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Abstract: At present, temperate forest ecosystems are endangered by both abiotic and biotic factors.
The effects of abiotic components, e.g., meteorological variables, are constantly studied. However,
the detailed mechanisms affecting the phenology of plants are still unknown. Two meteorological
variables (air temperature and cumulative precipitation) were analysed for the period from 1995
to 2020 in order to determine which factor which has a more significant effect on onset of the full-
flowering (FF) phenophase. A set of nine forest herbs, representing different phenological groups
from the viewpoint of flowering, was examined (early spring: Pefasites albus and Pulmonaria officinalis;
mid-spring: Carex pilosa and Dentaria bulbifera; late spring: Fragaria visa and Galium odoratum; early
summer: Veronica officinalis; mid-summer: Mycelis muralis; and late summer: Campanula trachelium).
Temperature-sum requirements and temporal trends in the onset of FF were also studied. The
research conducted at the Ecological Experimental Station in the Kremnické vrchy Mountains (central
Slovakia) at an altitude of 500 m asl. Our results show that the air temperature correlated more
significantly with the date of onset of FF (r > 0.6, p < 0.001) than with precipitation. On average, the air-
temperature sums, calculated for the threshold temperatures of 0 °C and 5 °C, increased from 142.9 °C
(Petasites albus) to 1732.9 °C (Campanula trachelium) and from 223.4 °C (Petasites albus) to 1820.8 °C
(Campanula trachelium), respectively. Temporal trends in the onset of FF over the last 26 years confirm
shifts to earlier dates for most species (excepting early spring Petasites albus). In spring flowering
species, shifts ranged from 2 days (0.07 day/year) for Pulmonaria officinalis to 8 days (0.30 day/year)
for Carex pilosa. As for summer species, the onset of flowering shifted more significantly to earlier
dates—from 7 days (0.27 day/year) for Campanula trachelium to 12 days (0.46 day/year) for Veronica
officinalis. The observed trends were statistically significant (p < 0.05) for five examined species (Carex
pilosa, Dentaria bulbifera, Fragaria vesca, Veronica officinalis and Mycelis muralis).

Keywords: air temperature sum; precipitation; flowering phenology; correlation analysis;
temporal trend

1. Introduction

In recent decades, both climate and environmental change have been recognized
to be among of the most important drivers of change in distribution and abundance of
plant species in European forests [1]. Climate influences the structure and function of tree
species, particularly growth and productivity of forest ecosystems [2]. On the other hand,
changes in climate may cause shifts in habitats for some plant species in forests, which
could influence geographic [3,4] and altitude ranges [5] or increase extinction rates [6,7].
Rising temperature generally increases the length of the growing season [8,9]. In principle,
this could be a positive phenomenon, increasing productivity and offering new planting
opportunities in forest conditions. On the other hand, the possible danger of late spring
frosts [10], as well as increasing risk of damage by pests, droughts, fires and other climate
extremes have been reported [11-13].
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Focussing on European forest ecosystems, our knowledge relates mainly to the effects
of climate and forest management on tree components [14]. However, the effect of global
climate change is also visible in forest herbal species, which are more sensitive to changes
in environment compared to long-lived trees [15,16]. For this reason, the flowering of herbs
has been considered an important bioindicator current changes in global ecosystems [17].
According to [18], the flowering of plants represents a phase of the plant life cycle that
is, in general, considered to be good indicator of the ecological conditions of an environ-
ment. Flowering can reflect individual plant fitness and biodiversity through biological
activities, such as pollination, seed dispersion and germination [19]. Therefore, flowering,
representing the generative phase of the life cycle of a plant, is essential for gene dispersal.

The phenological response of plants may be a suitable bioindicator of changing envi-
ronmental conditions, e.g., through changes in the timing of their flowering. For example,
shifts in flowering to the earlier dates have been related to rising temperatures during the
growing season [20-25]. Generally, flowering is determined by several external factors,
as well as the internal periodicity of the species. This fact is supported by studies that
have reported that flowering dates correlate significantly with air temperature [26-30].
Low temperatures at the beginning of the growing season (spring) usually inhibit the
onset of flowering. Unlike vegetative development, flowering is limited by specific cli-
matic (environmental) and site conditions. This could be a direct physiological response
to environmental factors or selection for different genotypes in specific herb species [31].
Additionally, photoperiod plays an important role in flowering events in some plants [32].
According to [33,34], flowering is also influenced by air and soil humidity. McMaster
and Wilhelm [35] investigated both soil and air temperature as predictors of flowering.
They found that humidity and soil temperature affected early flowering species but that
further study was be required. Flowering of herbs is well-documented; despite this fact,
a limited number of studies have focused on long-term trends in flowering phenology of
herbs [36,37]. Phenological data from a specific locality can be valuable if they exist as
a part of a relatively long period (usually more than 20 years). These data could show
the magnitude and even the direction of shifts in flowering of herbs over time. We can
determine the bioindication potential of herbs through their phenological responses. This
seems to be a suitable tool for the study of changes in the phytoclimate of forests and
could draw attention to ongoing processes in forest environments. Subsequently, the re-
sults could be used to improve the management of forest ecosystems, e.g., by optimizing
forestry interventions to determine appropriate cuttings and minimize drastic changes in
the phytoclimate or by selecting and planting suitable woody plants and their phenological
forms, which would be more resistant to environmental changes.

Our hypotheses were as follows: (1) air temperature has a more significant effect on
full-flowering (FF) compared to precipitation in all investigated species, and (2) temporal
shift in the onset of FF is equal across phenological groups.

The main goals of this paper were as follows: (1) to analyse the onset of FF of selected
forest herbs, representing different phenological groups, during the period from 1995
to 2020; (2) to determine the relationships between two meteorological variables (air
temperature and precipitation) and FF dates; (3) to determine temperature requirements for
the onset of FF through a model of temperature sums (Ts) using two threshold temperatures
(0 °Cand 5 °C); and (4) to evaluate the temporal trends in onset of FF for all investigated
species for the period from 1995 to 2020.

2. Material and Methods
2.1. Study Site

The research was conducted at the Ecological Experimental Station (EES) in the Krem-
nické vrchy Mountains (Western Carpathians, Slovakia) which was founded in 1986 (see
Figure 1). At present, the locality is a part of an international network, LTER [38]. The EES
is located in the Sucha Dolina valley (48°38' N, 19°04’ E), with an altitude of 450-520 m
asl. on a southwest slope of 5-15°. The soil type is Andic Cambisol, with a high skeleton
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content (20-60%), mild acid reaction (pH 5.4-6.4) and acid-mull humus form. The dominant
tree species (85-95%) is beech (Fagus sylvatica L.) with an average age of approximately
125 years. Fir (Abies alba), hornbeam (Carpinus betulus), linden (Tilia cordata) and oak (Quer-
cus dalechampii) are the associated species. Species such as Carex pilosa, Dentaria bulbifera,
Galium odoratum, Pulmonaria officinalis, Fragaria vesca, Veronica officinalis, etc., constitute the
permanent herbal population at the EES [39]. More information can be found in in [40].
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Figure 1. Location of the study area in central Slovakia.

The EES is located in a moderately warm region and a moderately warm and humid
hilly sub-region [41]. Long-term climatic data (mean monthly temperature and mean
monthly precipitation totals) for the periods of 1951-1980 and 1995-2020 were taken from
the nearest professional meteorological station, Slia¢, which is situated 4 km from the study
area and managed by the Slovak Hydrometeorological Institute. The long-term mean
(1951-1980) of the annual air temperature is approximately 7.8 °C, with a monthly mean of
18.1 °C in the warmest month (July) and —4.0 °C in the coldest month (January). The mean
annual precipitation is 698 mm [42]. Increasing positive deviation of +1.3 °C (from 7.8 °C to
9.1 °C) of the mean annual air temperature during the period from 1995 to 2014 was reported
in [10], although annual precipitation did not change significantly. In the last 11 years
(from 2010), selected meteorological variables (air and soil temperature, global radiation,
precipitation) have been measured by our own climatic microstations, which are equipped
with Minikin dataloggers (EMS Brno, Czech Republic) and precipitation collectors.

2.2. Characteristics of Plant Species

All species were selected as a representative species, usually occurring in European
submountain beech forests with relatively high frequency [43]. Each taxon represents a
specific phenological group in terms of flowering. The criteria for species selection were
as follows: a sufficient number of flowering individuals (minimum of 30 individuals),
good vitality and persistence throughout the research period at the site. We observed nine
herbal species from various phenological groups: early-spring species: Petasites albus (non-
bulbous geophyte) and Pulmonaria officinalis (hemicryptophyte); mid-spring species: Carex
pilosa (hemicryptophyte) and Dentaria bulbifera (geophyte); late-spring species: Fragaria
vesca (hemicryptophyte) and Galium odoratum (hemicryptophyte); early-summer species:
Veronica officinalis (chamaephyte); mid-summer species: Mycelis muralis (hemicryptophyte);
and late-summer species: Campanula trachelium (hemicryptophyte).
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2.3. Phenological Observations

Phenological research began in early spring each year for the 26-year period (1995-2020),
depending on snow-cover melt. Observations were conducted done twice or thrice a week
to capture the exact onset of the flowering. Within all species, the study was carried out
at permanent plots with relatively stable conditions throughout the observation period,
without any cutting interventions on a parent stand. A set of 30 individuals with a good
vitality was regularly observed. A methodology of phenological observations was cre-
ated according to the methodology used by the SHMI for long-term monitoring of forest
plants [44]. FF phenophase was considered to occur when nearly all the flowers of at
least 50% of individuals (or shoots) were open. This phase is identical to BBCH 65 on the
BBCH scale designed by Meier [45]. One shoot (Dentaria bulbifera, Galium odoratum, Veronica
officinalis) or one plant (Pulmonaria officinalis, Mycelis muralis, Campanula trachelium) were
considered individuals. Calendar dates of the onset of FF were transformed into the Julian
days—day of the year (DOY).

2.4. Method for Calculation of Temperature and Cumulative Precipitation

In a correlation analysis focused on the relationship between FF and air temperature,
we used the cumulated positive average monthly air temperature (CPAMAT), which was
calculated over different periods of relevant months with regard to phenological devel-
opment of individual species [46]. For cumulative daily temperature (daily temperature
sums), we used a modified thermal-time model to compile detailed data on temperature
requirements of individual species [47,48]. The average daily air temperature was summed
to calculate the cumulative daily temperature, starting on 1 January for every year. The
threshold values were 0 °C and 5 °C, which means that only average daily temperatures
exceeding 0 °C (or 5 °C) were added to the sum [49]. Analyses were performed using the
CPAMAT for the survey period from 1995 to 2020, while the analyses based on cumulative
daily temperature were performed for the period from 2010 to 2020 due to missing data
from the previous period. Cumulative precipitation totals represented the sums of monthly
precipitation totals during the relevant time period.

2.5. Statistical Analysis

Statistical analyses were performed in R [50]. The degree of correlation of two variables,
FF date (as DOY) versus temperature or precipitation during the relevant periods, was
expressed by a Pearson correlation coefficient, and the period with the highest degree of
correlation was determined [51]. The significance of temporal trends was determined by
the Mann-Kendall trend test.

3. Results
3.1. Analysis of Meteorological Variables

Figure 2 shows the changes in average monthly air temperature and monthly precip-
itation totals between two periods: 1951-1980 (long-term mean) and the survey period
1995-2020. Data analysis showed that the mean annual temperature increased by 1.3 °C
between 1995 and 2020 in comparison to the long-term period. For all months, during
the period from April to August, the monthly air temperature was significantly higher
(p > 0.05) in 1995-2020 than in 1951-1980. The values of monthly air temperature deviated
positively from the long-term period for all months (Figure 3). In addition, the temperature
trend during the growing season (from 1 April to 30 September) showed an increase of
1.7 °C (Figure 4). Total annual precipitation increased by 4.18% (30.3 mm) during the
survey period. Increasing precipitation totals were observed for two months (May and
July). In contrast, monthly precipitation totals were insignificantly lower for seven months
(February, April, June, August, November and December) during the survey period of
1995-2020, compared to 1951-1980. Cumulative precipitation totals during the growing
season increased by 7.84% (32.8 mm).
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3.2. Interannual Variability Temporal Trends in the Onset of Flowering from 1995 to 2020

Basic statistical data on the onset of FF are given in Table 1. On average, the earliest
onset was observed for Petasites albus (91st DOY), while the latest onset was detected for
Campanula trachelium (203rd DOY). The highest and the lowest range of variation was
found for Petasites albus (45 days) and Galium odoratum (19 days), respectively. Similarly,
the greatest interannual variability was determined for early-spring species Petasites albus
(CV =11.6%). This variability gradually decreased among phenological groups; the lowest
CV value was identified for summer species Mycelis muralis (CV = 2.7%). The earliest
occurrences of FF onset were mostly detected in 2014 (or in 2018), while the latest onsets
were most frequently observed in 1997.
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Figure 2. Temporal changes in mean monthly air temperature and mean monthly precipitation totals
between 1951 and 1980 and the survey period, 1995-2020, at the Slia¢ meteorological station.
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Figure 3. Absolute (A, upper line) and standardised (A/STD, lower line) differences between mean
monthly air temperature (1995-2020) and long-term mean (1951-1980) at the Slia¢ meteorological station.
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y=0.0755x + 15.169
R?=0.5239

16.2°C (Period of 1895 — 2020) k
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Figure 4. The course of mean air temperature during the growing season (April-September) at
the Slia¢ meteorological station from 1995 to 2020. Both linear trend and long-term average for
two periods are depicted.

Table 1. Basic statistical characteristics for the onset of the FF phase during the survey period,

1995-2020.

Phenological . Earliest Onset Latest Onset o
Groups Species DOY (year) DOY (year) Mean (DOY)  STDE (Days) VR (Days) CV (%)

Early sprin Petasites albus 67 (1998) 112 (2013) 90.8 10.6 45 11.6

y spring Pulmonaria officinalis 81 (2014) 115 (2013) 100.4 73 34 72

Mid sorin Carex pilosa 93 (2014) 120 (1996) 107.7 6.9 27 6.4

pring Dentaria bulbifera 105 (2014) 134 (1997) 120.8 6.1 29 5.1

Late sprin Fragaria vesca 114 (2014) 137 (1997) 128.5 5.8 23 4.5

pring Galium odoratum 120 (2018) 139 (1997) 131.0 48 19 37

Early summer Veronica officinalis 146 (2018) 175 (1997) 159.7 6.3 29 3.9

Mid summer Mycelis muralis 171 (2018) 191 (1997) 182.7 49 20 2.7

Late summer Campanula trachelium 194 (2015) 222 (2004) 203.4 6.5 28 3.2

DOY = day of year, STDE = standard error, VR = variation range, CV = coefficient of variation.

Temporal trends in the onset of FF confirmed shifts to earlier dates for all species
(excepting early-spring Petasites albus) over the last 26 years. In spring flowering
species, onset was shifted from 2 days (0.07 day/year) for Pulmonaria officinalis to 8 days
(0.30 day/year) for Carex pilosa. As for summer species, onset of flowering shifted more
significantly to earlier dates—from 7 days (0.27 day/year) for Campanula trachelium to
12 days (0.46 day/year) for Veronica officinalis. Trends were statistically significant for
five species (Carex pilosa, Dentaria bulbifera, Fragaria vesca, Veronica officinalis and Mycelis
muralis; see Figures 5 and 6).



Atmosphere 2022, 13, 195 7 of 16
Pulmonaria officinalis Petasites albus
12 40 2 v=0.141x + 88.861 120
y = 0.059x + 101.140
10 R2=0.004 120 10 100
. 100
8 5 8 80 o
- A [\ ¥\ ] \ |- 80 2 = | ¥ A\ e\ o\ S
g 5 g o %
oz TV o~ /N =
a1\ S N\ A e 4 - 4 ©
_____ 40
2 y=0.155x +2.671 20 2 v =0.155x +2.671 20
R?=0.180 R?=0.180
0 e o e T e R R S o] 0 — B T T T e R R
1995 2000 2005 2010 2015 2020 1995 2000 2005 2010 2015 2020
Years Years
s Temperature (CPAMAT IL-Il)  —@— Flowering s Temperature (CPAMAT Il-lIl)  —@— Flowering
Carex pilosa Dentaria bulbifera
20 140 20 4 160
=-0.538x + 114.920 -
i y X+ 1 y == 0.447x + 126.840 0
120
16 16 120
14 100 14
H 100 &
_n g0 & 12y g
£ 10 0 s £ 10 4 80 5
8 z s >
: 5 o &
vy =0.211x+11.131 40 € y=0.211x+11.131 40
4 R?=0.409 20 41 R?=0.409
N 5 20
0 0 0 +— . - . o : L
1995 2000 2005 2010 2015 2020 1995 2000 2005 2010 2015 2020
Years Years
s Temperature (CPAMAT lll-IV.) ~ —@—Flowering s Temperature (CPAMAT lll-IV.)  —@—Flowering
Galium odoratum Fragaria vesca
y=0211x+11.131
20 145 20 y=—-0.531x +135.710 ( 160
2
18 120 18 R?=0.490 140
16 16 - (
e . W R T T 120
s [ | L1, Lo 100 §
o 130 & JEECE RN g
S0 ‘s g1 8 %
8 125 > 3 y=0211x+11.131 o &
6 y=-0.190x + 133.520 120 a s R?=0.409 a
2
4 R? = 0.092 . 40
, 115 5 2
0+ : - - e " . + 110 04 . — —
1995 2000 2005 2010 2015 2020 1995 2000 2005 2010 2015 2020

Years

——Temperature (CPAMAT lL-IV.)

—e—Flowering

Years

—+—Temperature (CPAMAT lll-IV.)  —e—Flowering

Figure 5. Onset of full-flowering phenophase for six spring-flowering species and the course of

cumulative temperature during the crucial periods for flowering development in the period from
1995 to 2020. Statistically significant (p < 0.05) linear trends are marked in red.
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Figure 6. Onset of full-flowering phenophase for three summer-flowering species and the course of
cumulative temperature during the crucial periods for flowering development in the period from
1995 to 2020. Statistically significant (p < 0.05) linear trends are marked in red.

3.3. Flowering Phenology in Relation to the Monthly Sums of Air Temperature (CPAMAT)

Relationships between the onset of FF and the temperature sums (CPAMAT) are
given in Table 2. Relatively small differences were found among the phenological groups
within this correlation. For early-spring species, the analysis confirmed a strong negative
correlation between onset of the phenophase and the CPAMAT; the correlation coefficient
(r) increased from 0.66 (Petasites albus) to 0.75 (Pulmonaria officinalis). Both extreme dates of
the onset of FF, the earliest and the latest, were observed in the years with the highest (near
the highest) or the lowest (near the lowest) sums of CPAMAT over the relevant period of
February-March, respectively. The earliest onset of flowering in Pulmonaria officinalis was
found in 2014, and the highest value of CPAMAT (11.2 °C) was calculated in the same year.
On the other hand, the latest onset was observed in 2006 and 2013, when the CPAMAT value
was the lowest (0.7 °C and 1.5 °C, respectively). A similar finding was made for Petasites
albus. In the case of mid-spring species (Carex pilosa and Dentaria bulbifera), the relationship
between onset of FF and air temperature was even more closely correlated (strong or very
strong correlation) in comparison to early-spring species; correlation coefficients were 0.75
(Carex pilosa) and 0.82 (Dentaria bulbifera). For both species, the earliest date of flowering
was observed in the same year, in which the highest sum of CPAMAT over the period of
March-April was also recorded (2014, 18.8 °C). The latest occurrences of the phenophase
were observed in 1996 (Carex pilosa) and in 1997 (Dentaria bulbifera), which is also when we
found the lowest sums of CPAMAT (9.8 °C and 8.5 °C, respectively). As for late-spring
species, the correlation can be defined as a strong; correlation coefficients increased from
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0.72 (Galium odoratum) to 0.78 (Fragaria vesca). The earliest occurrence of flowering was
not observed in the same year, but the latest occurrence of flowering was detected in
the year with the lowest value of CPAMAT (1997, 8.5 °C) for both species. As for the
summer phenological group, the correlation between temperature and onset of flowering
was also strong; the correlation coefficient (r) reached values of 0.62 (Campanula trachelium),
0.67 (Veronica officinalis) and 0.77 (Mycelis muralis). The earliest occurrence of flowering
among the two summer species (Veronica officinalis and Mycelis muralis) was observed in
2018, when the highest value of CPAMAT during the relevant period was recorded. On
the other hand, the latest onset of was detected in 1997, with the lowest sum of monthly
temperatures. Campanula trachelium (late-summer species) exhibited a different pattern; the
extreme dates of flowering were identified in different years compared to above-mentioned
species. However, the relationship between the sum of temperature and extreme dating
in flowering was similar, as in the case of the previously mentioned species. Temporal
trends in CPAMAT during the relevant periods, which were specific for phenological
groups, were statistically significant (p < 0.05) for almost all species, with the exception of
Veronica officinalis.

Table 2. Correlation (r values) with significance levels (*** p < 0.001, ** p < 0.01, * p < 0.05) between the
onset of the FF phase and two meteorological variables during the different periods of the growing
seasons from 1995 to 2020.

Phenological Group Species Period Temperature (r Value) Precipitation (r Value)
P . b IL.-III. —0.658 *** 0.207
ctasttes albus 0L —0.542 ** 0.204
Early spring
Pulmonaria officinalis 111 —0745% 0.080
111 —0.682 *** 0.164
Carex pilosa IIL-1V. —0.751 *** 0.255
P V. —0.289 0.309
Mid spring
Dentaria bulbifera IIL-IV. —0.816 *** 0.114
V. —0.617 *** 0.357
Cali i IL-IV. —0.719 *** 0.087
alium odoratum V. —0.663 *** 0.443 *
Late spring
Fracaria vesca IIL-IV. —0.780 *** 0.322
3 V. —0.550 ** 0.484 *
. .. IV-V. —0.672 *** 0.108
Early summer Veronica officinalis v 0.430 * 0.076
IV-VL —0.771 *** 0.357
Mid summer Mycelis muralis V.-VL —0.735 *** 0.288
VI —0.597 ** 0.280
IV-VL —0.488 * 0.515 **
Lat Campanula trachelium IV-VIL —0.612* 0.268
ate summer P V-VIL —0.619 ** 0.121
VIL —0.492 * 0.347

3.4. Flowering Phenology in Relation to Monthly Cumulative Precipitation

Table 2 shows the correlation (r values) between onset of FF phenophase and cu-
mulative precipitation during different periods preceding flowering dates. We found
low correlation between cumulated precipitation and onset of FF within both early- and
mid-spring species. On the other hand, late-spring species (Galium odoratum and Fragaria
vesca) showed a near moderate positive correlation (r > 0.4) between flowering date and
cumulative precipitation in April. As for summer species, we detected a medium degree of
correlation for the period of April-June late-summer species only (Campanula trachelium).
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Flowering dates for early- (Veronica officinalis) and mid-summer species (Mycelis muralis)
showed only a weak correlation with precipitation.

3.5. Temperature-Sum Requirement for FF of the Species

Tables 3 and 4 illustrate the basic statistical data of the temperature sums (TS) of mean
daily temperatures cumulated from 1 January to the date of FF for the analysed species
during the period of 11 years. The values of the TS increased, on average, from 223.4 °C
(Petasites albus) to 1820.8 °C (Campanula trachelium) and from 142.9 °C (Petasites albus) to
1732.9 °C (Campanula trachelium), calculated for the threshold temperatures of 0 °C and
5 °C, respectively. It is clear that temperature demands for onset of flowering differed
among phenological groups. The differences were highly statistically significant (p < 0.001).
The greatest difference in temperature sums was obviously observed between the species
represented the poles of the phenological groups. For comparison, early-spring Petasites
albus required only 12.3% of the temperature sum required for late-summer Campanula
trachelium, using the threshold temperature of 0 °C. This demand decreased to 8.2% in
the case of a threshold temperature of 5 °C. We found various interannual variability in
the values of temperature sums cumulated from 1 January in relation to phenological
group. The greatest interannual variability was observed in early-spring Petasites albus; the
coefficient of variation (CV) increased from 16.9% to 33.0%. On the other hand, the lowest
variability was found within summer species for both threshold temperatures (CV < 9%).
Insignificant correlations were found between the cumulative daily temperature and the
onset of FF for most species, in contrast to the analysis in which we used the CPAMAT.

Table 3. Cumulative daily temperature (°C) with a threshold value of 0 °C during the years from
2010 to 2020.

Cumulative Daily Temperature Over 0 °C

Phenological Groups Species
Average Min Max CV (%) STD
Petasites albus 2234 177.9 287.7 16.9 37.8
Early spring ——

Pulmonaria officinalis 294.2 268.1 325.4 6.1 17.8
Carex pilosa 337.6 278.2 402.8 10.1 34.1

Mid spring
Dentaria bulbifera 483.4 362.6 559.9 10.2 49.4
Fragaria vesca 572.0 510.7 655.4 6.8 38.6

Late spring
Galium odoratum 632.3 536.1 740.9 9.2 58.0
Early summer Veronica officinalis 996.3 907.4 1152.6 6.6 65.3
Mid summer Mycelis muralis 1438.0 1333.1 1571.8 41 58.5
Late summer Campanula trachelium 1820.8 1662.6 1992.2 5.2 94.4

CV = coefficient of variation, STD = standard deviation.

Table 4. Cumulative daily temperature (°C) with a threshold value of 5 °C during the years from
2010 to 2020.

Cumulative Daily Temperature Over 5 °C

Phenological Groups Species

Average Min Max CV (%) STD
Petasites albus 142.9 65.5 227.3 33.0 47.2

Early spring ——
Pulmonaria officinalis 210.6 135.8 257.5 18.6 39.1
Carex pilosa 252.4 178.5 329.4 19.7 49.7

Mid spring

Dentaria bulbifera 395.5 269.5 486.5 14.5 57.5
Fragaria vesca 484.1 413.8 581.9 10.6 51.5

Late spring

Galium odoratum 544 .4 451.7 619.1 94 51.2




Atmosphere 2022, 13, 195 11 of 16
Table 4. Cont.
Cumulative Daily Temperature Over 5 °C
Phenological Groups Species
Average Min Max CV (%) STD
Early summer Veronica officinalis 908.4 814.4 1079.1 8.7 79.2
Mid summer Mycelis muralis 1350.1 1240.1 1450.0 4.7 64.0
Late summer Campanula trachelium 1732.9 1530.3 1898.5 6.1 106.0

CV = coefficient of variation, STD = standard deviation.

4. Discussion

We suppose that interannual variability in timing of FF in the studied species is a
reflection of natural interannual variability in meteorological conditions over the years,
as well as global (local) climate change during the study period (1995-2020). The earliest
occurrences of FF were recorded in most species within the last 10 years (2011-2020). This
may be related to the fact that this decade was the warmest decade on record, as reported by
the WMO and IPCC [52,53]. Our findings are consistent with this statement. In the studied
locality, the average air temperature for this period was 9.9 °C, while it was only 8.5 °C
during the first decade of observations (1995-2004). The meteorological conditions of the
first pentade of the study period (1995-1999) were more severe (relatively cold and moist)
compared to the last decade. This could be one of the reasons why we observed the latest
occurrence FF in most species between 1996 and 1997. The greatest variability in dating
of FF was detected in early-spring species Pulmonaria officinalis (CV = 11.6%) and Petasites
albus (CV =7.2%). According to [18], this feature may be caused by the relatively greater
variability in climatic conditions during spring in central Europe. The climate of central
Europe is characterised by relatively strong and rapid changes in meteorological conditions
during the spring, with sudden influxes of cold air masses from northern latitudes. Despite
the fact that early-spring species are well adapted to the specific environmental conditions,
i.e., they tolerate a low-temperature regime, produce larger perennial organs or have higher
photosynthetic rates [54,55], the above-mentioned harsh conditions may be reflected in
higher variability in FF timing within this phenological group. A similar finding was
reported by Fitter et al. [36]; the group of early-flowering species was found to be the
most variable (standard deviation was greater than 4.8 days). On the other hand, we
found that variability decreased continuously in summer species (CV < 4%). Interannual
variability in flowering of early-spring species can also be affected by snow-melt dating, as
was reported in [56,57]. We assume that the impact of snow-cover duration at our plots
was not significant. The height of snow cover was relatively low each year, which was
related to the dense structure of the adult beech stand (density, 0.9). Beech with a mixture
of fir were able to retain a significant amount of snow in the crowns. Additionally, the
structure of the parent-stand canopy affects the phenological development of understory
vegetation [58,59]. In this context, it is necessary to pay attention to selection of the suitable
areas for long-term observation. Our research took place in relatively stable place, without
interventions, with minimal changes in the parent stand and undergrowth vegetation.

We found that the temporal trends in the onset of FF shifted to earlier dates for all
species (with the exception of early-spring Petasites albus). This is consistent with the report
given in [60]. We postulate that this trend is related to the increasing air temperature
during the period of the growing season (see Figure 4). On the other hand, the early-spring
species were more affected by increased interannual variability of the air temperature at
the beginning of the growing season.

Previous studies have mostly focused on tree species from temperate climate zones,
which require a certain period with chilling temperatures, followed by a period with
higher temperatures, forcing a budburst and leaf unfolding, as well as flowering and fruit
ripening [24,61]. However, research studying the changes in the timing of FF in herbs across
the entire growing season is uncommon. According to these studies, the FF timing of herbs
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is largely unknown but can be relative closely related to temperature and precipitation
or their mutual interaction [62]. Our results show that the period crucial for timing of
flowering varies, depending on phenological group. For example, the sum of CPAMAT
for the period of February—-March correlates with the FF of early-spring species better
than for the period of March alone. Early-spring species often begin their physiological
activity in late winter if the climate conditions are favourable. As for both mid-spring and
late-spring species, the greatest correlation (r > 0.7) between the sum of CPAMAT and FF
dates was found for the period of March-April. According to [21], spring-flowering species
tend to be strongly influenced by temperature because they accelerate their reproductive
phenology with higher spring temperatures. In contrast, wood perennials and some wind-
pollinated plants, while still affected, appear to be less influenced by temperature. Our
correlation analysis for summer species over the survey period showed that the closest
relationship (r > 0.6) was found for the subsequent periods: April-May for early-summer
species Veronica officinalis, April-June for mid-summer species Mycelis muralis and May—
July for late-summer species Campanula trachelium. A similar finding was reported by
Moore et al. [63], who analysed flowering phenology of 21 shortgrass steppe species.
They found that the flowering dates of early and late season species were influenced
by the specific timing of warmer and wetter conditions during the growing season. In
addition, Schieber [22] analysed the relationship between temperature/precipitation and
timing of FF of the same herbal species at the same locality for a period of ten years
(1995-2004). Correlation analysis, including temperature as a variable, confirmed the close
relation for species of all phenological groups (with the exception of early-spring species
Pulmonaria officinalis). On the other hand, precipitation was significantly correlated for only
two summer species (M. muralis and C. trachelium). These findings correspond to our recent
results, although the correlation values are slightly lower. We suppose that air temperature
during the selected time period preceding the onset of FF has a significant effect, although
it is clear that this factor alone is not absolutely sufficient. If a cold spring period occurs,
followed by precipitation events, the FF of spring species may be delayed. The second
ecological factor, precipitation, was moderately correlated (r > 0.4) for late-spring and late-
summer species only. It is surprising that flowering of early- and mid-summer species does
depend on precipitation. Based on this finding, we can state that precipitation could affect
the species that do not flower at the beginning of the growing season when the moisture is
not usually a limiting factor. Thus, for early- or mid-spring species, temperature seems to
be more of a limiting factor than precipitation. We suppose that precipitation represents
a supplementary factor that affects the flowering of some later-flowering species, while
temperature represents a dominant factor controlling the flowering of most species [64].

Daily temperature sums represent the temperature requirements of individual species
for onset of FF. Highly significant differences in values of the sums for both threshold
temperatures among phenological groups were confirmed by our analyses. However, the
optimal start day for both calculation of sums and threshold temperature values seems
to be species- (or phenological group)-specific. Detailed analysis given in [30] found that
the optimal start day for spring-flowering Brassica napus was 30 January. The threshold
temperature was 6 °C, and the temperature sum reached 157 °C. This finding is comparable
to our results concerning early-spring species (Table 4). Further comparison with recent
studies is relatively difficult because detailed values are rarely reported for forest herbs.
Available studies deal mostly with tree-component analysis, such as [65]. Finally, it is
interesting that insignificant correlations were found between cumulative daily temperature
and the onset of FF for most species, in contrast to findings of the analysis in which we
used the CPAMAT. A similar finding was also reported in [66].

5. Conclusions

This paper evaluates the effect of two meteorological variables, air temperature and
precipitation, on the onset of the full-flowering (FF) phenophase of selected forest herbs
during a 26-year period (1995-2020). Phenological observations were made at the Ecological
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Experimental Station in the Kremnické vrchy Mountains (Central Slovakia) in a beech forest
at an altitude of 500 m asl. Nine herbal species representing different phenological groups
from the viewpoint of flowering, were examined (early spring: Petasites albus and Pulmonaria
officinalis; mid-spring: Carex pilosa and Dentaria bulbifera; late spring: Fragaria vesca and
Galium odoratum; early summer: Veronica officinalis; mid-summer: Mycelis muralis; and late
summer: Campanula trachelium). Air temperature correlated significantly with the dating
of onset of FF (r > 0.6, p < 0.001). As for precipitation, the correlation was weaker (r < 0.5,
p < 0.01). Differences in temperature-sum requirements of the species were significant
among the phenological groups. Average values of the sums calculated for the threshold
temperatures of 0 °C and 5 °C from 1 January, between the earliest-flowering Petasites albus
and the latest-flowering Campanula trachelium, were increased from 142.9 °C to 1732.9 °C
and from 223.4 °C to 1820.8 °C, respectively. Additionally, non-significant correlations
were found between the sums of air temperature (cumulative daily temperature) and the
onset of FF for most species. This finding differs from the result of the analysis in which a
model of cumulated average monthly air temperature (CPAMAT) was used. As for our
hypotheses, the first hypothesis was confirmed, but the second was not unequivocally
confirmed; the temporal trends in the onset of FF over the last 26 years confirmed shifts to
the earlier dates for most species but not for early-spring-flowering Petasites albus. Among
spring-flowering species, onset of FF shifted from 2 days (0.07 day/year) for Pulmonaria
officinalis to 8 days (0.30 day/year) for Carex pilosa. On the other hand, the onset of flowering
for summer species shifted more significantly to earlier dates —from 7 days (0.27 day/year)
for Campanula trachelium to 12 days (0.46 day/year) for Veronica officinalis. Based on the
above observations, we can state that Carex pilosa and Veronica officinalis appear to be the
most sensitive bioindicators of increasing temperature among all investigated species. The
trends were statistically significant for five species, except for species that represent the
opposite poles of the phenological spectrum (two early-spring, one late-spring and one
late-summer species).

In study, we focused mainly on the bioindication potential of selected herbal species in
relation to climatic factors. The consequences of shifts in flowering are currently difficult to
predict. No visible changes in the structure of the populations or in their composition were
recorded during study period. However, it is possible that if the trend continues, it may
have a negative impact on the vitality of some species and thus on their competitiveness.
This paper also revealed the necessity for further investigations to explain the unequal
phenological response of the investigated species to the selected ecological factors. This
need for further research seems to be more acute with changing environmental conditions
currently occurring within all forest ecosystems.
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