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Abstract: The current demand for safflower florets (Carthamus tinctorius L.) in the food-coloring
industry, especially in Europe, is rising. The present production, mainly located in China, is not
sufficient. Unlike for the production of seeds, there are currently no recommendations for the
cultivation of safflower for floret production in Germany. Therefore, field experiments were conducted
at the experimental station Ihinger Hof, Southwestern Germany, in 2017 and 2018. The aim was to
evaluate yield and yield parameters, such as number of capitula, floret yield, and carthamidin content
for (i) two cultivars grown with (ii) two row spacing (12 and 33 cm) using (iii) two sowing densities
(40 and 75 plants m−2), and (iv) five harvest dates. Results showed that lower sowing densities
resulted in a significantly larger number of branches and capitula per plant and higher yields of florets
and carthamidin. Harvesting two to three weeks after flowering resulted in the significantly highest
floret and carthamidin yields. More capitula per plant, higher carthamidin contents, and higher floret
and carthamidin yields were obtained with the Chinese cultivar. In general, yields of flowering florets
(2.30–468.96 kg ha−1), carthamidin contents (2.53–8.29%), and carthamidin yields (0.04–37.86 kg ha−1)
were comparable to or higher than in other studies. In conclusion, this study showed that safflower
has great potential for the production of florets in Southwest Germany, for the food-color industry.

Keywords: Carthamus tinctorius L.; safflower; row spacing; sowing density; harvest time; floret yield;
carthamidin yield

1. Introduction

Safflower (Carthamus tinctorius L.) belongs to the Asteraceae family and is one of the oldest crops
used by humans [1–3]. It is an annual thistle-like plant, which can reach a height between 0.3 and
2.1 m [1,3,4]. Safflower produces primary, secondary, and tertiary branches, each with a globular
flower head (capitulum) at its end, with yellow, orange, or red flowers (florets) [1,3,4]. Safflower is a
multifunctional plant used, for example, as bird seed, a medicinal plant, livestock forage, tea, or as cut
flowers [1,5–7]. Currently, safflower is mainly grown for its oil, which is rich in bioactive compounds
and highly polyunsaturated fatty acids [1,7–9]. In addition, safflower has traditionally been used
for its flowers, which were applied as colorant for textiles and foods [1,2,7,9]. After the invention of
Mauveine in 1856, which is derived from aniline and therefore cheaper, the need for natural dyes
decreased [4,10]. Nowadays, cultivation of safflower as colorant take place, e.g., in China, but other
uses were more important globally [4,11].

However, the demand for healthier, safer food due to allergic or carcinogenic effects which can be
caused by artificial colorants and the need for biodegradable colorants increased the interest in natural
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food colorants [12–15]. Since 2013, the new EU directives “Guidance notes on the classification
of food extracts with coloring properties” distinguish between “dyes”, which are regarded as
additives and require a legal approval and “Coloring Foods”, which are not subject to any additional
approval [9,16–18]. Therefore, interest in natural dyes increased even more [9,16,17,19]. According
to the directives of the EU the food-coloring industry considers safflower as a suitable yellow- and
orange-coloring alternative because it has a low enrichment factor compared to the conventionally used
curcuma or paprika extracts [16,20]. The yellow colorants of safflower are increasingly used in cheese,
sausages, pastries, candies, fruit syrups, and fruit juices [5,21]. Safflower can be used, for example, as a
natural replacement for two of the “Southampton Six” (connection to hyperactivity in children) color
additives for confectionery products, Tartrazine (E102) and Quinoline Yellow (E104) [22,23]. The yellow
pigment of safflower has many advantages compared to other colorants, e.g., highly soluble in water,
cheaper than saffron, stable to light in aqueous solutions, and it can be used at different temperatures
and pH values [24,25].

So far, the demand for safflower florets is mainly met by deliveries from Asia [4,26]. However, the
existing cultivation area is not sufficient to meet the increased demand [9,19,27,28]. Therefore, cultivation
guidelines for other regions must be developed to cover the demand regionally and sustainably.

Many factors, such as environment, cultivar, harvest time, and cultivation system, play an
important role in optimizing floret yield and their color content, finally determining color yield [29–32].
One of the major factors is the selection of cultivar and its origin, which influences the flower color
and the number of capitula and branches [29,30,33,34]. The number of capitula and branches, in turn,
depends on agronomic practices like sowing density and row spacing and thus impacts the final
floret yield [35–38]. The numbers of capitula and branches are further influenced by environmental
conditions, as it was shown in a study of Kizil et al. [30] in which more rain resulted in an increased
number of these. On the other hand, drier conditions could also have a positive effect, with an increase
in secondary phytochemicals, including colorants [39,40]. Agronomic practices like sowing density
and row spacing play an important role for growth and productivity of safflower, and it is essential to
determine them for different locations and growing conditions [37,38,41,42]. Furthermore, the color
content and the floret yield varies with the cultivar and also depends on the harvest time [29,30,34,36].

The cultivation under Southwestern Germany conditions for floret yield has not been assessed yet
and therefore requires testing of the harvest dates and cultivation methods compared to oil production.
Therefore, the objectives of the present study were to identify the impact of different (i) row spacing,
(ii) sowing densities, and (iii) harvest times on yield parameters like number of capitula and branches,
floret yield, color content, and color yield of two different safflower cultivars under the pedoclimatic
conditions of Southwestern Germany.

2. Materials and Methods

2.1. Plant Material

Two different cultivars of Carthamus tinctorius L. were used in two field trials over two years.
Both cultivars are used especially for floret production, but show differences in flower color and origin.
The German cultivar cv. “Goldschopf” (Gartenland Produkion GmbH, Aschersleben, Germany) was
used. The seeds of the Chinese cultivar were provided by a food-coloring company. The German
cultivar (C1) is characterized as spiny, with primarily yellow florets, while the Chinese cultivar (C2) is
thornless and has orange florets (Figure 1).
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Figure 1. The two cultivars of Carthamus tinctorius L. used in the field trials: (a) German, spiny cultivar; 
(b) Chinese, thornless cultivar. 

2.2. Field Site Characteristics 

The field trials were conducted at the experimental station Ihinger Hof (48°44′ N, 8°55′ E, 478 m 
a.s.l.) of the University of Hohenheim, in Southwestern Germany, in 2017 and 2018. 

According to the World Reference Base, the soils can be classified as vertic Luvisol in 2017 and 
vertic Cambisol in 2018 [43,44]. Both soil types are known to be fertile and appropriate for growing 
many different types of crops [43,44]. Soil textures were determined in the depths of 0–30, 30–60, and 
60–90 cm, according to Köhn [45]. The clay content was on average 30.5%, the sand content 3%, and 
the silt content 66.5%. The mineral nitrogen content of the soil (Nmin) was measured according to Thun 
and Hoffmann [46], using a flow injection analyzer (FIAstar 5000 Analyzer, FOSS GmbH, Hamburg, 
Germany). The mineral nitrogen contents of the two years were different and resulted in 124 kg ha−1 
in 2017 and 45 kg ha−1 in 2018 for 0–90 cm depth. 

The average long-term (8 years) temperature at the experimental site is 9.6 °C, with an average 
annual precipitation of 683.4 mm. In comparison, the experimental year 2017 had both a lower annual 
average temperature of 9.2 °C and a lower annual precipitation of 653.9 mm. In 2018, however, the 
annual rainfall was even lower with 525.9 mm, while the average temperature of 10.2 °C was higher 
than the long-term average. Comparing single months, maximum temperatures were higher in May 
and June 2017, while in July and August, the maximum temperatures were higher in 2018, 
respectively. 

Weather data were recorded by an automatic weather station at the experimental station. When 
comparing the vegetation period, we saw there was less rainfall and higher temperatures in 2018 
compared to 2017 (Figure 2).  

  

Figure 1. The two cultivars of Carthamus tinctorius L. used in the field trials: (a) German, spiny cultivar;
(b) Chinese, thornless cultivar.

2.2. Field Site Characteristics

The field trials were conducted at the experimental station Ihinger Hof (48◦44′ N, 8◦55′ E, 478 m
a.s.l.) of the University of Hohenheim, in Southwestern Germany, in 2017 and 2018.

According to the World Reference Base, the soils can be classified as vertic Luvisol in 2017 and
vertic Cambisol in 2018 [43,44]. Both soil types are known to be fertile and appropriate for growing
many different types of crops [43,44]. Soil textures were determined in the depths of 0–30, 30–60,
and 60–90 cm, according to Köhn [45]. The clay content was on average 30.5%, the sand content 3%,
and the silt content 66.5%. The mineral nitrogen content of the soil (Nmin) was measured according
to Thun and Hoffmann [46], using a flow injection analyzer (FIAstar 5000 Analyzer, FOSS GmbH,
Hamburg, Germany). The mineral nitrogen contents of the two years were different and resulted in
124 kg ha−1 in 2017 and 45 kg ha−1 in 2018 for 0–90 cm depth.

The average long-term (8 years) temperature at the experimental site is 9.6 ◦C, with an average
annual precipitation of 683.4 mm. In comparison, the experimental year 2017 had both a lower annual
average temperature of 9.2 ◦C and a lower annual precipitation of 653.9 mm. In 2018, however,
the annual rainfall was even lower with 525.9 mm, while the average temperature of 10.2 ◦C was higher
than the long-term average. Comparing single months, maximum temperatures were higher in May
and June 2017, while in July and August, the maximum temperatures were higher in 2018, respectively.

Weather data were recorded by an automatic weather station at the experimental station. When
comparing the vegetation period, we saw there was less rainfall and higher temperatures in 2018
compared to 2017 (Figure 2).
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Figure 2. Average temperature (°C, connected points), mean monthly maximum (Tmax, °C, red points) 
and minimum temperature (Tmin, °C, blue points), and accumulated monthly precipitation (mm, bars) 
during the field experiments in (a) 2017 and (b) 2018. 

2.3. Field Experiments 

The field trials were conducted as randomized, complete block designs with three replicates. 
Each plot within a replicate was further subdivided into five sub-plots and harvested separately. The 
two safflower cultivars C1 and C2 were grown in two different row spacings (12 (S1) and 33 cm (S2)) 
and two different sowing densities (40 (D1) and 75 plants m−2 (D2)), resulting in eight treatment 
combinations (Table 1). Sequence of harvested sub-plot within a plot was randomized according to a 
randomized complete block design. A total of 24 plots per year were arranged. Plot size was 32 m2 (8 
m  4 m). Treatments and harvest dates were randomly assigned to plots and sub-plots, using 
CycDesigN 5 (VSNI, Hemel Hemstead, Unites Kingdom). 

Table 1. Experimental treatments and abbreviations: two cultivars (C1 = German, C2 = Chinese 
cultivar), two row spacings (S1 = 12 cm, S2 = 33 cm), and two sowing densities (D1 = 40, D2 = 75 plants 
m−2). 

Abbreviation Treatment Origin and Cultivar Row Spacing (cm) Sowing Density  
(plants m−2) 

C1 S1 D1 Germany (C1) 12 (S1) 40 (D1) 
C1 S1 D2 Germany (C1) 12 (S1) 75 (D2) 
C1 S2 D1 Germany (C1) 33 (S2) 40 (D1) 
C1 S2 D2 Germany (C1) 33 (S2) 75 (D2) 
C2 S1 D1 China (C2) 12 (S1) 40 (D1) 
C2 S1 D2 China (C2) 12 (S1) 75 (D2) 
C2 S2 D1 China (C2) 33 (S2) 40 (D1) 
C2 S2 D2 China (C2) 33 (S2) 75 (D2) 

The previous crop was wheat and triticale in 2017 and 2018, respectively. With the cultivator 
“POM Meteor” (MEZGER Landtechnik GmbH & Co. KG, Ditzingen, Germany), the residues of the 
previous crops were incorporated six months before sowing to a depth of 3–5 cm. At the end of 
November, the experimental fields were ploughed with “Juwel 8 TCP V” (LEMKEN GmbH and Co. 
KG, Alpen, Germany) to a depth of around 25 cm. Before sowing, the seedbed was prepared in both 
years to a depth of 5–8 cm, with the rotary harrow “HRB 403” (Kuhn Maschinen-Vertrieb GmbH, 
Genthin, Germany) and the prism roller “Simplex” (Güttler GmbH, Kirchheim/Teck, Germany). 
Sowing was carried out with a plot driller “Deppe D82” (Agrar-Markt DEPPE GmbH, Bad 
Lauterberg-Barbis, Germany), at a depth of 2 cm, on 25 April 2017 and on 19 April 2018. The target 
soil mineral nitrogen content was 80 kg N ha−1. Since this value was exceeded in 2017, no fertilizer 

Figure 2. Average temperature (◦C, connected points), mean monthly maximum (Tmax, ◦C, red points)
and minimum temperature (Tmin, ◦C, blue points), and accumulated monthly precipitation (mm, bars)
during the field experiments in (a) 2017 and (b) 2018.

2.3. Field Experiments

The field trials were conducted as randomized, complete block designs with three replicates. Each
plot within a replicate was further subdivided into five sub-plots and harvested separately. The two
safflower cultivars C1 and C2 were grown in two different row spacings (12 (S1) and 33 cm (S2))
and two different sowing densities (40 (D1) and 75 plants m−2 (D2)), resulting in eight treatment
combinations (Table 1). Sequence of harvested sub-plot within a plot was randomized according to a
randomized complete block design. A total of 24 plots per year were arranged. Plot size was 32 m2

(8 m × 4 m). Treatments and harvest dates were randomly assigned to plots and sub-plots, using
CycDesigN 5 (VSNI, Hemel Hemstead, Unites Kingdom).

Table 1. Experimental treatments and abbreviations: two cultivars (C1 = German, C2 = Chinese
cultivar), two row spacings (S1 = 12 cm, S2 = 33 cm), and two sowing densities (D1 = 40, D2 =

75 plants m−2).

Abbreviation Treatment Origin and Cultivar Row Spacing (cm) Sowing Density (plants m−2)

C1 S1 D1 Germany (C1) 12 (S1) 40 (D1)
C1 S1 D2 Germany (C1) 12 (S1) 75 (D2)
C1 S2 D1 Germany (C1) 33 (S2) 40 (D1)
C1 S2 D2 Germany (C1) 33 (S2) 75 (D2)
C2 S1 D1 China (C2) 12 (S1) 40 (D1)
C2 S1 D2 China (C2) 12 (S1) 75 (D2)
C2 S2 D1 China (C2) 33 (S2) 40 (D1)
C2 S2 D2 China (C2) 33 (S2) 75 (D2)

The previous crop was wheat and triticale in 2017 and 2018, respectively. With the cultivator “POM
Meteor” (MEZGER Landtechnik GmbH & Co. KG, Ditzingen, Germany), the residues of the previous
crops were incorporated six months before sowing to a depth of 3–5 cm. At the end of November,
the experimental fields were ploughed with “Juwel 8 TCP V” (LEMKEN GmbH and Co. KG, Alpen,
Germany) to a depth of around 25 cm. Before sowing, the seedbed was prepared in both years to
a depth of 5–8 cm, with the rotary harrow “HRB 403” (Kuhn Maschinen-Vertrieb GmbH, Genthin,
Germany) and the prism roller “Simplex” (Güttler GmbH, Kirchheim/Teck, Germany). Sowing was
carried out with a plot driller “Deppe D82” (Agrar-Markt DEPPE GmbH, Bad Lauterberg-Barbis,
Germany), at a depth of 2 cm, on 25 April 2017 and on 19 April 2018. The target soil mineral nitrogen
content was 80 kg N ha−1. Since this value was exceeded in 2017, no fertilizer was applied in that
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year. In 2018, 40 kg N ha−1 was applied as calcium ammonium nitrate shortly after sowing, using the
fertilizer broadcaster “UKS 230” (RAUCH Landmaschinenfabrik GmbH, Sinzheim, Germany). Manual
weeding was done twice in 2017 (31 May and on 7 June, 35 and 43 days after sowing (DAS)) and due to
high weed pressure eight times in 2018 between 25 April and 30 May (6 to 41 DAS) until safflower
plants reached the branching stage at which the plants are no longer susceptible to weeds [47–49].
In 2017, symptoms of Alternaria leaf spot disease were observed for the cultivar C1 in July, but no
disease or pest management was applied.

2.4. Data Collection

2.4.1. Destructive Harvests

Harvesting started when most plants had reached the principal growth stage 6 (flowering following
the BBCH scale) [49], and were then carried out once a week between 18 July and 15 August 2017,
and between 10 July and 7 August 2018 (Table 2). At each harvest, all plants from an area of 0.25 m2

within each sub-plot were cut manually at the soil surface in the center rows, and the fresh matter of
the whole sample was recorded. Samples were then separated into capitula, florets, and residual plant
parts. The number of capitula was recorded, and florets were removed from the capitula and separated
into the categories “flowering” and “withered”. The number of primary branches was recorded on
the first and on the third harvest. Afterward, no further change in the number of primary branches
was observed. Fresh weights of the mentioned plant parts were determined before drying them to
constant weight to record dry matter. The dry matter content was determined by dividing the dry
matter by the fresh matter. Florets were dried according to Mohammadi and Tavakoli [29], at 40 ◦C,
and the remaining samples at 100 ◦C.

Table 2. Sowing dates and the number and date of harvests (days after sowing (DAS)) in the
experimental years 2017 and 2018.

Year Sowing Date Number of Harvest Date of Harvest (DAS)

2017 25.04.2017

1 18.07 (84)
2 25.07 (91)
3 01.08 (98)
4 08.08 (105)
5 15.08 (112)

2018 19.04.2018

1 10.07 (82)
2 17.07 (89)
3 24.07 (96)
4 31.07 (103)
5 07.08 (110)

2.4.2. Determination of Color Content (Carthamidin Content)

The carthamidin content (yellow pigment) of the flowering florets was determined
spectrophotometrically according to Mohammadi and Tavakoli [29] and the method of the FAO [50],
with minor modifications. For the extraction of carthamidin, 0.015–0.018 g of dried florets was put into
a 50 mL screw cab falcon tube. These were filled to a volume of 50 mL with a citric acid/disodium
hydrogen phosphate buffer solution (pH 5.0), which was made after McIlvain [51]. Samples were
shaken at room temperature for 90 min, with a frequency of 100 rpm, in the laboratory shaker ‘Swip
SM25’ (Edmund Bühler GmbH, Bodeshausen, Germany). Then, 1.5 mL of the sample was filled
into single-use fully UV-transparent plastic cuvettes ‘Semi-micro cuvette PS’ (nerbe plus GmbH,
Winsen/Luhe, Germany). The cuvettes were placed in the spectrophotometer ‘Ultrospec 3100 pro’ (GE
Healthcare Europe GmbH, Freiburg im Breisgau, Germany), and the absorption (A) was identified at
an absorption maximum of 400 nm [52,53].
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By using the buffer as a blank sample, the percentage of carthamidin content (P) could be
determined mathematically by using the following formula [29,50]:

pi =
Ai

487
·
50
Wi

(1)

where pi is the percentage of carthamidin content of sample i; Ai and Wi are the maximum absorption
(range of 400–408 nm) and weight (in g) of sample i, with 487 being the specific absorption of carthamidin
(in g mL−1) and 50 being the volume of mL the sample i was filled to with the buffer solution.

The color yield (carthamidin yield) was calculated according to Mohammadi and Tavakoli, by the
multiplication of the floret yields with their carthamidin content [29].

2.5. Statistical Analysis

Data were analyzed by a mixed-model approach. The model can be represented in the syntax of
Piepho [54] as follows:

Y × B + Y × C × S × D × H:Y·B·H + B·Y·C·S·D·H (2)

where Y, B, H, C, S, and D denoted effects for year, block, harvest date within a year, cultivar, row
spacing, and sowing density, respectively. Moreover, × is the crossing operator, e.g., Y × B expands to
Y + B + Y · B. Furthermore Y · B and Y · B · H correspond to complete block effects within years across
harvest dates and for each harvest date. As years were very different from each other, interest was in
the optimal agronomic strategy for both years. Thus, effects for years were taken as fixed. Main effects
for complete block were taken as fixed. In contrast, harvest-date-specific block effects were assumed
as random denoted by writing these effects behind the colon. All other factors were taken as fixed.
Note that block effects across harvest dates and error (=B·Y·C·S·D·H) effects are potentially correlated
within a year, as data were repeatedly taken from the same plot. Different variance–covariance
structures were tested for both effects, and the best model was selected via AIC [55]. The tested
variance–covariance structures are the first order autoregressive with homogeneous or heterogeneous
variances (with harvest date-by-year specific variances) and an unstructured variance–covariance
matrix. Residual plots of each trait were visually checked for homogeneous variance and normal
distribution. If one or both of these two assumptions were fulfilled, a logarithmic transformation
was performed to meet the assumptions. For traits floret yield and carthamidin yield, some values
were below the detection boundary. These values were replaced prior to analysis by half of the
minimum value measured. Results of multiple comparisons were presented as letter display [56],
using the Fisher´s Least Significant Difference test, at α = 5%, after finding significant corresponding
F-tests. In the case of multiple relevant two-, three-, and four-way interactions, displaying significant
differences for all relevant marginal means get complicated. In this case, simple means or margin means
for a single higher-way interaction are presented to simplify presentation. For instance, if interactions
Y·C·S, Y·C·D, and Y·D·S were significant, marginal means of Y·C·S·D are presented within the main
text dropping results from the letter display. Note that, in this case, all relevant means and their
comparisons for all significant interactions (including a letter display) were additionally shown in the
Appendix A.

In case of logarithmical transformed data, means were back-transformed and denoted as median.
Standard errors were back-transformed using the delta method. In this case, letter display was
omitted. All analyses were performed within the statistical software SAS 9.4 (SAS Institute Inc., Cary,
North Carolina, USA).
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3. Results and Discussion

3.1. Yield Parameters

3.1.1. Primary Branches per Plant

The mean number of primary branches is presented for sowing density and year-by-harvest date
combinations, as only these two model terms showed significance (Tables 3 and 4).

Table 3. Mean values ± standard error and significant differences of the Fisher’s LSD test (α = 0.05) for
number of primary branches for the factor year (2017 and 2018) and harvest date (Harvest 1 (2017: 84,
2018: 82 DAS) and 3 (2017: 98, 2018: 96 DAS) (DAS, days after sowing). Mean values with at least one
identical lowercase letter are not significantly different within a column. Mean values with at least one
identical capital letter are not significantly different within a row.

Year
Harvest Date

1 3

2017 10.38 bA
± 0.53 9.54 aA

± 0.53
2018 14.15 aA

± 0.60 11.02 aB
± 0.60

Table 4. ANOVA table of the significant terms and interactions in number of primary branches and
capitula per plant.

Trait
ANOVA Table of the Significant Terms and Interactions

Model Term Degree of Freedom p-Value 1

Branches Sowing density 1 <0.0001
Year * Harvest date 1 0.0477

Capitula Sowing density 1 <0.0001
Year * Cultivar 1 <0.0001

1p-value of an F-test for differences between levels of the corresponding factor or factor combinations.

The highest number of primary branches per plant was observed on the first harvest date in
2018 (14.15), while the lowest number was achieved on the third harvest date in 2017 (9.54; Table 3).
The number of primary branches in 2017 did not differ significantly between harvest dates, whereas
on the first harvest date in 2018, plants had more primary branches (14.15) than on the third harvest
date (11.02). Plants sown at a lower sowing density (D1) produced a significantly higher number of
primary branches per plant (13.0 ± 0.40) than at the higher sowing density (D2) (9.54 ± 0.40) (Table A2),
which is in line with other studies [35,57–59]. The total number of primary branches is within the
range [60,61]. The number varied between 4.0 and 24.8 and indicated, in most cases, that less than 20
primary branches, depending on cultivars, were formed [60,61]. In the current study, effects of row
spacing and cultivar were not significant. In contrast, Oad et al. showed that, for larger inter- and
intra-row spacing, the number of primary branches increased from around 7 to 10 [62].

Furthermore, the number of branches varied between years, probably due to differences in
temperatures and precipitation [63]. Numbers of branches were higher in years with cooler growing
conditions [64,65]. In this study, however, a higher number of branches was found in the warmer,
but drier year, 2018 (Figure 2). This might be explained by the susceptibility to diseases under humid
conditions [66,67], and therefore a higher productivity of, e.g., branches under dry and warm conditions
like in 2018. Moreover, the lower maximum temperatures in May and June, when the branches are
formed, could explain the delay in growth and, thus, the higher number of branches in 2018 (Figure 2).
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3.1.2. Number of Capitula per Plant

Significant differences for the number of capitula were found for sowing density and
year-by-cultivar interactions (Tables 4 and 5).

Table 5. Mean values ± standard error and significant differences of the Fisher’s LSD test (α = 0.05) for
number of capitula for the factor year (2017 and 2018) and cultivar (C1 and C2). Mean values with at
least one identical lowercase letter are not significantly different within a column. Mean values with at
least one identical capital letter are not significantly different within a row.

Year
Cultivar

C1 C2

2017 8.97 aB
± 0.27 12.46 bA

± 0.37
2018 8.61 aB

± 0.60 16.32 aA
± 0.60

The highest number of capitula was produced with cultivar C2 in both years (2017: 12.46; 2018:
16.32) (Table 5). At a lower sowing density (D1), more capitula per plant (14.35 ± 0.36) were observed
compared to the higher sowing density (D2) (8.73 ± 0.22) (Table A2).

The number of capitula per plant is within the range of other studies demonstrating 9.7–20.3
capitula per plant depending on cultivar, row spacing, sowing density, and year [61,68,69]. The higher
number of capitula at lower sowing densities could be explained by several studies [31,58,70,71],
showing correlations between the number of branches and number of capitula per plant [61,64,72,73].
In our study, a higher number of branches and capitula was obtained at a lower sowing density.
Effects of cultivars were shown in several studies [30,61,74,75]. One possible reason for the higher
productivity of C2 in both years in the current study could be that this cultivar is explicitly used in
colorant production in China and is therefore designed for high productivity. The slightly longer time
to flowering and, thus, the delay in development could also explain the higher number of capitula of
cultivar C2. The delay in 2018 could also be explained by the lower maximum temperatures in June,
when the capitula were formed (Figure 2).

3.2. Yield and Quality Parameters

3.2.1. Yield of Flowering Florets

The simple least square means of flowering floret yields are presented, as model terms showed
significant differences for several three-way interaction terms (Figure 3 and Table 6).

The yield of flowering florets ranged from 2.30 to 468.96 kg ha−1 (Figure 3) and was comparable to
studies with average floret yields between 168 and 188 kg ha−1, depending on year, cultivar, and sowing
density [30,57,76].

The cultivar C1 achieved its highest floret yield earlier compared to C2, which can be explained
by an earlier start of flowering. Furthermore, in all years and most harvest dates, C2 achieved higher
floret yields than C1 (Table A1). The highest yield for C1 was obtained at the second harvest date
(2017: 90.64; 2018: 167.81 kg ha−1), and the lowest yields were obtained on the two last harvest dates
(2.36–8.89 kg ha−1) (Table A1). For C2, highest yields of flowering florets were harvested in 2017,
at the second and third harvest dates (181.82 and 167.56 kg ha−1), and in 2018, at the third harvest
date (458.70 kg ha−1) (Table A1). The lowest yields of flowering florets were achieved, depending on
year, at the first (2018: 0.67 kg ha−1) or at the last harvest date (2017: 18.98 kg ha−1), which could be
explained by the fact that it was not yet flowering or had already withered toward the end.

In 2017, most flowering florets were harvested on the second harvest date (D1: 118.27; D2:
139.35 kg ha−1), while in 2018, most flowering florets were harvested on the third harvest date (D1:
206.71; D2: 245.37 kg ha−1) (Table A2). On these two harvest dates (second harvest date in 2017 and
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third harvest date in 2018), D2 achieved higher floret yields than D1. In 2018, however, no significant
influence on the yield of flowering florets between the sowing densities were found.
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Table 6. ANOVA table of the significant terms and interactions in yield of flowering florets.

ANOVA Table of the Significant Terms and Interactions

Model Term Degree of Freedom p-Value 1

Harvest date * Cultivar * Row spacing 4 0.0027
Year * Harvest date * Cultivar 3 <0.0001

Year * Harvest date * Sowing density 4 0.0258
1p-value of an F-test for differences between levels of the corresponding factor or factor combinations.

The year-effect on the floret yield is also reflected in other studies that reported higher floret yields
at higher temperatures and lower precipitation [77–79]. The lower disease infestation with lower
precipitation [66] could explain the higher floret yields in the hotter and drier year, 2018, in this study
(Figures 2 and 3). Moreover, the lower maximum temperatures in May and June 2018 may have led to
a delayed development (Figure 2). Furthermore, the higher maximum temperatures during flowering
in 2018 (July and August) may have had a positive effect on the floret yields. Other studies also
reported differences in floret yield of cultivars, harvest dates, and years [29,30,57,76]. Yields peaked
in the middle of the flowering period (Harvest 2 to 3), which could be explained by the successive
flowering of the secondary and tertiary capitula [3,4]. A reason for the higher floret yields of C2 could
be the higher number of capitula, as it determines final floret yield [36,80]. Additionally, the effect of
row spacing and sowing density on floret yield is in line with studies of Azari et al. and Hamza et al.
showing higher floret yield with lower sowing density and lower row spacing [31,57].
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3.2.2. Carthamidin Content of Flowering Florets

For the carthamidin content, the model showed significant differences for all two-way interactions
of year, harvest date, and cultivar. Therefore, least square means of the corresponding three-way
interactions are presented (Table 7).

Table 7. Carthamidin content of flowering florets (%) for the two years (2017 and 2018) and the two
cultivars (German and Chinese cultivar (C1 and C2)) of the five harvests (Harvest 1–5) (DAS, days after
sowing) represented as mean values ± standard error.

Cultivar Harvest 1 Harvest 2 Harvest 3 Harvest 4 Harvest 5

84 DAS 91 DAS 98 DAS 105 DAS 112 DAS

2017
C1 5.72 ± 0.32 3.43 ± 0.32 4.08 ± 0.32 2.68 ± 0.31 1

C2 6.58 ± 0.32 7.29 ± 0.32 6.51 ± 0.32 5.97 ± 0.31 5.91 ± 0.34

82 DAS 89 DAS 96 DAS 103 DAS 110 DAS

2018
C1 3.40 ± 0.14 3.54 ± 0.14 3.41 ± 0.14 3.19 ± 0.18 1

C2 2 8.12 ± 0.14 7.55 ± 0.14 7.14 ± 0.14 6.98 ± 0.14

ANOVA table of the significant terms and interactions.
Model term Degree of freedom p-value 3

Harvest date * Cultivar 4 0.0006
Year * Cultivar 1 <0.0001

Year * Harvest date 4 0.0007
1 No longer harvested, because all florets were withered. 2 Not flowering yet. 3 The p-value of an F-test for
differences between levels of the corresponding factor or factor combinations.

The cultivar C2 reached higher carthamidin contents in 2018 (6.98%–8.12%) compared to 2017
(5.91%–7.29%) (Table 7). In addition, cultivar C2 had higher carthamidin contents (6.45%–7.71%) than
C1 (2.94%–4.56%) on all existing harvest dates and in both years (Table A1).

The range of carthamidin contents was comparable to a study of Mohammadi and Tavakoli in
which the carthamidin contents were between 4.60% and 5.93% [29]. This study showed the difference
in carthamidin contents between harvest dates, cultivars, and their interaction, which was also shown
in other studies [29,30,34,81]. The higher carthamidin content at earlier harvest dates in this study
(Tables 7 and A1) can be explained by the presence of an oxidative enzyme (β-glucose oxidase) which
leads to a color change from yellow to red during ripening [82–84]. The carthamidin content is also
affected by the environmental weather conditions, wherefore the harvest date is a determining factor
for the carthamidin content [29,66,81,82]. As it was shown for number of capitula per plant and
for floret yield (Table 4 and Figure 3), C2 is better adapted to the hot and dry weather conditions,
and this could also explain the higher carthamidin contents. These conditions, and also the highest
maximum temperatures in July and August 2018, are advantageous during the flowering period, for
good development and less disease formation in safflower (Figure 2) [66,77–79].

3.2.3. Carthamidin Yield

As the analysis showed significant differences between sowing density as well as several three-way
interactions of cultivar, row-spacing, harvest date and year, means for sowing density, and the
corresponding four-way interactions are presented (Figure 4 and Table 8).

In both years, C1 produced the highest carthamidin yields on the second harvest date (2017: 2.94;
2018: 5.93 kg ha−1) (Table A1). C2 had the highest carthamidin yield on the second harvest date in
2017 and on the third harvest date in 2018 (2017: 13.28; 2018: 34.13 kg ha−1). The product of the factors
floret yield and carthamidin content (Figure 3 and Table 7) in the carthamidin yield explains the peak
at the beginning of the flowering period (Figure 4).

The highest carthamidin yields were achieved with C2 on the third harvest date (S1: 18.86; S2:
19.69 kg ha−1) (Table A3). Furthermore, it could be shown that, in 2018, S2 produced higher carthamidin
yields (2.18 kg ha−1) compared to S1 (1.58 kg ha−1) (Table A3).
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The carthamidin yield ranged between 0.04 and 37.86 kg ha−1 (Figure 4), which is comparable to a
study of Mohammadi and Tavakoli, with carthamidin yields depending on cultivars and harvest dates
between 26.33 and 36.62 kg ha−1 [29].
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Figure 4. Carthamidin yield (kg ha−1) for the two years ((a) 2017 and (b) 2018) and the eight different
treatments (German and Chinese cultivar (C1 and C2), row spacing of 12 and 33 cm (S1 and S2),
and sowing densities of 40 and 75 plants m−2 (D1 and D2) of the five harvests (Harvest 1–5) (DAS, days
after sowing) represented as mean values ± standard error.

Table 8. ANOVA table of the significant terms and interactions in carthamidin yield.

ANOVA Table of the Significant Terms and Interactions

Model Term Degree of Freedom p-Value 1

Sowing density 1 0.0026
Harvest date * Cultivar * Row spacing 4 0.0242

Year * Row spacing 1 0.0299
Year * Harvest date * Cultivar 3 <0.0001

1p-value of an F-test for differences between levels of the corresponding factor or factor combinations.

In both years, cultivar C2 produced the highest carthamidin yields, which could be due to the
origin and its genetic potential, because it is designed for colorant production in China. Both the
higher floret yields and the higher carthamidin contents of C2 led to the highest carthamidin yields in
2018, which could be explained by the drier and hotter weather conditions and the higher maximum
temperatures during flowering in 2018 (Figure 2). Disease infestation is less likely to occur under these
conditions (Figures 2–4 and Table 7) [66,77–79]. Moreover, the drier conditions by which secondary
phytochemicals can be increased according to different studies could be the reason for the higher
carthamidin yields in 2018 [39,40]. Environmental differences between years and agronomic practices
(e.g., row spacing and sowing density) can affect competition for nutrients, light, and water [3,64].
This could be a possible explanation even for differences in carthamidin yield.
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4. Conclusions

In general, the results of the study show that the experimental factors year, harvest time, cultivar,
and sowing density had significant influences on most traits. Row spacing indicated a significant
impact on two traits and just in interactions with other effects, wherefore further experiments should
be carried out. Based on this study, the Chinese cultivar (C2), a plant density of 40 plants m−2 (D1),
and a harvest time of two to three weeks after flowering can be recommended to achieve maximum
floret and carthamidin yields under the conditions in Southwest Germany.

The most critical factor for safflower cultivation in Southwest Germany seems to be the impact of
diseases under rainy conditions during flowering, wherefore selection of resistant accessions should
be carried out in a first step. Further studies should also test the cultivation of safflower at warmer and
drier locations in Southwest Germany.
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Appendix A

Table A1. Mean values ± standard error and significant differences of the Fisher’s LSD test (α = 0.05)
for the factors year (2017 and 2018), harvest date (Harvest 1–5), and cultivar (C1 and C2). Mean values
with at least one identical lowercase letter are not significantly different between harvest dates (within
columns). Mean values with at least one identical capital letter are not significantly different between
cultivars (within rows).

Parameter Year Harvest Number Cultivar

C1 C2

Yield of flowering florets (kg ha−1)

2017

Harvest 1 26.76 bA
± 3.86 40.30 cA

± 5.81
Harvest 2 90.64 aB

± 4.28 181.82 aA
± 8.59

Harvest 3 36.41 bB
± 4.06 167.56 aA

± 18.68
Harvest 4 8.89 cB

± 1.49 74.99 bA
± 12.56

Harvest 5 n.d. 18.98 dA
± 5.22

2018

Harvest 1 55.38 bA
± 8.70 0.67 dB

± 0.11
Harvest 2 167.81aA

± 34.83 73.30 cB
± 15.21

Harvest 3 110.57 aB
± 7.58 458.70 aA

± 33.75
Harvest 4 5.47 cB

± 1.50 209.34 bA
± 57.27

Harvest 5 2.36 dB
± 0.31 91.22 cA

± 12.12

Carthamidin content of flowering
florets (%)

Harvest 1 4.56 ± 0.17 n.d.
Harvest 2 3.48 B

± 0.17 7.71 A
± 0.17

Harvest 3 3.75 B
± 0.17 7.03 A

± 0.17
Harvest 4 2.94 B

± 0.17 6.56 A
± 0.17

Harvest 5 n.d. 6.45 ± 0.17
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Table A1. Cont.

Parameter Year Harvest Number Cultivar

C1 C2

Carthamidin yield (kg ha−1)

2017

Harvest 1 1.51 bB
± 0.23 2.65 cA

± 0.40
Harvest 2 2.94 aB

± 0.32 13.28 aA
± 1.45

Harvest 3 1.30 bB
± 0.24 10.88 aA

± 2.00
Harvest 4 0.19 cB

± 0.03 4.46 bA
± 0.75

Harvest 5 n.d. 1.09 dA
± 0.32

2018

Harvest 1 1.88 bA
± 0.33 0.04 dB

± 0.01
Harvest 2 5.93 aA

± 1.33 5.94 cA
± 1.33

Harvest 3 3.76 aB
± 0.29 34.13 aA

± 2.81
Harvest 4 0.19 cB

± 0.05 14.92 bA
± 3.75

Harvest 5 0.08 dB
± 0.01 6.34 cA

± 0.73

Table A2. Mean values ± standard error and significant differences of the Fisher’s LSD test (α = 0.05)
for the factors year (2017 and 2018), harvest date (Harvest 1–5), and sowing density (D1 and D2). Mean
values with at least one identical lowercase letter are not significantly different between harvest dates
(within columns). Mean values with at least one identical capital letter are not significantly different
between sowing densities (within rows).

Parameter Year Harvest Number Sowing Density

D1 D2

Number of primary branches per plant 13.0 A
± 0.40 9.54 B

± 0.40

Number of capitula per plant 14.35 A
± 0.36 8.73 B

± 0.22

Yield of flowering florets (kg ha−1)

2017

Harvest 1 33.93 A
± 4.89 31.79 A

± 4.59
Harvest 2 118.27 B

± 5.59 139.35 A
± 6.58

Harvest 3 101.57 A
± 11.32 60.06 B

± 6.70
Harvest 4 31.57 A

± 5.29 21.12 A
± 3.54

Harvest 5 n.d. n.d.

2018

Harvest 1 6.87 eA
± 1.08 5.41dA

± 0.85
Harvest 2 110.19 bA

± 22.29 111.63 bA
± 23.17

Harvest 3 206.71 aA
± 15.21 245.37 aA

± 16.82
Harvest 4 49.57 cA

± 13.56 23 08 cA
± 6.31

Harvest 5 14.22 dA
± 1.89 15.15 cA

± 2.01

Carthamidin yield (kg ha−1) n.d. n.d.

Table A3. Mean values ± standard error and significant differences of the Fisher’s LSD test (α = 0.05)
for the factors cultivar (C1 and C2), year (2017 and 2018), harvest date (Harvest 1–5), and row spacing
(S1 and S2). Mean values with at least one identical lowercase letter are not significantly different
between harvest dates (within columns). Mean values with at least one identical capital letter are not
significantly different between row spacing (within rows).

Parameter Cultivar Year Harvest Number Row Spacing

S1 S2

Carthamidin yield (kg ha−1)

C1

Harvest 1 1.85 A
± 0.30 1.53 A

± 0.25
Harvest 2 3.87 A

± 0.68 4.51 A
± 0.79

Harvest 3 2.33 A
± 0.33 2.10 A

± 0.30
Harvest 4 0.15 A

± 0.03 0.25 A
± 0.05

Harvest 5 n.d. n.d.

C2

Harvest 1 0.28 dA
± 0.05 0.37dA

± 0.06
Harvest 2 7.95 bA

± 1.40 9.88 bA
± 1.74

Harvest 3 18.86 aA
± 2.66 19.69 aA

± 2.83
Harvest 4 8.42 bA

± 1.80 7.90 bA
± 1.68

Harvest 5 3.46 cA
± 0.77 2.00 cA

± 0.44

Carthamidin yield (kg ha−1)
2017 n.d. n.d.
2018 7.9B

± 0.7 1 10.9A
± 0.95 1

1 Here are presented values over all harvest dates.
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