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Abstract: The flowering phenology of six genetically distant strawberry cultivars (‘Candonga® (ES),
‘Clery’ (IT), “Florence” (UK), ‘Frida’ (NO), ‘Gariguette’ (FR), and ‘Sonata’ (NL)) was studied for 3
years in relation to climatic parameters in open-field cultivation at three locations (Norway, Poland,
Germany) and in soil-less cultivation at two locations (Italy, and France), covering a distance of 16
degrees of latitude. This proved to be a useful approach for unravelling the climatic adaptation and
plasticity of strawberry genotypes and their suitability both for profitable cultivation and as a breed-
ing pedigree. Despite the intercorrelated character of the climatic variables, the observed results
highlight the importance of global radiation as a powerful modifying phenological factor in straw-
berry. Generally, early flower initiation was associated with elevated temperature and global radi-
ation. ‘Frida’ revealed the highest dependency on global radiation for flower initiation, while “So-
nata’ was least affected by temperature and radiation. In general, temperature and global radiation
in periods both preceding and following flower initiation had a stronger positive effect on the num-
ber of flowers than on crowns, especially under open-field conditions. The influence of these factors
was highly variable across the cultivars: ‘Clery’, ‘Florence’, and ‘Gariguette’” were most affected,
while ‘Frida” was least influenced.

Keywords: climate; flower initiation; Fragaria x ananassa; global radiation; photoperiod; temperature

1. Introduction

The physiology of flowering in seasonal-flowering (SF) or June-bearing strawberry
cultivars is widely studied and well documented [1-3]. These cultivars are quantitative
short-day (SD) plants that initiate flower primordia in late summer and early autumn
when the daylength decreases below a critical length of 14-15 h. Not only long days (LD)
but also SD with night interruption (low-intensity light rich in far-red given for 3 h in the
middle of the dark period) will prevent floral initiation in SF cultivars, thus demonstrating
the true photoperiodic nature of flowering control in the strawberry.

However, the SD flowering response varies greatly with temperature [2,4,5]. At tem-
peratures lower than 12-15 °C, most SF cultivars are more or less day neutral and initiate
floral primordia even in continuous light. At temperatures 218 °C, they are obligatory SD
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plants, while excessively high temperatures of 27-30 °C suppress flowering regardless of
daylength conditions. The optimum temperature for SD floral induction and initiation as
measured by the number of flowers formed or the number of days to anthesis is in the 18-
21 °C range, although both the optimum and threshold temperatures can vary considera-
bly among cultivars [3].

In general, cultivars selected and used under high-latitude conditions have particu-
larly high threshold temperatures, and some of these can initiate flower primordia under
long-day (LD) conditions even at temperatures as high as 18 to 21 °C [3]. On the other
hand, cultivars such as ‘Senga Sengana’, ‘Korona’, and ‘Elsanta’ are unable to initiate floral
primordia in LD even at temperatures as low as 9-12 °C [3]. Generally, low night temper-
atures can, to some extent, compensate for high day temperatures; however, Verheul et
al. (2007) [6] found that the extent of flowering in ‘Korona’ and ‘Elsanta’ was as closely
related to the mean daily temperature as to specific day and night temperatures. Although
flower initiation (FI) can take place at temperatures as low as 3 to 5 °C, it is markedly
reduced at temperatures below 9 °C [7].

The minimum number of inductive SD cycles required for the induction of flowering
in SF strawberries varies between 7 and 14, depending on the genotype, temperature, and
length of the photoperiod [2,3]. With continued SD treatment, the number of flowers in-
creases more or less linearly for at least up to 49 days [8]. This increase is mainly due to
an increasing number of flower trusses (inflorescences), while the number of flowers per
truss decreases with an increasing number of SDs. After transfer to noninductive LD con-
ditions, further floral initiation ceases sharply, whereas the development of existing floral
primordia to anthesis is actually advanced by LD [2,5]. Since floral initiation results in
crown branching [2], the crown number will vary in parallel with the number of inflores-
cences. Elevated temperature during the differentiation of floral primordia after the com-
pletion of the SD floral induction and initiation period will also generally enhance and
advance flowering in SF strawberries. This is apparently an effect of an enhanced growth
rate at higher temperatures.

In addition to the photoperiod and temperature, other environmental factors, such
as water, mineral nutrients, and radiation, can also influence the flowering process in
strawberry. A complication with these factors is, however, that they may influence flow-
ering both directly and indirectly through their effect on growth. Thus, temporary
drought and nutrient deficiency stress may cause floral initiation under otherwise nonin-
ductive conditions [2,3], whereas at the same time, irrigation and fertilization may in-
crease flowering by producing a larger plant with more potential flowering sites. An in-
creasing nutrient supply from a low level usually increases flowering and yield, while a
surplus, especially of nitrogen (N), can inhibit flower formation, although withholding N
may not increase flowering and yield [2]. Such conflicting findings may be due to the in-
direct and promotive effects of nutrition on plant growth that will increase plant size and,
thereby, the number of potential flowering sites. On the other hand, a pulse of a generous
N supply concurrent with SD exposure will enhance and promote flowering in SF culti-
vars independent of plant growth [9,10]. The effect was greatest when the N supply
started a few days after transition to inductive conditions, while application immediately
before transition to SD delayed and reduced flowering. This latter result concurs with the
common practical experience that excessive plant lushness caused by generous N fertili-
zation and irrigation during August may delay and reduce flowering.

Similar direct and indirect effects on flowering may also be expected by the variation
in daily radiation. On the one hand, the attainment of a satisfactory plant energy level is
required for a normal flowering response in general [11]; additional radiation may also
increase flowering through the enhancement of plant size, as explained above. Especially
when the period of vegetative growth prior to SD induction is marginal as with late plant-
ing, the sum of photosynthetic active radiation (PAR) received by the crop prior to SD
exposure is likely to have large positive effects on the number of flowers produced [12].
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Since flowering in strawberry genotypes is documented to be differently affected by
environmental factors, and since climate change will alter temperatures on site, a better
knowledge about cultivar adaptability or resilience to different regional environmental
conditions and to future climates is required. Breeders will need such information for a
better climate-adapted breeding strategy and growers for the best cultivar choice for their
growing conditions. Therefore, a coordinated transnational trial from north to south of
Europe was performed to study the plant performance of already-well-established culti-
vars with a distinct genetic background and contrasting flowering time.

2. Materials and Methods
2.1. Experimental Sites, Plant Material, and Cultivation

Flower initiation and plant performance were studied in six June-bearing strawberry
genotypes in the years 2016-2019. Each year, the experiment started in August and ended
after anthesis the next spring. Plants were grown at five locations from north to south of
Europe: in Kapp, Norwegian Institute of Bioeconomy Research (NIBIO), Norway (60°40’
N); Skierniewice, National Institute of Horticultural Research (INHORT), Poland (51°95
N); Geisenheim, Hochschule Geisenheim University (HGU), Germany (49°59" N); Pergine
Valsugana (Sant’Orsola Societa Cooperativa Agricola), Italy (46°40” N); and Douville (In-
venio), France (44°85" N), hereafter named as Norway, Poland, Germany, Italy, and
France. As common for the different regions, experiments in Norway, Poland, and Ger-
many were carried out in an open field, whereas in Italy and France, they were performed
in polytunnels that were opened sideways from the beginning of anthesis. Details of the
respective latitude, altitude, yearly mean temperature, and type of cultivation as well as
soil type are given in Table 1. Air temperature (Tmean, Tmax, and Tmin) and global radiation
were recorded at each location. Additional climatic data for the experimental periods are
presented in Table Al.

Table 1. Geographic latitude and altitude, yearly mean temperature, cultivation conditions, and soil
type for the five experimental locations in Europe.

NIBIO INHORT HGU Sant’Orsola INVENIO
Norway Poland Germany Italy France
Latitude 60°40' N 51°95'N 49°59' N 46°4' N 44°85' N
Altitude (m a.s.l.) 262 252 95 925 145
Yearly mean temperature (°C) 2 5.0 7.9 9.9 11.3 12.9
Type of cultivation Open field Open field Open field Plastic tunnel Plastic tunnel
Soil type Loam PS_eUd,OpOdSOI Sandy loam Soil-less culture Soil-less culture
with light clay

2 For the period 1981-2010.

The six June-bearing strawberry genotypes used in this study were selected by their
diverse genetic background and known adaptability to different geographic local envi-
ronmental conditions: ‘Candonga® (ES), ‘Clery’ (IT), ‘Florence’ (UK), ‘Frida’ (NO),
‘Gariguette’ (FR), and ‘Sonata’ (NL). Plants of all cultivars were grown in Norway, Poland,
Germany, and France, while only ‘Clery’, ‘Frida’, ‘Gariguette’, and ‘Sonata” were grown
in Italy. All locations propagated their own plants from mother plants purchased from the
same nursery the first year (2016). Due to problems with shipping of plants, and receiving
them in good condition, all locations established their own mother plants of ‘Candonga’,
‘Florence’, ‘Frida’, and ‘Sonata’ in autumn 2016 for the further yearly propagation of run-
ner plants. In addition, each location received new mother plants of ‘Clery’ and
‘Gariguette’ every year from the same nursery as in 2016. Moreover, Germany received
new plants of ‘Candonga’ to be used as mother plants in 2017. Thus, each year, plug plants
were planted on week 32 in Norway, Poland, and Germany in an open field for studying
the time of flower initiation in the planting year, and anthesis as well as plant architecture
the following spring. In Italy and France, however, the plants remained in the trays until
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their transfer into a cold store in December. The cold-stored plants were then established
in peat bags on week 9 for the upcoming season. Plant protection, fertilization and irriga-
tion in the open field sites, and fertigation of the plants in peat bags were performed ac-
cording to local guidelines and recommendations. These parameters were not treated as
factors, although such cultivation practices might have an effect on the studied parame-
ters. However, the agronomical practices were performed as similar as possible in the dif-
ferent locations by using a unified protocol.

2.2. Flower Initiation and Development

Starting on week 32, plants were sampled randomly at 10-day intervals until mid-
October. At each sampling date, the main crown of four plants from each of three repli-
cates grown in each of the experimental sites (i.e., 12 crowns of each cultivar) was dug and
stored on glass vials in 70% ethanol at 5 °C until being dissected under a stereo microscope
(magnification: 40 to 60-fold). The flowering stages of the apex were scored according to
the following nine-stage scale modified after Taylor et al. [13]:

e  Stage 1= vegetative apex with only leaf primordia;

e Stage 2 = apex round and slightly elevated, apical dome above level of developing
stipules;

e  Stage 3 = Sepal primordia visible in terminal bud;

e  Stage 4 = Secondary flower primordia is visible;

e  Stage 5 =Petal primordia visible in terminal bud;

e  Stage 6 = Whorls of stamen visible in terminal bud, prolonged sepals cover petals;

e  Stage 7 = Carpel primordia visible, central region still undifferentiated;

e  Stage 8 = Initiation of carpels complete, anthers still green;

e  Stage 9 = All flower parts differentiated, anthers yellow.

Here, we use floral Stage 2 for the day of the year of flower initiation (DOY-FI). DOY-
FI was interpolated using the spline smoothing function.

2.3. Date of Anthesis and Plant Architecture the Next Spring

The date of anthesis was recorded when 50% of the plants of each replicate and cul-
tivar had one open flower based on two observations per week. In Norway, Poland, and
Germany, each plot comprised three randomized blocks with 20 plants of each cultivar as
single rows under open-field conditions (1 x 0.3 m), whereas in Italy and France, because
of the soil-less culture, the experimental design consisted of double rows with three rep-
lications per genotype with 22-24 plants each. At the end of the flowering period, the
number of crowns and flowers of five additional plants of each replicate (i.e., 15 plants of
each cultivar) was counted after digging the plants out of the soil and separating them
into the different plant organs.

2.4. Plant Traits and Environmental Factors

In order to evaluate the impact of latitude-related environmental factors on the time
of FI and anthesis as well as the number of crowns and flowers per plant, daily tempera-
ture (Tmean, Tmax, Tmin), global radiation, and photoperiod were calculated based on rec-
orded data for all locations and cultivars and expressed as means of the relevant period:
(a) for the 3-week period before FI and (b) for the 5-week period after FI. For the 3-week
period before anthesis, growing degree days (GDD) were calculated according to the
equation GDD = [(Tmax + Tmin)/2] = Tsase, Where Tmax and Tmin are the mean daily maximum
and minimum temperature and Tease is the threshold temperature below which the plant
development is markedly reduced. In the present study, we checked results using 3, 4, 5,
and 6 °C as Trase, and based on the strongest output, only results with 5° C is presented
here. In addition, the mean global radiation was also calculated based on the measured
data for the 3-week period before anthesis. The periods were defined by the well-known
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critical number of inductive SD cycles required for the induction of flowering in SF straw-
berries [3] and the limiting Norwegian climate condition in autumn after flower initiation
(short period between FI and frost) and in spring before anthesis (short and intensive pe-
riod after snowmelt).

2.5. Statistical Analyses

Since plant traits were registered at 10-day intervals, the cubic spline smoothing func-
tion within the R 4.2.1 statistical software (R Core Team, 2021) was applied to the regis-
tered data after the removal of outlying samples to interpolate apex flowering stages. The
root mean square error of the spline function, calculated on the days of the actual regis-
tration, averaged at 0.54 (floral dev. stage), which was considered acceptable, taking into
account that the resolution of the registrations was 10 days and that the nominal registra-
tion step was 1. The date of the actual flower initiation was then extracted from the inter-
polated data (Figure Al).

To test whether climatic parameters and genotype are affecting plant physiological
responses, statistical variance analysis (ANOVA) was used to detect the differences be-
tween physiological traits, and simple linear regression evaluated the relationship be-
tween the environmental conditions of the different locations and cultivar-specific needs
of temperature, global radiation, and photoperiod before and after FI and before anthesis.
The analyses were performed using SPSS version 26. Significant differences were calcu-
lated using post hoc Tukey’s test at a 5% probability level. Principal component analysis
(PCA) was performed using the Minitab® Statistical Software program package (Release
19, Minitab Inc., State College, PA, USA). PCA was built using a correlation matrix and R-
mode. PC1, PC2, and PC3 represented 80.2% of the total variance. The selection is based
on the size of eigenvalues and the Kaiser criterion (>1).

3. Results
3.1. Flower Initiation

The timing of flower initiation (FI) in the experimental years 2016-2018 was identi-
fied when plants showed the first stage of floral transition, Stage 2. This stage was derived
for the different locations from a spline smoothing function enveloped over the registered
data that included the various floral developmental stages. The obtained results, together
with the statistical interpretation, are presented in Figure 1 and Table A2.
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Figure 1. Day of flower initiation (floral developmental Stage 2) of six cultivars grown at five locations in Europe as influenced by (a) photoperiod, temperature,
and (b) photoperiod and global radiation during the 3 years of study. The data are presented as a running average of 7 days.
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The results confirmed that the FI process in strawberry is controlled by photoperiod
and temperature (optimum at 14 h and 18 °C, respectively) (Figure 1a). In Norway, the
photoperiodic optimum are reached late, while in France, the temperature is above the
optimum level during late summer, both resulting in a delayed DOY-FI. Global radiation
(Figure 1b) is linked to photoperiod and temperature, but the values are usually fluctuat-
ing over shorter time intervals, which was especially emphasized in the results between
the years. These fluctuations might modify the predominant effect of temperature and
photoperiod, as demonstrated for Norway and Germany in 2016 and 2017, weeks before
DOY-FI (cf. Figure 1a and b). It should be noticed, however, that plants were grown in an
open field in Norway, Poland, and Germany, while in Italy and France, the plug plants
were raised in trays and cultivated in a substrate in an open field; therefore, the obtained
results might be also affected by such factors.

The timing of FI differed between the cultivars starting with ‘Frida’, followed by
‘Clery’ 5-6 days, and ‘Sonata’ 7 days later, respectively. The latest cultivars were ‘Can-
donga’, followed by ‘Florence’. However, the timing of FI was not fully consistent across
the locations (Table A2). For example, ‘Frida’ was the earliest cultivar in all locations ex-
cept in Norway, where ‘Sonata’ and ‘Clery’ initiated flowers a bit earlier. In addition,
‘Florence’” behaved differently in Norway, initiating flowers before ‘Candonga’. Essen-
tially, the highest variability between the dates of FI across the locations was observed in
‘Frida” with 21 days, whereas only 13 days’ variation was noted for ‘Sonata’.

In order to obtain detailed information on the environmental effect on FI in straw-
berry, the climatic conditions across the locations 3 weeks before DOY-FI are presented as
a principal component analysis (PCA) (Figure 2). The score plot of PCA (Figure 2a) reveals
the clear separation of the experimental locations and confirms the most distinct climatic
conditions in Norway and France. The loading plot (Figure 2b) provides additional infor-
mation about the relationship between the investigated climatic data and DOY-FL. Varia-
bles that are close to each other on the plot denote a strong positive correlation, while a
strong negative correlation is present for factors that are symmetrically distant on the
loading plot area.
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NORWAY
POLAND

4 GERMANY

ITALY

»  FRANCE

> » DOY FI

050 location

» g
» * o g’
. s 3 > £ 0® T in. 3 weeks before FI
s >, g emp. min. 3 weel ore
- . I3
-e® S E s
= - § 0w replication Temp. mean 3 weeks before FI
- e z emp. max. 3 weeks before FI
* S
- * o
0‘ 3 oas cultivar
. Global radiation 3 weeks before FI
s B
.= -0.50

year
02 01 00 01 02 03 04 05
First Component (46.1%)

(a) (b)

o
°
~
IS

S

&

First Component (46.1%)

Figure 2. Principal component analysis (PCA) based on the correlation matrix of the day of the year
for strawberry flower initiation (DOY-FI) and climatic variables during the 3-week period preceding
flower initiation. Score plot (a) and loading plot (b).

When PCA was performed for the most dominant factors (Tmean and global radiation
3 weeks before FI), PC1 revealed 41%, PC2 22.9%, and PC3, 16.3% of the total variance,
representing 80.2% of the total variance. The highest loading values for PC1 were obtained
for environmental factors’ global radiation (0.595) and Tmean (0.587). PC2 can be character-
ized by location (loading vector = 0.567) and year (loading vector = -0.558), while PC3 is
dominated by cultivar (loading vector = 0.967).
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Based on the obtained information for PC1, global radiation and Tmean 3 weeks before
FI had the strongest relation to DOY-FI, and this is further confirmed by the detailed re-
gression analyses (Figures 3 and A2). The strongest negative relation between global ra-
diation 3 weeks before FI and DOY-FI was observed in Italy, Norway, and Poland, while
for Tmean, high negative R%-values were obtained in a descending order for Poland, Italy,
and Norway (Figure A2). The other two locations (Germany and France) revealed little or
no effect, probably because of lower variability in climatic conditions in Germany and
only 2 years of study for most of the cultivars in France (Figures 2a and A2). The very high
R2-values obtained for Italy can be explained by the absence of the late-initiating cultivars
‘Candonga’ and ‘Florence’ (Figure A2).

For cultivars, the comparison of temperature and the highly intercorrelated global
radiation confirms the slightly dominant effect of the last parameter in relation to DOY-FI
(Figure 3a,b). However, temperature is significantly modulating the timing of FI mainly
in cultivars that initiated flowers late (‘Candonga’ and ‘Florence’). On the other hand,
analysis of the time of FI in ‘Frida’, which is known for its early FI, revealed the highest
dependency on global radiation (the largest differences both between the years in the
same location and across the locations). In contrast, ‘Sonata ‘seems to be less dependent
on radiation and temperature conditions for FI. This cultivar initiated flowers almost uni-
formly across the experimental locations, proving its plasticity and adaptation to a range
of growth conditions.
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To investigate whether the type of cultivation was affecting plant physiological re-
sponses, a regression analysis was performed (Table 2). In the studied cultivars, the time
of FI was more enhanced by global radiation when grown in soil-less cultivation, while
temperature had a stronger effect on the time of FI when plants were grown under open-
field conditions. An exception was ‘Sonata’, where FI was significantly affected only by
global radiation under soil-less conditions.

Table 2. Regression coefficients (R?) for the date of flower initiation related to global radiation and
temperature in six strawberry cultivars during the 3-week period preceding flower initiation when
grown at five locations in Europe.

Regression coefficients (R?)

‘Candonga’  “Clery’ ‘Florence’ ‘Frida’  ‘Gariguette’ “Sonata’
Glo(k";lnrli?j;lon Open-field cultivation ~ 0.50*%* | 033* |  033* ]  056**|  032%| 0.09
Soil-less cultivation - 0.75*** | - 0.72 ** | 0.62 *** | 0.66 *** |
Temperature (°C) Open-field cultivation 0.46 *** | 0.30 ** | 0.36 *** | 0.56 *** | 0.37 *** | 0.02
Soil-less cultivation - 0.02 - 0.00 0.00 0.04

** =p <0.01; ** = p < 0.001. The arrows indicate the direction of the relationship between flower
initiation and global radiation and temperature: 1 = positive, | = negative. In Norway, Poland, and
Germany, plants were grown under open-field cultivation; all cultivars were grown for 3 years. In
Italy and France, plants were grown under soil-less cultivation; plants were propagated in trays. In
Italy, all cultivars except ‘Candonga’ and ‘Florence’ were grown for 3 years, while in France, ‘Can-
donga’, ‘Florence’, ‘Frida’, and ‘Sonata’ were grown for 2 years, while ‘Clery” and ‘Gariguette’ were
grown for 3 year.

3.2. Number of Crowns and Flowers

Table 3 demonstrates the differences between cultivars and years for the number of
crowns and flowers per plant at all experimental locations across Europe. In general, ‘Flor-
ence’ produced the highest number of flowers and crowns, while ‘Candonga’ had the low-
est variability across all studied locations and years. For open-field cultivation, the highest
mean number of crowns and flowers per plant for all cultivars and years were registered
in Germany, while the plants of all cultivars grown in Norway and Poland had a lower
average number of flowers and crowns. Since the late-flower-initiating cultivars ‘Can-
donga’ and ‘Florence” were not grown in Italy, and crowns and flowers were not counted
in the spring of the third year (2019) in France, it is difficult to draw definite conclusions
for these locations.

To test the hypothesis that climatic conditions are affecting the number of crowns
and flowers in strawberry plants, temperature (Tmean) and global radiation were related to
the phenological observations across the experimental locations. The effect of the environ-
ment before and after FI was assessed as a factor. The observed relation between FI and
climatic conditions within the locations was negligible as all cultivars experienced rela-
tively similar conditions in each geographical site (Table 4). In France, the number of flow-
ers and crowns was evaluated in 2 years only, and showed a strong year effect (Table 3).
Therefore, the observed significant data for France are not comparable to the other loca-
tions.

However, when the physiological response of individual cultivars across the loca-
tions was studied (Figures 4 and 5), a stronger relationship was observed due to the ex-
tended variability of the climatic conditions across the continent. The number of flowers
(Figure 4) was similarly affected by both temperature and global radiation 3 weeks before
FI (correlation coefficient between the two parameters: r=0.819, p =0.001). For all cultivars
except ‘Frida’, the number of flowers increased in locations with higher temperature and
global radiation. The closest relationships were observed for ‘Florence’, ‘Clery’, and
‘Gariguette’. Most cultivars were affected more strongly by temperature than by global
radiation (Figure 4b). An exception was ‘Candonga’, which was more affected by global
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radiation than by temperature (Figure 4). Both global radiation and temperature affected
the number of flowers in all cultivars stronger under open-field growing conditions than
under soil-less cultivation conditions (Table 5).

In contrast, climatic conditions 3 weeks before FI had a negligible effect on the num-
ber of crowns (Figure 5). However, regression analysis considering the type of cultivation
conditions revealed interactions between cultivar, cultivation type, and climatic parame-
ters (Table 5). In “Clery’, the number of crowns was positively affected by both increasing
global radiation and temperature when grown under an open-field condition, while in
‘Frida’ and ‘Sonata’ under soil-less conditions, global radiation affected the number of
crowns negatively. Moreover, at such conditions, the number of crowns in ‘Frida” was
positively influenced by temperature.

Table 3. Number of crowns and flowers per plant emerging in spring in six strawberry cultivars
grown at five locations in Europe.

Location Year Number of Crowns per Plant Number of Flowers per Plant
Cand. Cler. Flor. Frid. Gari. Sona. Cand. Cler. Flor. Frid. Gari. Sona.
2017 4.0 3.8 6.3 3.9 3.5 3.9 14.9 16.2 273 244 13.0 247
Norway 2018 3.6 2.6 4.7 4.2 3.3 3.9 11.7 7.5 209 153 101 205
2019 7.1 3.7 9.0 10.0 5.5 6.6 279 10.4 33.1 453 18.8  40.1
Mean 4.9 3.4 6.7 6.0 4.1 1.8 5.0CD 18.2 114 27.1 284 14.2 284 213 A
2017 6.8 4.8 6.9 6.9 49 3.7 13.5 10.5 36.1 36.5 19.9 17.9
Poland 2018 3.2 2.4 4.3 3.1 3.1 2.8 13.8 11.7 339 235 172 21.1
2019 4.7 3.3 6.3 4.6 35 29 19.4 21.0 451 461 301 286
Mean 4.9 3.5 5.8 4.9 3.8 3.1 44 B 15.6 14.4 388 354 224 223 24.8 AB
2017 7.1 7.9 10.3 10.3 6.5 6.7 254 61.6 70.7 949  48.1 75.6
2018 6.5 6.3 9.8 5.6 5.0 45 415 80.2 1336 963 58.1 859
Germany
2019 6.1 6.0 7.5 6.7 6.7 5.1 39.6 65.8 89.1 81.1 75.9 72.8
Mean 6.6 6.7 9.2 7.5 5.7 54 69D 35.5 69.2 97.8  90.8 60.7 781 720D
2017 - 2.5 - 2.4 3.7 2.1 - 15.8 - 255 304 260
Ttaly 2018 - 2.5 - 1.7 3.5 2.4 - 21.1 - 247 347 371
2019 - 3.4 - 2.1 4.2 2.1 - 32.3 - 319 433 273
Mean - 2.8 - 2.1 3.8 2.2 2.7 A - 23.0 - 273  36.1 30.1 29.2B
2017 7.5 4.1 8.8 6.3 3.5 6.2 31.9 31.5 71.3 485 401 585
2018 2.9 2.9 6.1 3.5 2.2 4.2 11.2 20.3 434 11.0 199 39.7
France
2019 - - - - - - - - - - -
Mean 5.2 3.5 74 4.9 2.8 5.2 49 C 21.6 25.9 573 29.8 303 49.1 35.7C
C:‘nlet;i”r 54b 40a 73c 51b 424 41a 2280  289b 60.0d 432c 32.9b 411c

Probability level of significance
(ANOVA)

Source of variation

Location
(A)
Cultivar
(B)
Year (C)
AxB
AxC
BxC
AxBxC

<0.001 <0.001
<0.001 <0.001
<0.001 <0.001
<0.001 <0.001
<0.001 <0.001

0.088 0.007
<0.001 <0.001

Values for cultivar mean followed by different lowercase letters indicate a significant difference
between cultivars by Tukey, p < 0.05. Values for location mean followed by different capital letters
indicate a significant difference between cultivars by Tukey, p < 0.05. Each individual value com-
prises 15 measurements. Cultivars: Cand. = ‘Candonga’; Cler. = ‘Clery’; Flor. = ‘Florence’; Frid =
‘Frida’; Gari. = 'Gariguette’; Sona. = ‘Sonata’.
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Table 4. Regression coefficient (R?) for the number of flowers and crowns as an average of six straw-
berry cultivars related to global radiation and temperature during the 3-week period preceding and
5 weeks after flower initiation (FI) when grown at five locations in Europe.

Regression coefficient (R?)

Norway  Poland Germany Italy France
Three weeks before Global radiation .
FI Number of flowers (Wm2d-) 0.01 0.11*1 0.01 0.00 0.05
Temperature (°C) 0.00 0.07 * 1 0.10* | 0.05 | 0.011
Global radiation
Number of crowns (Wm-2d1) 0.05 0.03 0.01 0.08 0.06
Temperature (°C) 0.06 0.03 0.06 0.15* | 0.00
lobal radiati
Five weeks after FI Number of flowers Globa r?dl_a on 0.01 0.15** 1 0.03 0.02 0.32 *#** |
(Wm=2d1)
Temperature (°C) 0.01 0.10* 1 0.03 0.04 0.34 *** |
Global radiation
Number of crowns (Wm-2d-1) 0.03 0.03 0.15** | 0.06 0.49 *** |
Temperature (°C) 0.15%* | 0.10* | 0.02 0.05 0.53 *** |

*=p<0.05 ** =p<0.01; ** = p <0.001. The arrows in the columns indicate the direction of the
relationship between flower initiation and global radiation and temperature: 1 = positive, | = nega-
tive. Open-field cultivation conducted in Norway, Poland, and Germany; all cultivars were evalu-
ated for 3 years. In Norway, Poland, and Germany, plants were grown under open-field cultivation;
all cultivars were grown for 3 years. Soil-less cultivation conducted in Italy and France, and plants
were raised in trays. In Italy, all cultivars except ‘Candonga’ and ‘Florence” were grown and evalu-
ated for 3 years, while in France, all cultivars were evaluated for 2 years (2017 and 2018).
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Figure 4. Number of flowers of six cultivars grown at five locations in Europe as influenced by (a) global radiation and (b) mean temperature during the 3-week
period preceding flower initiation in 3 years.
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Figure 5. Number of crowns of six cultivars grown at five locations in Europe as influenced by (a) global radiation and (b) mean temperature during the 3-week
period preceding flower initiation in three years.
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Table 5. Regression coefficients (R?) for six strawberry cultivars for their number of flowers and
crowns related to global radiation and temperature during the 3-week period preceding flower ini-
tiation when grown at five locations in Europe.

Regression Coefficients

Candonga Clery  Florence Frida Gariguette Sonata

Number of flow-

Global radiation Open-field cultiva-

023*1 0501 048*% 021*1 036**1 032%1

ers (Wm=2d1) tion
Soil-less cultivation - 0.01 - 0.01 0.10 0.17
-field cultiva-
Temperature (°C) ~ OF" Sl T 012 0s2er 0357 02471 03771 03471
Soil-less cultivation - 0.02 - 0.02 0.12 0.16
Number of Global rfldl_atlon Open-ﬁe.ld cultiva- 014 048%% 1  015%1 0.00 011 0.04
crowns (Wm=2d71) tion
Soil-less cultivation - 0.15 - 0.46 ** | 0.21 0.43** |
Temperature (°C) Open'ﬁ;loicum"a' 003  044**1 011 0.00 0.09 0.02
Soil-less cultivation - 0.04 - 0.30*1 0.02 0.06

*=p<0.05 ** =p<0.01; ** = p <0.001. The arrows in the columns indicate the direction of the
relationship between flower initiation and global radiation and temperature: 1 = positive, | = nega-
tive. Open-field cultivation conducted in Norway, Poland, and Germany; all cultivars were evalu-
ated for 3 years. In Norway, Poland, and Germany, plants were grown under open-field cultivation;
all cultivars were grown for 3 years. Soil-less cultivation conducted in Italy and France, and plants
were raised in trays.

In Italy, all cultivars except ‘Candonga’ and ‘Florence” were grown and evaluated for
3 years, while in France, all cultivars were evaluated for 2 years (2017 and 2018). As a
consequence, no regression analyses were performed for ‘Candonga’ and ‘Florence under
soil-less cultivation. The number of flowers and crowns in all cultivars (Figures 6 and 7)
was also affected by both temperature and global radiation during the 5 weeks after FI
(correlation coefficient between the two factors in this period: r = 0.839, p = 0.001). Both
climatic factors during this period had a stronger effect on the number of flowers than on
crowns. A positive relationship between the number of flowers and global radiation was
observed for all cultivars except ‘Frida’ (Figure 6a) with the strongest effect on
‘Gariguette’, followed by ‘Florence’” and 'Clery’. For all cultivars except ‘Candonga’ and
‘Frida’, the number of flowers was also positively affected by temperature with ‘Clery’
showing the strongest relationship (Figure 6b).

The effects of global radiation and temperature on the number of crowns were neg-
ligible for all cultivars (Figure 7). However, the regression analysis of the cultivation con-
ditions (Table 6) revealed interactions between cultivar, cultivation type, and climatic pa-
rameters. Under open-field conditions, the number of flowers was positively related to
global radiation and temperature in all cultivars, with ‘Candonga’ and ‘Frida’ only show-
ing weak relationships. Under soil-less conditions, the number of flowers was only af-
fected in ‘Sonata’.

In “Clery’, the number of crowns (Table 6) was positively influenced by global radia-
tion and temperature under open-field conditions. ‘Frida’ and ‘Sonata’ were negatively
affected by global radiation after FI only in soil-less production. Under this growing con-
dition, the effect of temperature was not consistent: while the number of crowns decreased
in ‘Gariguette’ with increasing temperature, it increased in ‘Sonata’, which is in line with
the influence of global radiation.
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Figure 6. Number of flowers of six cultivars grown at five locations in Europe as influenced by (a) global radiation and (b) mean temperature during the 5-week
period after flower initiation in 3 years.
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Figure 7. Number of crowns of six cultivars grown at five locations in Europe as influenced by (a) global radiation and (b) mean temperature during the 5-week
period after flower initiation in 3 years.
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Table 6. Regression coefficients (R?) for six strawberry cultivars for their number of flowers and
crowns related to global radiation and temperature during the 5-week period preceding flower ini-
tiation when grown at five locations in Europe.

Regression coefficients (R?)

Candonga Clery Florence Frida Gariguette Sonata

Number of flow-

Global radiation Open-field cultiva-

026%1 0491 036**1 023*1 050%%1 041**1

ers (Wm=2d1) tion
Soil-less cultivation - 0.15 - 0.03 0.18 0.33*]
-field cultiva-
Temperature (°C) ~ OF°" 1;0ncu VA 018% 1 05471 0371 020%1 0421 0.45%% 1
Soil-less cultivation - 0.01 - 0.01 0.00 0.29* 1
Number of Global r?dl_ahon Open-fle%ld cultiva- 0.01 023% 1 0.04 0.00 0.02 0.02
crowns (Wm=2d71) tion
Soil-less cultivation - 0.09 - 0.68 *** | 0.04 0.60 *** |
Temperature (°C) Op e“'ﬁ;lo‘ic‘ﬂ“"a' 001  028*1  0.02 0.01 0.01 0.00
Soil-less cultivation - 0.10 - 0.08 0.40* | 0.34*1

*=p<0.05 ** =p <0.01; ** = p <0.001. The arrows in the columns indicate the direction of the
relationship between flower initiation and global radiation and temperature: 1 = positive, | = nega-
tive. Open-field cultivation conducted in Norway, Poland, and Germany; all cultivars were evalu-
ated for 3 years. In Norway, Poland, and Germany, plants were grown under open-field cultivation;
all cultivars were grown for 3 years. Soil-less cultivation conducted in Italy and France, and plants
were raised in trays. In Italy, all cultivars except ‘Candonga’ and ‘Florence” were grown and evalu-
ated for 3 years, while in France, all cultivars were evaluated for 2 years (2017 and 2018). As a con-
sequence, no regression analyses were performed for ‘Candonga’ and ‘Florence under soil-less cul-
tivation.

Finally, an assessment of the relationships between GDD with 5 °C as base tempera-
ture and the number of flowers and crowns was performed for the 3-week period preced-
ing anthesis in spring (Figure 8). Higher GDD during this period was associated with re-
duced numbers of flowers in ‘Frida” and “Clery”’ (Figure 8a), as well as crowns in all culti-
vars except ‘Florence’ (Figure 8b). This phenomenon is probably linked to the large cli-
matic differences prevailing from the restart of growth in spring until anthesis at the var-
ious locations across the European continent. For example, it can be seen from Figure A3
that for the Norwegian and Polish locations, the date of anthesis is associated with highly
variable weather conditions between the years.
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Figure 8. Number of flowers (a) and crowns (b) of six strawberry cultivars grown at five locations in Europe as influenced by the growing degree-day accumulation
during the 3-week period preceding anthesis in spring in 3 years.
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4. Discussion

In the present study, we investigated the environmental effects on the phenological
patterns of six genetically distant strawberry cultivars across a range of geographic loca-
tions in Europe. The wide latitudinal range used (45 to 60°N) provided unique possibili-
ties to study cultivar responses to the prevailing local climatic conditions. The obtained
results are generally consistent with previous findings regarding the effect of temperature
and radiation on the time of flower initiation (FI) and the number of flowers and crowns
obtained in strawberry under controlled conditions [2,3,5,6,10,12,14].

Photoperiod is the primary environmental factor controlling the transition from veg-
etative to reproductive growth in strawberry, and cultivars are commonly classified based
on their photoperiodic sensitivity [3]. However, due to the pronounced photoperiod x
temperature interaction in the process, temperature can be as important as photoperiod
for floral initiation, especially at high latitudes with long photoperiods [5]. In general, for
all cultivars and years, DOY-FI was delayed in Norway and France in comparison with
the other locations (Figure 1). In Norway, this was due to a combination of low tempera-
ture and photoperiod, which was above the critical length (<14 h) until the beginning of
September, while in France, the delayed FI was caused by the high temperature in August
and until mid-September.

As previously shown, FI takes place over a limited range of temperatures, which also
determines the number of flowers per plant and per inflorescence under flower-inducing
photoperiodic conditions [2,3]. Temperature and global radiation are always highly inter-
correlated in nature, and therefore, their effects are difficult to separate under natural field
conditions. Moreover, the determination of the effect of the photoperiod on DOY-FI is not
possible because of the inherent relationship between DOY and photoperiod (decreasing
or increasing gradually day by day). However, experiments under controlled conditions
have shown that a high total daily light integral can significantly enhance FI [2]. The pre-
sent study confirms that increasing global radiation in the 3-week period preceding FI
enhanced floral initiation (Figure 2). Takeda et al. [15] showed that the use of photo-selec-
tive shading nets postponed the flowering of strawberry. However, the authors did not
state whether the delay in flowering time was related to the restriction of the FI process
or organogenesis. In the present study, FI was later in locations with lower global radia-
tion at comparable temperatures (Figure 1, Germany versus France). When compared
with Geisenheim, a higher summer temperature was observed in France, and that was
apparently the main reason for the postponed DOY-FI. The local French observation indi-
cated that the initiation of flowers in strawberry is delayed by higher summer tempera-
tures, which confirms the known threshold role of temperature in triggering the flowering
initiation. These two factors, temperature and global radiation, combined, are influencing
DOY-F], but their impacts are hardly separable under natural conditions.

It was also found that in three everbearing strawberry cultivars, there was a positive
correlation between the photosynthetic rate and flower numbers [14]. This agrees with
previous studies, where light intensity positively affected flower development in straw-
berry [12]. Yoshida et al. [16] also found that intermittent cold storage in the dark ad-
vanced floral initiation in autumn due to increased photosynthesis and carbohydrate con-
tent of the plants. It is thus evident that adequate photosynthetic conditions and nonlim-
iting plant carbohydrate content are basically important for FI and the development in
seasonal flowering strawberries. Furthermore, there is some evidence indicating that high
sucrose content in the crowns may affect FI directly by acting as a physiological signal for
FI in strawberry and several other photoperiodic plants [17-19].

The present results clearly demonstrate that temperature and global radiation, which
are intercorrelated environmental variables, are important modifying factors for the de-
termination of the number of flowers and, to a lesser extent, crowns in SF (Figures 4-7).
The effects were stronger and more pronounced under open-field conditions than under
soil-less conditions (Tables 5 and 6). However, it should be noted that the use of both
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cultivation types also represents different locations from north to south of Europe and
thus may be more an effect of the environmental conditions than of the type of cultivation
itself.

The results also demonstrate that with the present planting date (week no. 32) for
open-field production, the combination of temperature and global radiation has been op-
timal at Geisenheim, Germany, and least favorable in Norway. However, if an earlier
planting date had been chosen, the results would probably have been quite different.
Thus, it is a longtime experience in Norway that planting later than 15 July will not give
an acceptable berry yield in the following cropping season because of inadequate time for
the establishment of a plant with enough potential flowering sites. To some extent, the
same applies to the situation in Poland. This means that the present results do not indicate
the general yield potential of the various experimental locations, since this would have
required adjustment of the planting date to the local conditions, an alternative that would
not have been practically possible to establish in order to standardize the trial conditions.
Moreover, it should be noticed that, in Italy, the two late-initiating cultivars, ‘Candonga’
and ‘Florence’, were not included and thus did not contribute to the location mean. In
addition, in both Italy and France, plants were grown in trays in the field (until cold-stored
in December). Growth conditions in trays with their limited root volume may thus have
affected the FI of the plants [2,3], as well as their general response to environmental con-
ditions (differences presented in Tables 5 and 6).

In addition to affecting FI in strawberry [2,3,20], temperature is a fundamental factor
for controlling flower development and the rate of fruit ripening. Thus, it is a common
experience from both commercial practice and research that the earliness of flowering and
fruit ripening is mainly determined by the accumulated heat sum (GDD) in spring and
early summer. In the present study, however, there was also a consistent negative effect
of high spring temperature on the number of crowns and flowers that reached anthesis
(Figure 8). This is an effect that might be due to an advantage of the most advanced floral
primordia and partial abortion among the later ones. In other words, high spring temper-
ature might initiate growth and development of the most advanced primordia at the ex-
pense of those lagging behind [21].

The importance of September temperature for fruit yield in the subsequent season
was also demonstrated by Deving and Mage [22]. Their analysis of data for the period
1975-2000 for the district of Valldal in mid-Norway revealed a significant (p = 0.005) pos-
itive correlation between September temperature and subsequent year fruit yields of
‘Senga Sengana’ strawberry. The effect was markedly enhanced when combined with low
August temperature. This effect was obviously an expression of the suboptimal Septem-
ber temperature for SD floral initiation in strawberry in high-latitude regions [3]. In addi-
tion, for plums, an overall positive correlation was observed between August, September,
and August plus September temperature and the amount of flowering in the subsequent
spring [23].

However, the high number of crowns and flowers in Germany may not only be due
to the optimal combination of temperature and global radiation for FI and development
but may also be influenced by their common practice of irrigation from mid-September to
mid-October and in early spring, already before anthesis [24].

In the present study, in addition to the effect of Tmean, we analyzed also Tmin and Tmax
for the various developmental processes in strawberry, but for all major processes studied,
Tmean gave as good a relationship as did Tmin and Tmax (data not shown). While in controlled
environments, the temperature can be widely manipulated in such a way that the dark
(night) temperature may exceed the critical temperatures for FI; it seems that under field
conditions, the diurnal temperature fluctuations are seldom large enough to exceed these
limits. Therefore, under field conditions, there is no need for such elaborate analysis of the
various temperature components.
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In the present study, we also compared the physiological response among the vari-
ous strawberry cultivars as characterized by their contrasting local background. For ex-
ample, the analysis suggests that ‘Sonata’ from the Netherlands is a widely adapted cul-
tivar with low dependency on external environmental stimuli for the date of FI (Figure 3,
Table A2). On the other hand, the different response of ‘Frida’ (originating from Norway)
under Nordic conditions (i.e., ‘Frida” was the earliest cultivar in all locations except in
Norway) might be explained by the slower temperature accumulation in the north, com-
bined with a longer critical photoperiod for ‘Frida” compared with cultivars of lower-lat-
itude origin [14]. This would give ‘Frida’” an FI advantage early in the season in the south
when high temperature is not limiting, but a disadvantage at the higher temperatures
prevailing there later in the season (temperature x daylength interaction effects). In addi-
tion, rapid changes in daylength in the north may play an additional role during the FI
process. Therefore, it is possible that the ‘temperature x daylength” interaction may force
the physiological process of such a northern cultivar in a slightly different way in the
south compared with that under northern conditions (Figure 1).

Moreover, the number of flowers and, less pronounced, crowns demonstrates culti-
var-specific interactions with global radiation and temperature. In ‘Clery’, originating
from Italy and with early FI, the number of flowers and crowns was strongly positively
affected by both global radiation and temperature before and after FI in open-field loca-
tions (Table 5 and 6). Thus, ‘Clery” showed only low plasticity for the environmental fac-
tors studied when related to the yield-determining number of flowers and crowns. On the
one hand, only low effects were observed for ‘Candonga’ and ‘Frida’, two cultivars of
contrasting origin (Spain and Norway), and for the date of FI (late and early). The ob-
served results may indicate that these cultivars may be adapted to a wide range of grow-
ing conditions. In ‘Florence’, only the number of flowers was positively related to global
radiation and temperature before and after FI, while the number of crowns was unaf-
fected. A strong temperature effect on the yield of ‘Florence” was also discussed in previ-
ous studies [14,20] for this cultivar, being responsible for the low yield in the northern
part of Norway. However, no differentiation was made in these studies between the yield-
influencing numbers of flowers and crowns per plant.

The present analysis of the internal relationships between climatic variables and phe-
nological development also highlights the difficulties encountered for the interpretation
of such data obtained across Europe. To better verify the above-mentioned relationships,
more than 3 years of study is necessary. Such complex data require a sophisticated model
to clearly identify cultivar x environmental x type of cultivation interactions, which will
be of high interest in the context of global warming and changes in cultivation techniques
already implemented or necessary in the future.

5. Conclusions

The results of the study demonstrate that combined analyses of phenological and
climatic data obtained from the various locations across Europe can be very useful for
deciphering the complex relationship between climate and dynamic developmental traits,
such as flower initiation and generative development in strawberry. Besides the well-
known temperature effect, intercorrelated global radiation may influence these processes
and needs to be studied further. In the present study, early FI was associated with elevated
temperature and global radiation. The cultivar ‘Frida’ revealed the highest dependency
on global radiation for flower initiation, while ‘Sonata” was least affected by temperature
and radiation. In general, temperature and global radiation in periods both preceding and
following flower initiation had a stronger positive effect on the number of flowers than
on crowns, especially under open-field conditions. The influence of these factors was
highly variable across the cultivars: ‘Clery’, ‘Florence’, and ‘Gariguette were most af-
fected, while ‘Frida’ was least influenced.
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Appendix A
Table Al. Mean temperature, global radiation, and precipitation at five locations in Europe for the

period before and after flower initiation (1 June-30 November) and before anthesis (1 March-30
June).

Year Norway Poland  Germany Italy France
Period before and after
Mean temperature (°C) 2016 94 12.7 15.0 13.5 17.1
flower
initiation 2017 8.9 134 144 13.1 16.1
1 June-30 November 2018 10.8 14.0 16.1 14.3 17.7
Global raflf’“o“ W 2016 2515 3031 3420 3734 3280
m=2d1)

2016 2451 2853 3181 3901 2941
2018 2819 3404 3901 3850 3461
Precipitation (mm) 2016 303 320 171 n.a. 202
2017 400 401 286 n.a. 267
2018 237 360 100 n.a. 247
Period before anthesis =~ Mean temperature (°C) 2017 7.0 11.2 13,8 17.2 17.6
1 March-30 June 2018 7.3 12.1 14.0 16.4 16,2

2019 7.0 12.3 134 17.1 *
Global radiation (W 2017- 3729 4124 4851 4924 4014

m=2d1)

2019 4556 4778 4751 4399 3645

2019 3788 4739 4860 4450 *
Precipitation (mm) 2017 172 280 143 n.a. 289
2018 136 123 117 n.a. 394

2019 280 136 158 n.a. -

n.a. = no data available; * no studies performed.

Table A2. Day of the year for strawberry floral development (Stage 2) as a mean of 3 years for six
cultivars and five locations in Europe.

Location Candonga Clery Florence Frida Gariguette Sonata Location Mean
Norway 271 254 269 256 261 253 260.5 B
Poland 255 254 258 238 253 256 2524 A
Germany 257 247 262 248 253 252 2528 A
Italy - 251 - 245 255 253 250.8 A
France 275 263 278 259 270 265 2682 C
Cultivar mean 263.5 cd 253.7 ab 265.7d 2482 a 258.4 be 255.00b

Probability level of significance (ANOVA)
Source of variation

Cultivar (A)

<0.001
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Location (B) <0.001

AxB ns
Values are means of 3 years, each comprising 4 x 3 measurements. Values for cultivar mean followed

by different lowercase letters indicate a significant difference between cultivars (Tukey-HSD, p <
0.05). Values for location mean followed by different capital letters indicate a significant difference
between locations (Tukey-HSD, p < 0.05).

NIBIO INHORT HGU

Floral dev. stage
Floral dev. stage
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220

180
DOY
SO INVENIO
L ] . .
8_.
(0] (0]
& &
% 87 ®
> >
[ [0}
o ©
w 4 ©
5 5
i c
2
180 220 260 300
DOY

Figure A1l. Exemplary calculation of the estimated day of the year (DOY, red number) for flower
initiation at floral developmental Stage 2, performed by the cubic spline smoothing function (red
line) over the registered floral developmental stages (black dots) at a given DOY for ‘Clery’ grown
at five locations in Europe in 2017. The size of the dots represents the frequency of the registered
values, and hollow dots represent outlying samples (influencing the shape of the function) that were
not included in the calculation.
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Figure A2. Day of the year for strawberry flower initiation (floral developmental Stage 2) for six strawberry cultivars grown at five locations in Europe as influ-
enced by (a) global radiation and (b) mean temperature during the 3-week period preceding flower initiation for 3 years.
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References
1.  Darrow, G.M.; Waldo, G.F. Responses of strawberry varieties and species to duration of the light period.. Bulletin Tech No.
1488-2016-124781; U.S. Department of Agriculture: Washington, DC, USA, 1934; pp. 1-31
2. Guttridge, C.G. Fragaria X Ananassa. In Handbook of Flowering; Halevy, A.H., Ed.; CRC Press: Boca Raton, FL, USA, 1985; Vol-
ume IV, pp. 16-33.
3. Heide, O.M,; Stavang, J.A.; Sensteby, A. Physiology and genetics of flowering in cultivated and wild strawberries— A review.
J. Hortic. Sci. Biotech. 2013, 88, 1-18. https://doi.org/10.1080/14620316.2013.11512930.
4. Tto, H.; Saito, T. Studies on the flower formation in the strawberry plants I. Effects of temperature and photoperiod on the flower
formation. Tohoku |. Agric. Res. 1962, 13, 191-203.
5. Heide, O.M. Photoperiod and temperature interactions in growth and flowering of strawberry. Physiol. Plant. 1977, 40, 21-26.

https://doi.org/10.1111/j.1399-3054.1977.tb01486.x.



Horticulturae 2022, 8, 933 27 of 27

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Verheul, M.; Sensteby, A.; Grimstad, S5.0. Influence of day and night temperature on flowering of Fragaria x ananassa Duch. cvs.
Korona and Elsanta. Sci. Hortic. 2007, 112, 200-206. https://doi.org/10.1016/j.scienta.2006.12.022.

Jonkers, H. On the flower formation, the dormancy and the early forcing of strawberries. Mede. Landbowhgesch. Wageningen 1965,
65, 1-59. Available online: https://edepot.wur.nl/187404 (accessed on 15" of June 2022).

Konsin, M.; Voipio, I.; Palonen, P. Influence of photoperiod and duration of short-day treatment on vegetative growth and
flowering  of strawberry (Fragaria x ananassa Duch.). J. Hortic.  Sci.  Biotech. 2001, 76, 77-82.
https://doi.org/10.1080/14620316.2001.11511330.

Lieten, F. The effect of nutrition prior to and during flower differentiation on phyllody and plant performance of short day
strawberry ‘Elsanta’. Acta Hortic. 2002, 567, 345-348. https://doi.org/10.17660/ActaHortic.2002.567.74.

Sensteby, A.; Opstad, N.; Myrheim, U.; Heide, O.M. Interaction of short day and timing of nitrogen fertilization on growth and
flowering of ‘Korona’ strawberry (Fragaria x ananassa Duch.). Sci. Hortic. 2009, 123, 204-209. https://doi.org/10.1016/j.sci-
enta.2009.08.009.

Lang, A. Physiology of Flower Initiation. In Encyclopedia Plant Physiology; Ruhland, W., Ed.; Springer: Berlin, Germany, 1965;
Volume XV/1, pp. 1380-1536.

Wang, R.; Eguchi, M.; Gui, Y.; Iwasaki, Y. Evaluating the effect of light intensity on flower development uniformity in straw-
berry (Fragaria x ananassa) under early induction conditions in forcing culture. HortScience 2020, 55, 670-675.
https://doi.org/10.21273/HORTSCI14917-20.

Taylor, D.R.; Atkey, P.T.; Wickenden, M.F.; Crisp, C.M. A morphological study of flower initiation and development in straw-
berry (Fragaria x ananassa) using cryo-scanning electron microscopy. Amnn. Appl. Biol. 1997, 130, 141-152.
https://doi.org/10.1111/j.1744-7348.1997.tb05790.x.

Sensteby, A.; Heide, O.M. Temperature responses, flowering and fruit yield of the June-bearing strawberry cultivars Florence,
Frida and Korona. Sci. Hortic. 2008, 119, 49-54. https://doi.org/10.1016/j.scienta.2008.07.005.

Takeda, F.; Glenn, D.M,; Callahan, A ; Slovin, J.; Stutte, G.W. Delaying flowering in shortday strawberry transplants with photo
selective nets. Inter. Fruit. Sci. 2010, 10, 134-142. https://doi.org/10.1080/15538362.2010.492331.

Yoshida, Y.; Ozaki, E.; Murakami, K.; Goto, T. Flower induction in June-bearing strawberry by intermittent low temperature
storage J. Jpn. Soc. Hort. Sci. 2012, 81, 670-675. https://doi.org/10.2503/jjshs1.81.343.

Bernier, G.; Havelange, A.; Houssa, C.; Petitjean, A.; Lejeune, P. Physiological signals that induce flowering. Plant Cell. 1993, 5,
1147-1155. https://doi.org/10.1105/tpc.5.10.1147.

Eshghi, S.; Tafazoli, E.; Dokhani, S.; Rahemi, M.; Emam, Y. Changes in carbohydrate contents in shoot tips, leaves, and roots of
strawberry (Fragarin x ananassa Duch.) during flower-bud differentiation. Sci. Hortic. 2007, 113, 255-260.
https://doi.org/10.1016/j.scienta.2007.03.014.

Rivero, R; Sensteby, A.; Heide, O.M.; Solhaug, K.A.; Remberg, S.F. Growth analysis of the everbearing strawberry ‘Delizzimo’
under controlled temperature and photoperiod conditions. CABI Agr. Biosci. 2022, 3, 1-15. https://doi.org/10.1186/s43170-022-
00110-w.

Opstad, N.; Sensteby, A.; Myrheim, U.; Heide, O.M. Seasonal timing of floral initiation in strawberry: Effects of cultivar and
geographic location. Sci. Hortic. 2011, 129, 127-134. https://doi.org/10.1016/j.scienta.2011.03.022.

Le Miere, P.; Hadley, P.; Darby, J.; Battey, N.H. The effect of thermal environment, planting date and crown size on growth,
development and yield of Fragarin x ananassa Duch. cv. Elsanta. ]. Hortic. Sci. Biotech. 1998, 73, 786-795.
https://doi.org/10.1080/14620316.1998.11511049.

Dgving, A.; Mage, F. Prediction of the strawberry season in Norway. Acta Agric. Scand. Sect. B Plant Soil Sci. 2001, 51, 28-34.
https://doi.org/10.1080/090647101317187861.

Woznicki, T.L.; Heide, O.M.; Sensteby, A.; Mage, F.; Remberg, S.F. Climate warming enhances flower formation, earliness of
blooming and fruit size in plum (Prunus domestica L.) in the cool Nordic environment. Sci. Hortic. 2019, 257, 108750.
https://doi.org/10.1016/j.scienta.2019.108750.

Kriiger, E.; Schmidt, G.; Briickner, U. Scheduling strawberry irrigation based upon tensiometer measurements and a climatic
water balance model. Sci. Hortic. 1999, 81, 409-424. https://doi.org/10.1016/s0304-4238(99)00030-8.



