defined as follows: the catkins are empty, turn dry and dark,
and fall on the ground.

Phenological data were obtained from CHMI database
PHENODATA and were checked in the following ways:

(1) outliers were excluded from data series if the difference
in the phenophase onset among the closest phenological
station was larger than 1 month (Stdpanek et al. 2012),

(2) data quality was verified by using the 3-sigma method
(www.investopedia.com).

For the study of long-time series, the following analytical tools
were used: regression analysis, Pearson’s correlation coefficients
(r), and geographic information system (GIS). Phenological
trends were studied using onset dates (in day of year — DoY) of
phenological events (phases); the mean temporal change (days
per year) was evaluated using the regression slope. Pearson’s
correlation coefficient (r) was applied to investigate the relation-
ship between phenological time series and mean of growing
degree days to phenophase onset and during period of flowering.

Thermal time (cumulative heat) is often expressed in grow-
ing degree days (GDD). GDD is calculated by subtracting a
base temperature from the daily mean temperature, and the
GDD values less than zero are set to zero. The summation
over time is related to the development of plants, insects,
and disease organisms. According Glickman (2000) base tem-
perature is 5 °C: GDD =ty - tpase, Where ty,ge = cardinal tem-
perature minimum for plants =5 °C.

We have used accumulated growing degree days (GDD) —
sum of GDD from day of year DOY to DOY.

Here, DOY was set as January 1, and DOY, was the day
of the year that marks the end of the time period for GGD
calculation — in our case it was the date of beginning of
flowering (Fpegin) and end of flowering (Fepg).

The maps were processed (as an input was used in the mean
phenophase onset) using geographic information system —
Application Clidata-GIS (ArcGis version 10.4.1), method
Clidata-DEM (method of local linear regression between the
measured or calculated value and the digital relief model with
dependence on altitude (e. g., Tolasz et al. 2007)).

For the calculation of pheno-climatological characteristics
were used mean air temperature (so-called “technical series”)
from CHMI climatological stations in daily step. For the data
processing of “technical series”, the software packages
AnClim (Stépanek 2007), LoadData, and ProClimDB
(Stépanek 2008) were used.

Maps were created from CHMI phenological network (44
sites — elevation range was from 155 m asl (Doksany) to
1102 m asl (Modrava)), the detailed study was performed at
9 phenological stations located in different parts of the
Czech Republic (Lednice, Béle¢ nad Orlici, Chtibska,
Bfezina, éesky Rudolec, Brandov, Rokytnice v Orlickych
horach, Médénec, and Modrava). The climate conditions of
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Fig. 1 Climagrams of phenological stations
the individual localities are characterized by modified Walter— 1961-2015 (Fig. 1, Table 1). The agrometeorological year

Lieth climagram (Koznarovéd and Klabzuba 2010) based on  starts on October 1 and ends on September 30 (Koznarova
the agrometeorological year with long-term average data  and Klabzuba 2010).

Table 1 Climatological characteristics of phenological stations (link to Fig. 1), stations are listed by altitude

tyear (°C) abs tiayx (°C)  tmax VII(°C)  tiinl (°C)  abs tiyin (°C)  timin > 0.0 °C (days) ryeqr (Mm)  abs 1y, (mm) r>0.1 mm (days)

Lednice 9.7 38.1 264 —43 -27.8 266 4973 82.4 129
Bélec 8.9 37.9 24.5 —-43 —24.7 266 606.5 101.5 171
Chribska 94 37.1 23.1 —42 —26.1 260 802.8 89.4 204
Biezina 6.9 35.8 22.5 -6.0 —26.1 234 600.3 98.0 174
Cesky Rudolec 7.3 37.1 23.1 -54 —243 266 600.9 118.1 179
Brandov 59 34.1 19.8 =57 —24.5 230 793.7 142.7 203
Rokytnice 6.1 33.6 20.6 -59 —26.0 223 1038.1 203.6 292
Médénec 54 32.7 20.0 -59 -21.4 224 771.9 92.5 218
Modrava 4.6 342 18.7 -6.5 —25.5 207 1097.3 1353 211
Notes

tyear = average year air temperature (°C), abs t,,, = absolute maximum of air temperature, tp,y v = average monthly maximum of air temperature of
the warmest month, t,,;, 1 = average monthly minimum of air temperature of the coldest month, abs t.,;,, = absolute minimum of air temperature, t,,;, >
0.0 °C =average count of days with air temperature minimum >0.0 °C, ry.,, = average year precipitation total (mm), abs ry,,y = absolute maximum of
daily precipitation total, r > 0.1 mm = average count of days with total precipitation >0.1 mm
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Fig. 2 Beginning of flowering (Fyegin) of Betula pendula in the Czech Republic within period 1991-2000, 2001-2010, and 2011-2019
Results flowering has changed during the 29 years period 1991-2019.

In periods 1991-2000, the beginning of flowering of birch
The time range of Fygin is nearly one month in the area of the  started on 37.6% of the Czech Republic area before April
Czech Republic — mean limit values in maps are April 20 and 20, in period 2001-2010 it was 60.5% of the area, and in
May 16 (Fig. 2). The mean annual onset of birch beginning of ~ period 2011-2019 it was even on 81.5% of the area. The
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Fig. 3 End of flowering (F..q) of Betula pendula in the Czech Republic within period 1991-2000, 2001-2010, and 2011-2019
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Table 2 Descriptive statistics for Fyegin, Fend, and Fperioa 0f Betula pendula in period 1991-2019 (in day of year), stations are listed by altitude

Station Average Median  Upper quartile ~ Lower quartile  Standard M inimum  Maximum  Variation range  Variation
deviation coefficient
Beginning of flowering (Fyegin,)
Lednice 98 96 95 100 4.8 88 108 20 4.9
Béle¢ 106 106 101 113 8.3 91 125 34 79
Chfibska 113 114 106 118 10.0 93 136 43 8.9
Bfezina 115 116 109 120 7.5 96 125 29 6.5
Cesky Rudolec 114 114 110 117 5.1 103 127 24 4.5
Brandov 117 118 110 122 9.3 105 148 43 79
RoKytnice 121 120 117 126 8.8 107 141 34 7.3
Médénec 121 125 114 129 9.4 104 136 32 7.8
Modrava 134 137 126 141 10.0 116 153 37 7.4
End of flowering (F¢pq)
Lednice 116 116 111 120 6.9 102 129 27 6.0
Béle¢ 123 121 119 126 6.4 107 137 30 52
Chf¥ibska 126 125 121 128 10.4 108 149 41 8.2
Bfezina 128 128 127 131 6.3 113 140 27 4.9
Cesky Rudolec 126 126 123 130 6.3 110 142 32 5.0
Brandov 131 131 127 135 8.0 118 155 37 6.1
Rokytnice 133 132 126 139 10.2 116 167 51 7.7
Médénec 133 135 125 140 9.8 114 146 32 74
Modrava 149 148 141 152 11.4 132 191 59 7.6
Period of flowering (Fperioa)
Lednice 18.3 18 14 21 5.7 8 30 22 314
Béle¢ 16.5 16 12 19 6.0 8 35 27 36.5
Chfribska 134 13 10 15 42 7 25 18 31.0
Brezina 13.1 12 10 15 4.1 7 22 15 314
Cesky Rudolec 12.4 12 11 15 3.6 5 21 16 28.7
Brandov 132 13 11 15 33 7 20 13 25.4
RoKytnice 114 10 8 14 53 5 26 21 46.7
Médénec 11.3 11 10 12 23 8 16 8 20.1
Modrava 14.2 13 10 17 7.2 5 38 33 50.9

similar trend can be also seen by the end of flowering (Fig. 3).
The situation was as follows: the end of birch flowering before
April 30 (mean limit values for F,q are April 30 and May 26)
was during the period 1991-2000 on 17.7% of the
Czech Republic area, during the period 2001-2010 it was on
26.6% of the Czech Republic area, and in period 2011-2019 it
was almost double — on 52.7% of the Czech Republic area.
The beginning of flowering later than May 16 was within the
first decade on 0.6% of the Czech Republic, in the second
decade it was only on 0.03% ot the area, and in the third
decade it was on 0.3% of the area. The end of flowering later
than May 26 was in period 1991-2000 on 0.8% of the area, in
period 2001-2010 it was on 1.8% of the area, and in period
2011-2019 it was on 0.4% of the Czech Republic area.
Descriptive statistics for beginning and end of birch
flowering including period of flowering presents Table 2.
Based on the observed terms of Fygin and Fen,g phenophases

of Betula pendula from 1991 to 2019, the beginning of
flowering was first observed at Lednice station (165 m asl) on
March 29, 2014, and the end of flowering on April 12, 2014, at
the same station. The latest date of Fyegin Was observed at
Modrava station (1102 m asl) on June 2, 2010, and end of
flowering at the same station (on July 10, 2010). The mean time
of flowering oscillates from 11.3 days (Mé&dénec station) to
18.3 days (Lednice station). The most common mean period
of flowering between 14 and 15 days was on 53.8% of the
Czech Republic area (1991-2000), on 44.2% of the
Czech Republic area (2001-2010), and on 42.1% of the
Czech Republic area (2011-2019). Variation coefficients take
on similar values in Fyegin and Fepng. Foegin is the range of values
between 4.5 and 8.9, Fq is between 4.9 and 8.2. The range of
variation coefficient’s values by period of flowering is much
larger (from 20.1 to 50.9). The period of flowering is longer in
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Table3  Descriptive statistics for GDD t0 Fyegin, Fend, and period of flowering (Fyerioa) of Betula pendula in period 1991-2019 (°C), stations are listed

by altitude
Station Average Median  Upper quartile  Lower quartile ~ Standard ~ Minimum  Maximum  Variation range  Variation
deviation coefficient
Beginning of flowering (Fygin)
Lednice 105.8 98.0 76.9 122.0 42.0 40.6 203.4 162.8 39.7
Bélec¢ 120.7 117.7 101.6 141.3 28.9 63.9 168.7 104.8 239
Chribska 114.8 107.8 86.3 124.8 57.5 15.0 342.1 327.1 40.1
Bfezina 94.3 84.7 70.9 100.2 40.6 37.0 197.7 160.7 43.1
Cesky Rudolec  102.5 104.0 83.1 121.1 26.1 47.5 150.1 102.6 25.5
Brandov 84.8 85.2 68.7 98.8 25.8 34.0 146.0 112.0 30.5
Rokytnice 99.4 91.1 68.3 120.4 392 49.8 218.5 168.7 39.5
Médénec 91.7 93.2 759 108.1 239 38.8 145.0 106.2 26.1
Modrava 109.6 110.0 89.7 124.7 39.8 27.1 241.6 214.5 36.4
End of flowering (Fcpq)
Lednice 219.6 220.8 181.1 249.3 54.0 1304 366.8 236.4 24.6
Béle¢ 230.6 237.6 189.8 267.4 47.8 119.8 3322 2124 20.7
Chribska 199.1 175.7 145.0 230.3 752 106.6 431.2 324.6 30.8
Bfezina 170.7 161.2 141.1 198.9 514 68.4 287.0 218.6 30.1
Cesky Rudolec  181.7 190.6 153.8 204.8 36.7 101.8 256.3 154.5 20.2
Brandov 159.4 160.3 139.7 173.0 32.8 93.9 235.5 141.6 20.6
Rokytnice 173.4 156.9 135.9 209.8 614 88.5 393.8 305.3 354
Médénec 150.7 142.5 131.7 166.2 37.1 60.7 238.3 177.6 24.7
Modrava 190.3 165.8 147.8 226.8 82.3 63.8 480.6 416.8 432
Period of flowering (Fperioq)
Lednice 113.9 114.0 80.5 1454 42.8 42.1 2134 171.3 37.6
Béle¢ 109.9 115.2 76.5 131.3 43.0 26.1 196.2 170.1 39.2
Chfibska 84.2 71.5 58.6 96.5 39.3 21.8 180.8 159.0 36.7
Bfezina 76.4 66.2 57.4 89.3 338 29.7 157.5 127.8 44.2
Cesky Rudolec 79.3 70.6 56.8 96.9 28.0 40.4 167.5 127.1 353
Brandov 74.6 73.2 60.1 88.0 224 31.0 129.9 98.9 30.0
Rokytnice 74.1 69.0 443 88.6 414 6.4 219.1 212.7 55.9
Médénec 59.0 60.3 40.6 73.9 28.0 0.9 110.1 109.2 47.5
Modrava 80.7 68.3 38.0 112.0 66.8 13.5 341.5 328.0 82.7
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Fig. 4 Linear trend of deviations of Fyegin and Fepg from 1991 to 2019 in the Czech Republic
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Table 4 Linear regression

equations and coefficients of Beginning of flowering (Fycgin) End of flowering (Fenq)

determination (link to Fig. 4),

stations are listed by altitude Equation R’ Equation R’
Lednice y=—0.1778x + 100.22 0.0992 y=—0.2030x + 3.04 0.0620
Béle¢ y=—0.4365x + 112.62 0.1981 y=—0.3064x +4.60 0.1664
Chribska y=—0.5824x + 121.52 0.2458 y=—0.5773x + 8.66 0.2246
Biezina y=—0.4990x + 121.97 0.3250 y=—0.4246x+6.37 0.3250
Cesky Rudolec y=—0.3320x + 118.50 0.3077 y=—0.2562x + 3.84 0.1216
Brandov y=—0.5803x +126.19 0.2800 y=—0.5108x +7.66 0.2942
Rokytnice y=—0.3483x + 126.67 0.1130 y=y—0.0458x - 0.69 0.0015
Médénec y=—0.7227x + 10.84 0.4270 y=—0.7271x+ 10.91 0.3995
Modrava y=—0.0884x + 135.60 0.0053 y=—0.0052x + 0.08 0.00001

the south compared to the north, and it is confirmed not only by
mean values but also by extremes values.

Table 3 shows the descriptive statistics of GGD to date the
beginning or end of flowering, and during period of flowering
as well. The mean values of GDD to Fyegi, 0scillate from 84.8
to 120.7 °C, by Fq it is from 150.7 to 230.6 °C and by period
of flowering values are between 59.0 and 113.9 °C. Stations in
warm region W2 (according to Quitt’s classification (Tolasz
et al. 2007) have the highest values of GDD in all three pa-
rameters; on the other side, stations in cold region C7 have the
lowest values. But even though the Modrava station is the
highest located phenological station in the Czech Republic ,
1102 m asl, it does not have the lowest values of GDD. The
range of variation coefficient’s values in Fyegin, Feng, and
Fperioa are subsequent from 23.9 to 43.1, from 20.2 to 43.2,
and from 30.0 to 82.7.

The location of stations in the south part of the
Czech Republic plays an important role in the phenophase
onset and duration of flowering even though the
Czech Republic is a small country with the area of
78,865 km? in Central Europe.

Table 5

Subsequent charts in (Fig. 4) illustrate the linear trend of
deviations from average 1991-2019 at 9 stations in Fye,, and
Fena- The highest difference is between Modrava (southern-
west part of the Czech Republic) and Médénec (northern-west
part of the Czech Republic) station. Coefficients of determi-
nation (Table 4) are very low at Modrava and Lednice stations.
On the other side, the highest coefficients of determination are
at Médénec, Biezina, and Cesky Rudolec stations.

Table 4. Linear regression equations and coefficients of
determination (link to Fig. 4) stations are listed by altitude.

Following the previous charts, since 1991, the timing of
both the phenological phases of Betula pendula have ad-
vanced significantly to an earlier time (Table 5). The most
pronounced shifts were detected in Fyegin and Feng at
Médeénec station — 7.0 days per decade on average, it means
more than 20 days in nearly 30 years’ period. The time of
flowering shortens, the highest shortening was found at
Rokytnice station (—3.8 days per decade on average). Only
at Médénec, Chiibska, and Lednice stations are nearly the
same. It is interesting that the GDD have been found in both
trends — decreasing or increasing. For example, just at the

Linear trends for Betula pendula at individual phenological stations during the period 1991-2019 (Per) and also for decade (Dec). GDD 1 —

GDD to0 Fyegin, GDD 2 — GDD to Fepg, GDD 3 — GDD during period of flowering (Fperioq), Stations are listed by altitude

Focgin Fena Fperiod GDD 1 GDD2 GDD3

Dec Per Dec Per Dec Per Dec Per Dec Per Dec Per
Lednice -1.7 =50 =20 =57 -0.2 -0.7 -89 -259 -16.3 —473 -74 -214
Bélec¢ —-4.2 -12.2 =30 -8.6 -13 -3.6 -19 -54 -5.6 —16.1 =37 -10.7
Chribska -5.6 -16.4 -5.6 -16.2 -0.1 -0.2 9.0 26.1 23.8 69.0 14.8 429
Bfezina -4.8 -14.0 -4.1 -11.9 -0.2 -2.1 -54 -15.6 -9.1 —26.4 -3.7 -10.8
Cesky Rudolec -32 -93 -25 =79 -0.7 -2.1 -6.9 -20.0 -10.1 —-293 -32 -93
Brandov —4.2 -12.2 —49 —143 -0.7 -1.9 13.9 40.2 17.4 50.3 35 10.1
RokKytnice -59 -17.0 -04 -13 -3.8 —11.0 3.1 8.8 —18.5 —53.7 -21.6 —62.6
Médénec -7.0 -20.2 -7.0 -20.4 0.0 0.1 11.1 32.1 16.9 48.9 8.8 16.8
Modrava -0.9 -2.5 0.0 0.1 -0.8 -22 -11.3 -329 -19.0 —55.2 =73 -21.1

@ Springer



Int J Biometeorol

Table 6 Linear trends per decade for mean air temperature (°C) in period 1991-2019, stations are listed by altitude

Time period  Lednice  Bélec Chiibski  Bfezina  Cesky Rudolec ~ Brandov  Rokytnice =~ Médénec  Modrava
Temperature ~ March 0.38* 0.42%*  0.24% 0.52%* 0.41%* 0.18 0.27 0.34%* 0.22
O April 0.75%* 0.74%*  0.66%* 0.99%#*  (.93%%** 0.65%* 0.60%* 0.77%* 0.91%**
May 0.08 0.02 0.17 0.40* 0.16 0.14 0.02 0.34%* 0.03
Year 0.42%* 0.47%*  0.40%* 0.63** 0.54%* 0.39* 0.31 0.53%* 0.33*
Notes

*#*significant trend at oc = 0.050.
**gignificant trend at « =0.010

*significant trend at ac=0.001

Meédénec station, the trend in GDD is higher, also at Brandov
and Chfibska stations. The results show that the highest in-
creasing of GDD is in the north; on the other hand, the highest
decreasing of GDD is in the south.

In Table 6 are the given linear trends per decade for
mean air temperature in March, April, May, and in a
year. The significant change occurred in April at
Biezina, Cesky Rudolec, and Modrava stations nearly
1 °C per decade. It is interesting that the highest change
in May is at Médénec station as well as per year is also
high. The highest change per year is at Bfezina station.

The following charts (Fig. 5) show dependence of on-
set day (Fpegin and F¢ng) or number of days during
flowering and GDD. Fyegin and Feqq is the highest depen-
dence by Rokytnice, Chtibskd, Brandov, Mé&dénec, and
Modrava stations, and by period of flowering, the highest
coefficient of determination is by Modrava, Rokytnice,
and Médénec stations. We have also calculated the depen-
dence of individual stations on GDD to a fixed date —
April 20 (comparison with timing of the beginning of
flowering) and April 30 (comparison with timing of the
end of flowering). Coefficients of determination both to
Fbegin» Fend> and fixed date are mentioned in Table 7. The
values of coefficients of determination are very similar at
individual stations and confirm our results.

The values of Pearson’s correlation coefficient calculated
for GDD and the mean of Fy,cgi, and F,q onset or mean period
of flowering (Table 8) showed the temporal development of
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this relationship. All values are positive; most stations have
higher values by Fenq than by Fpegin. The extremely small
value of Pearson’ correlation coefficient is by Fpegin at
Lednice station (0.061), the highest values are by flowering
at Modrava, Rokytnice, and Médénec stations (0.846; 0.796,
and 0.691, respectively), and by F,,q (0.690; 0.711, and 0.456,
respectively).

Discussion

The principal finding of this study was that phenological
phases connected with flowering of Betula pendula have ad-
vanced in timing progressively. During each decade (since
1991), the stages of Betula pendula exhibited variable pheno-
logical development to warming conditions during the spring.
Luomajoki (1999) found out that the timing of the male
flowering of birches may vary in Scandinavia from year to
year within a range of several weeks. Poikolainen et al.
(2016) examined that Finland has high annual variation in
phenological development depending on the dominant air cur-
rents which causes significant fluctuations between the years,
including in the timing of spring phenophases, and birch as
well.

The difference in the rate of shifts were between — 0.9 and
—7.0 d per decade by Fyegin, from 0.0 to —=7.0 d per decade by
Feng, and — 3.8 to — 0.2 d per decade by flowering period. The
main period of beginning of flowering falls in the third decade
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Table7  Coefficients of determination (link to Fig. 5), stations are listed
by altitude

Focgin April 20 Fend April 30
Lednice 0.0037 0.0076 0.2670 0.1888
Béled 0.1674 0.1673 0.1802 0.1908
Chribska 0.3262 0.4193 0.5842 0.5204
Bfezina 0.2369 0.2575 0.1401 0.1175
Cesky Rudolec 0.0154 0.0691 0.0382 0.0115
Brandov 0.2255 0.2784 0.1050 0.1881
Rokytnice 0.4062 0.3155 0.5050 0.5191
Médénec 0.1771 0.2486 0.2078 0.2401
Modrava 0.2038 0.3685 0.4836 0.4584

of April and half of May. D’Amato et al. (2007) mentioned
that birch (Betula) is the most allergenic pollen tree in north-
emn, central, and eastern Europe. The main flowering period
usually starts at the end of March, and in central and eastern
Europe, from the beginning to mid-April. Going northward,
the flowering season starts depending on the latitude.
Emberlin et al. (2002) found out a current trend toward earlier
starts of birch pollen season in some parts of Europe. Our
results showed that latitude plays a very important role, not
only altitude (altitude is an important parameter, which was
used in GIS method). Jato et al. (2002) also revealed in their
research on Betula phenology in Galicia (north-western
Spain) and addressed differences in phenological behavior
due to a number of environmental factors. The onset of birch
pollen season in mountain area is associated with daily aver-
age temperature in April (increasing trend); the same have
confirmed Yli-Panula et al. (2009) in their analysis of airborne
Betula pollen in Finland in a 31-year perspective.

Our principal goal was also to compare the phenological
response of Betula pendula to temperature (GDD since
January 1 to phenophase onset). Many authors used a com-
mon way to determine the relation between timing of pheno-
logical process and climate — to find a correlation between
mean temperature during a pre-defined period and the start
of the process (e.g., Spiecksma et al. 1995). Jato et al. (2007)
used similar method as we did, TSUM-GDD. Their results
indicate that temperature is able to explain a large part of the
variability observed. As we found out, the difference is be-
tween north and south, warm and cold regions. The variations
in timing of spring phenophases in different parts of Europe

are connected with the weather conditions. The timing of
spring phenophases is mainly regulated by temperature, it is
also confirmed, e.g., by Caffara and Donnelly (2011). Ziska
et al. (2019) revealed in their findings that the ongoing in-
crease in temperature extremes (T, and T,,;,) might already
be contributing to extended seasonal duration and increased
pollen load for multiple aeroallergenic pollen taxa in diverse
locations across the northern hemisphere. Zhang et al. (2014)
found out in their study that the changes of pollen season
timing and airborne levels in the USA depend on latitude
and are associated with changes of growing degree days,
frost free days, and precipitation. van Vliet et al. (2002) real-
ized in their analysis that a temperature threshold above 0 °C
is important for relation between date of pollen start and mean
air temperature for most species.

This study demonstrated a significant shift of both Fyegin
and F.,4. These patterns of phenological shifts to earlier times
are well-known. For example, Menzel et al. (20006) stated that
the stages of Betula pendula show significant phenological
shifts to earlier times. Nevertheless, some published papers
showed no overall change in the onset of birch pollen al-
though there was evidence that response to temperature was
non-linear and that a lower asymptotic start of the pollen sea-
son may exist (Newnham et al. 2013). But to sum up, our
results are broadly consistent with other studies.

Conclusion

The period of Betula pendula flowering have advanced in
timing progressively, and the stages of Betula pendula exhib-
ited variable phenological development to warming condi-
tions during the spring. The difference in the rate of shifts were
between 0.9 to — 7.0 d per decade by Fyegin, from 0.0to—7.0d
per decade by Fen4, and — 3.8 to —0.2 d per decade by Fperioa-
The significant change in mean air temperature occurs in April
(nearly 1 °C per decade at some stations). The results also
show that the highest increasing of GDD is in the north; on
the other hand, the highest decreasing of GDD is in the south.
If we sum it up, there is a difference in Betula beginning and
end of flowering between the northern and southern part of the
country.

The extremely significant change has been detected at
Médénec station in the north-eastern part of the
Czech Republic.

Table 8  Pearson’s correlation coefficient for GDD and Fyegin, Fenas Fperiog, Stations are listed by altitude

Lednice Bélec¢ Chiibska Bfezina Cesky Rudolec Brandov Rokytnice Meédénec Modrava
GDD- Fiegin 0.061 0.409 0.571 0.487 0.124 0.475 0.637 0.421 0.390
GDD- Fepg 0.517 0.425 0.742 0.374 0.196 0.324 0.711 0.456 0.690
GDD- Fpygrioq, 0.525 0.453 0.369 0.367 0.461 0.213 0.796 0.691 0.846
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But we realize that other factors also determine the develop-
ment speed of plants such as precipitation, day length, or North
Atlantic oscillation. But in this study, we aimed to find an expla-
nation for the variation of the pollen season by looking at the
temperature only. However, phenological observations alone do
not suffice to determine the timing of the main birch pollen sea-
son because long-distance transport of pollen may greatly affect
the timing of the local birch pollen season as this is also men-
tioned by other authors (e.g., Ranta et al. 2006). Airborne pollen
counts do not always match flowering periods (Jato et al. 2007).

The pollen allergy sensitive persons have to be prepared for
problems earlier in spring, and there is a real likelihood that
they could meet with other allergens (e.g., hornbeam, alder,
beech, and other species). Ziello et al. (2012) found out that
continental-scale pollen data set reveals an increasing trend in
the yearly amount of airborne pollen for many taxa in Europe,
which is more pronounced in urban than in semi-rural/rural
areas. Climate change may contribute to these changes. And
there is a high level of allergenic cross-reactivity between the
representative plants of the genera of the order Fagales which
comprises three families: Betulaceae, Corylaceae, and
Fagaceae (Furlow 1990). But on the contrary, the birch pollen
season is shortening at most of the stations. Therefore, one can
summarize that global warming and human health are closely
connected. Many authors found out (e.g., Frei and Gassner
2008) that due to global warming and because symptoms
may appear earlier in the year, people suffering from pollen
allergy might face a new unaccustomed situation. Climate
change is expected to affect the spatiotemporal patterns of
airborne allergenic pollen, which has been found to act syner-
gistically with common air pollutants, such as ozone, to cause
allergic disease (e. g., Zhang et al. 2014, Beggs 2016).

Thus, our results indicate that due to global warming symp-
toms of birch pollen, allergy may appear earlier in the year, but
for a shorter period. Therefore, it is necessary to continue
climate change research of birch pollen release connected with
phenology, pollen data, and other meteorological parameters,
such as precipitation or wind to precise the information for
public as much as possible.
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