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Abstract: The industrial need for safflower (Carthamus tinctorius L.) increased over the last decade
due to its potential use as food colorant. Safflower is mainly cultivated in Asia for its use as floret.
In Germany, an economically attractive cultivation for floret use would require a mechanization of
harvest. In order to develop a mechanical harvesting system, field experiments were conducted at
the experimental station Ihinger Hof of the University Hohenheim in 2017 and 2018. Safflower was
harvested with a combine harvester to obtain the florets. Two safflower (i) cultivars were harvested
with (ii) three threshing parameter settings on (iii) five harvest dates to evaluate threshed floret yield,
dry matter and carthamidin content, and carthamidin yield. Results showed that the maximum
threshed floret yield was achieved at the latest harvest date (784.78–1141.76 kg ha−1), while the
highest carthamidin contents were observed depending on cultivar on the first two harvest dates
(0.53–3.14%). The decisive and resulting amount of carthamidin yield reached its maximum with the
Chinese cultivar and the threshing parameter setting P3 between the fourth and fifth harvest date
in 2018 (19.05–19.36 kg ha−1). Highest dry matter contents were achieved at the last harvest date
(62.67–77.77%). Individual capitula weight and carthamidin content decreased with later harvest
dates. Further investigations should clarify whether the individual capitula weight and carthamidin
content correlate with each other or are independent of the date of harvest. This could be a decisive
criterion for the selection of cultivars for harvesting florets with a combine harvester. Reduced costs
of machine harvesting compared to hand harvesting will make the cultivation of safflower for the
food coloring industry in Germany more attractive in the future.

Keywords: Carthamus tinctorius L.; safflower; threshing parameters; combine harvester; carthamidin
content; carthamidin yield; mechanization; harvest

1. Introduction

Safflower (Carthamus tinctorius L.), a member of the Asteraceae family, has a deep-rooting system
and a strong taproot [1–4]. Safflower is an annual, thistle-like plant with many spines on its bracts and
leaves [1,2]. It branches out to tertiary branches [5]. Each one has a spherical flower head (capitulum)
containing the white, yellow, orange or red petals (florets) [1,2,5]. It has many purposes, such as
vegetable, animal feed, tea, cut flowers or as a medicinal plant [1,2,6,7]. It has been used by humans
for over 2200 years [1,5]. The main benefit of safflower currently is its use as oil, which is regarded
as a healthy alternative to sunflower oil due to its oil composition [1,2,8,9]. Traditionally, safflower
florets were used for coloring food and textiles [1–3]. However, this traditional use receded into the
background when cheaper, synthetic aniline colors were invented in 1856 [2,10].

Different studies claim that these artificial food colorants negatively influence the behavior of
children or may cause carcinogenic or allergic effects [11–14]. Therefore, and also due to the growing
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awareness of environmentally conscious, safe and healthy consumption, the attention to natural
colorants has increased [13–17]. The 2013 EU directive “Guidance notes on the classification of food
extracts with colouring properties” distinguishes between “dyes” and “coloring foods” [18,19]. “Dyes”
are defined as additives requiring legal admission, which is not the case for “coloring foods” [18,20].
Due to the lower enrichment factor (variable to indicate accumulation of a substance in a living
organism) of safflower compared to paprika and curcuma, it is considered as an appropriate yellow-
and orange-coloring substitute, which is increasingly used in, e.g., ice cream, candies, fruit syrups and
juices [7,18,21,22]. Safflower has a number of advantages compared to other colorants, especially in the
processing properties regarding light, temperature and pH value, and it is cheaper than saffron [23,24].

On an international level, cultivation of safflower for the use of florets is currently limited and
is still mainly practiced in Asia [1,2,25]. However, this will no longer be sufficient to meet the rising
demand of the food coloring industry, especially in Europe and other Western countries [7,13,26–32].
With the expansion of the cultivation of safflower to other regions, an adaption of cultivar choice and
cultivation methods to regional conditions is required. Several studies have shown that there are
suitable cultivars of safflower for oil and seed production in Central Europe [33–37]. There have also
been tests on the cultivation of safflower with the aim of gaining florets in southwest Germany, which
showed that the cultivation is possible and that the floret yields, colorant contents and colorant yields
(specified on carthamidin as yellow colorant) can compete with other international studies [28,38–43],
but can vary between years, harvest dates and cultivars.

Safflower for floret production is mainly harvested by hand, which is very slow, labor- and
time-intensive and expensive [44–46]. Due to the fact that there is no industrially produced harvesting
machine for this type of use so far [44,45], the production efficiency is very low, which means that no
economical, large-scale production of florets is possible currently [45]. Therefore, a suitable method for
the mechanization of harvesting should be developed and tested.

Within the study, mechanized harvesting was tested. In order to reduce costs and offer an
economically attractive way to produce florets in Germany, a combine harvester was chosen as a
harvesting machine due to its availability to every farmer. The threshing efficiency is influenced by
many variables: for example, threshing drum speed, crop moisture (or dry matter content) and concave
setting [47,48]. Furthermore, the cleaning wind as well as the sieves have to be adapted to the crop [49].

The objectives of the present study were to (i) test different cultivars, (ii) assess harvest dates and
(iii) investigate threshing parameter settings on threshed floret yield, dry matter content, carthamidin
content and yield, when safflower is harvested with a combine harvester. Furthermore, it was
investigated whether (iv) relationships between plant-specific characteristics (e.g., capitulum weight)
and carthamidin content exist that impact the suitability of cultivars for mechanized harvesting.

2. Materials and Methods

2.1. Description of the Experimental Site and Design

Two field experiments were conducted at the experimental station Ihinger Hof of the University
of Hohenheim in southwestern Germany (48◦44′ N, 8◦55′ E, 478 m a.s.l.) in 2017 and 2018. Annual
temperature in 2018 (10.2 ◦C) was higher than in 2017 (9.2 ◦C) and the annual rainfall was lower in
2018 (525.9 mm) than in 2017 (653.9 mm). Detailed weather and soil conditions were described in
Steberl et al. [38].

For the first experiment and for both experimental years 2017 and 2018, the field trial was arranged
in a kind of split plot design with three replicates. The main plat factor was cultivar. The two levels
of cultivar were the Chinese (C2) and German Cultivar (C1). In contrast to a common split-plot
design with one main-plot per cultivar and replicate, the replicate was split into four main-plots. This
increased the efficiency of cultivar mean estimates and comparison. The subplot factor is allocated to
plot within main-plots according to an α-design with two incomplete blocks (=main-plots). The plots
had a size of 30 m2 (2 × 15 m) each containing four rows in the center with a row spacing of 0.33 m.
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A sowing density of 40 plants m−2 was used to enable mechanical hoeing. This is essential due to a
slow development of the plant up to the rosette stage [50], and the potential high weed pressure after
emergence [51]. The row orientation was north–south in 2017 and east–west in 2018.

Information on previous crop, tillage, sowing and fertilization is similar to the experiment described in
Steberl et al. [38]. In contrast to Steberl et al. [38] the sowing took place on 25 April 2017 and 20 April 2018.
In 2017, manual weeding was done once 43 days after sowing (DAS). Because of high weed density in 2018,
weeding was carried out three times (6, 33 and 48 DAS). Afterwards, no additional weeding was required
because plants reached the branching stage, where they are no longer susceptible to weeds [50,52,53].

For the relationship between individual head weight and carthamidin content, data from the second
field experiment was used, which is described in all details in Steberl et al. [38]. Thus, all remaining parts
in the Materials and Methods section focus on the first experiment, except if stated differently.

2.2. Treatments

For both experiments, two different cultivars with three different threshing parameter settings
were studied and harvested at different dates. The two safflower cultivars were a German (C1) and
a Chinese cultivar (C2). These two cultivars are described in detail in Steberl et al. [38]. Due to the
morphological differences, the growth habit and height, differences were assumed with regard to the
threshed floret yield, the carthamidin content and, accordingly, the carthamidin yield.

For the first experiment, different threshing parameters for the setup of the combine harvester
were selected based on a previous test in 2016. A range of combinations of top and bottom sieve, wind,
threshing drum rpm (rounds per minute), concave setting and the use of a different number of rub
bars or omission of them was selected. Threshing parameters in 2017 and 2018 were chosen from these
combinations (P1–P3) (Table 1).

Table 1. List of threshing parameter settings (P1–P3) tested in the experimental years 2017 and 2018.

Characteristics P1 P2 P3

Top sieve (lamella sieve) 15 mm opened 9 mm opened 15 mm opened

Bottom sieve (round hole sieve) 16 mm 10 mm 16 mm

Wind 400 min−1 400 min−1 500 min−1

Threshing drum 1200 min−1 1200 min−1 700 min−1

Concave setting Step 1 Step 1 Step 3

Rub bars - - 3

Harvest of the florets took place at different dates representing different dry matter contents and
different stages of development. The first harvest was carried out when the majority of the plants of
the cultivar had reached flowering (BBCH stage 65) [50]. Due to the fact that C1 flowers earlier than
C2, the first harvest was planned when C1 started to flower. Thus, C2 was not yet flowering at that
date (see BBCH stages in Table 2).

The second harvest took place when both cultivars were in full bloom. The third harvest was
scheduled when flowering went towards the end for both cultivars. The fourth was planned when
C1 was withered and C2 was still slightly flowering. The last harvest took place when both cultivars
were already withered. At that date, plants were drier and therefore a higher threshability was
expected [48,54–56]. Due to changing weather conditions, some of the planned harvests could not be
realized. Table 2 gives an overview of all harvest dates in both years.
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Table 2. Sowing dates, and the number (BBCH stage C1/C2 (Chinese/German cultivar)) and date of
harvests (days after sowing (DAS)) in the experimental years 2017 and 2018.

Year Sowing Date Harvest Time Date of Harvest (DAS)

2017 25 April 2017 3 (69/67) 03.08 (100)

4 (71/69) 14.08 (111)

2018 20 April 2018

1 (61/59) 13.07 (84)

2 (67/65) 24.07 (95)

4 (71/69) 09.08 (111)

5 (75/71) 16.08 (118)

2.3. Data Collection

2.3.1. Harvesting and Post-Harvest Procedures

At each harvest date, plots were harvested with a plot combine harvester “Zürn 150” (Zürn
Harvesting GmbH and Co. KG, Schöntal-Westernhausen, Germany). Fresh and dry matter weight was
recorded for these samples of harvested florets. The drying temperatures were 40 ◦C, according to
Mohammadi and Tavakoli [39], in order to prevent destruction of ingredients. Dry matter content was
the result of the division of dry by fresh matter.

Despite the different threshing parameters, the threshed material still contained many coarse parts
(leaves, branches, etc.) (Figure 1).
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Figure 1. Photos of (a) threshed sample immediately after harvesting, (b) residue remaining in the
sieve after sieving, (c) sample that was sieved and then used for further laboratory analysis.

In order to obtain a higher proportion of florets, a subsample of each plot was sieved with a
3 mm sieve as a post-harvest procedure, which is typical in flower production [57]. Data analysis was
concentrated on sieved samples only. Therefore, they differed from the pure florets by still containing,
e.g., small leaf parts, which is why they are called threshed florets in the following in order to avoid
confusion with the pure florets.

In addition, number and weight (fresh and dry) of the capitula were recorded, as described in
Steberl et al. [38].



Agronomy 2020, 10, 1272 5 of 21

2.3.2. Laboratory Analyses for the Determination of Carthamidin Content

Carthamidin content of the threshed florets was measured spectrophotometrically at the University
of Hohenheim as described in [39,58] with minor modification. Determination of the carthamidin
content was described in detail in [38]. The carthamidin yield was calculated as the product of the
threshed floret yield and carthamidin content [39]. The carthamidin contents in Section 3.5 were
determined from pure florets, as described in Steberl et al. [38].

2.4. Statistical Analysis

Data were analyzed using a mixed model approach. In the syntax of Piepho [59], the model can
be shown as:

Y/R + Y × C × P × H: B·R·Y + B·R·H·Y + R·C·P·Y + R·C·P·Y·H

where Y, R, B, C, P and H indicate the effects for year, replicate, incomplete block or main-plot within
replicate, cultivar, threshing parameter settings and harvest dates. The nesting operator / expands,
for example, Y/R to Y + Y·R. The crossing operator × expands, for example, Y × C to Y + C + Y·C.
Complete replicate effects within years are achieved through Y·R in the model. Due to the weather
conditions, the years were very different. Since the interest was to find the best treatment for both years,
the effect of the year was assumed to be fixed. In contrast, incomplete blocks within a replicate and
year (B·R·Y), harvest date-specific incomplete block effects (B·R·Y·H) as well as plot effects (R·C·P·Y)
were assumed as random. A colon is used to separate fixed effects and random effects (behind the
colon) in the model. The residual error effects (R·C·P·Y·H) are underlined. A year-specific variance
was fitted to these error effects. The assumptions of normal distribution residuals with homogenous
variance were checked graphically via residual plots for all traits. In case of rejection of at least one
assumption, a logarithmic or a square root transformation was performed to meet the criteria. In
this case, the estimated means were back-transformed for presentation purpose only. Furthermore,
standard errors were back-transformed by using the delta method. After finding significant effects via
the F-test, significant differences were evaluated using the multiple Fisher´s least significant difference
test at a significance level of α = 5%. Using the %mult macro in SAS [60], a letter display was generated
to show the results of the multiple comparison. In case of multiple (two or three way) interactions,
letter displays for all significant differences become complicated. Therefore, simple or marginal
cultivar-by-threshing parameter settings-by-year-harvest date means of single higher-level interactions
were presented in the result and discussion part to simplify the presentation of the results of the
manuscript. Additionally, all relevant means were compared within the Appendix A.

The statistical analysis was performed using PROC MIXED of the statistical software SAS 9.4.
(SAS Institute Inc., Cary, NC, USA).

3. Results and Discussion

3.1. Threshed Floret Yield

The analysis showed significant differences for year and for several two-way interactions of
cultivar, threshing parameter settings and harvest date (Figure 2 and Table 3).
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Figure 2. Threshed floret yield (kg ha−1) for the six different treatment combinations of two safflower
cultivars (German and Chinese cultivar, C1 and C2) and three threshing parameter settings (P1–P3)
(Table 1) at five harvest dates (Harvest 1–5) (DAS, days after sowing) for the two years (a) 2017 and
(b) 2018, represented as mean values ± standard error. 1 Harvest was not possible. 2 Not yet harvested
because not yet flowered. 3 No longer harvested because no longer flowered.

Table 3. ANOVA table of the significant terms and interactions of threshed floret yield.

ANOVA Table of the Highest Significant Terms and Interactions

Model Term Degrees of Freedom p-Value 1

Year 1 0.0015

Cultivar * Threshing parameter setting 2 0.0284

Harvest date * Threshing parameter setting 8 <0.0001
1 p-value of an F-test for differences between levels of the corresponding factor or factor combinations.



Agronomy 2020, 10, 1272 7 of 21

Therefore, marginal means for years and cultivar-by-threshing parameter settings-by-harvest date
of threshed floret yields are presented. On average, the threshed floret yield was higher in 2018 (621.58
kg ha−1) than in 2017 (512.14 kg ha−1) (Figure 2 and Table A1). Threshed floret yield increased at later
harvest date (Figure 2 and Table A1). C1 achieved the highest threshed floret yield with the threshing
parameter setting P2 (1141.76 kg ha−1), while C2 achieved the maximum yields with the threshing
parameter setting P1 (1048.63 kg ha−1) at the fifth harvest (Figure 2 and Table A1). The lowest yields
were obtained from both cultivars with P2 at the first or second harvest date (C1: 110.46 kg ha−1; C2:
192.05 kg ha−1). For C2, threshing parameter setting P1 led to the highest yield at all harvest dates
(294.95–1048 kg ha−1). C1, on the other hand, had the highest yields at the early harvest dates with
P1 (Harvest date 1: 293.64; Harvest date 2: 392.67 kg ha−1). For the third to fifth harvest date, the
settings of P2 were more favorable (540.51–1141.76 kg ha−1). Threshed floret yield ranged between
110.46 and 1141.76 kg ha−1 (Figure 2). Other studies in which only the petals were harvested by hand
showed that the yields ranged between 2.30 and 647.53 kg ha−1, depending on cultivar, harvest date
and year [3,28,38–40,42,43,61,62]. The higher yields in threshing compared to hand harvesting (pure
florets) can be explained by the fact that, despite sieving, the threshed material still contained other
plant parts, e.g., small leaves or seeds (Figure 2).

Other studies indicated higher floret yields in warmer and drier years [38,63–65]. In this study,
higher yields were achieved in 2018, the year with higher temperatures and more importantly less
rainfall, which could also be related to lower susceptibility to diseases in drier conditions [51].
Furthermore, floret yields depended on year, harvest date and cultivar [28,31,38–40,42]. The highest
threshed floret yields were obtained for both cultivars at the last harvest date in 2018, which could be
described by the consecutive flowering of the secondary and tertiary capitula [2,5], and the increasing
maturity of the plant which resulted in drier, and thus better threshing conditions. This increasing
maturity and drying of the crop (Table 4) could also be a reason for the significant interactions of
harvest date and threshing parameters.

In contrast to another study, in which marigold was harvested by machine and in which the highest
yields were achieved at earlier harvest dates [66], this study did not only focus on the inflorescence.
Safflower was harvested with a combine harvester instead of a virtual rotating comb-type chamomile
harvester, which is specifically designed for flower harvesting. Therefore, in this study the yields were
higher at the end of the harvest dates, when the plant has more biomass and it is more important that
the threshed material is drier. C2 achieved the highest threshed floret yields at all harvest dates and
C1 at the first two harvest dates with P1 (Figure 2 and Table A1), which could be explained by the
larger openings of the top and bottom sieve (Table 2). Due to these larger sieve diameters, they do not
clog quickly by the wet threshing material, therefore there is less threshing loss and a higher threshed
floret yield. C1 has a developmental advantage compared to the other cultivar results in more mature,
drier plants and florets at an earlier date. This explains why P2 for drier material properties no longer
clogged the smaller sieve diameters. Hence, the highest threshed floret yields could be achieved by
low threshing losses (Figure 2 and Table A1). In addition, the higher threshing drum speeds of P1 and
P2 compared to P3 potentially led to a higher threshing efficiency and therefore to higher threshed
floret yields under these parameter settings. This was also shown in several studies with different
crops [48,54,56]. The lowest threshed floret yields at the third and fifth harvest date were achieved
with P3. The reasons could be the higher wind, the lower threshing drum rpm or the inserted rub bars,
which may have led to more material being transported out of the combine harvester as threshing loss.
The fact that P3 performed worse than P1 and P2 could also be due to the wider concave setting. That
wider concave setting led to a lower threshing efficiency with a higher floret loss. This was also shown
in a study by Pragalyaashree et al. [67] where onion florets were separated.
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Table 4. Dry matter content (%) for the six different treatment combinations of the two cultivars
(German and Chinese cultivar, C1 and C2) and three threshing parameter settings (P1–P3) (Table 1) at
five harvest dates (Harvest 1–5) (DAS, days after sowing) for the two years (2017 and 2018) represented
as mean values ± standard error.

Year Treatment
Harvest Date

1 2 3 4 5

100 DAS 111 DAS

2017 C1 P1 1 1 28.47 ± 0.70 3 3

C1 P2 1 1 31.23 ± 0.70 3 3

C1 P3 1 1 32.50 ± 0.70 3 3

C2 P1 1,2 1 28.47 ± 0.70 36.77 ± 0.70 3

C2 P2 1,2 1 31.20 ± 0.70 40.13 ± 0.70 3

C2 P3 1,2 1 30.73 ± 0.70 42.23 ± 0.70 3

84 DAS 95 DAS 111 DAS 118 DAS

2018 C1 P1 34.22 ± 0.90 33.12 ± 0.89 1 51.84 ± 0.90 65.38 ± 0.90

C1 P2 33.39 ± 0.90 32.16 ± 0.90 1 58.48 ± 0.89 70.86 ± 0.90

C1 P3 29.61 ± 0.90 32.88 ± 0.90 1 1 77.77 ± 0.91

C2 P1 2 27.82 ± 0.90 1 52.09 ± 0.91 62.67 ± 0.91

C2 P2 2 30.11 ± 1.50 1 55.42 ± 0.90 68.31 ± 0.91

C2 P3 2 29.71 ± 0.91 1 57.21 ± 1.50 72.53 ± 0.91

ANOVA table of the significant terms and interactions.

Model term Degrees of freedom p-value 4

Year 1 <0.0001

Harvest date * Cultivar * Threshing parameter setting 3 0.0188
1 Harvest was not possible. 2 Not yet harvested because not yet flowered. 3 No longer harvested because no longer
flowered. 4 The p-value of an F-test for differences between levels of the corresponding factor or factor combinations.

3.2. Dry Matter Content

The analysis showed significant differences for year and for the three-way interactions of cultivar,
threshing parameter setting and harvest date. Therefore marginal means of the four-way interactions
are presented (Table 4).

In 2017, the average dry matter content of 33.53% was less than the average achieved dry matter
content in 2018 (48.78%) (Tables 4 and A1). Further, a higher the dry matter content was achieved
at later harvest dates (Tables 4 and A1). Both cultivars C1 and C2 achieved the highest dry matter
contents at the last harvest date (C1: 77.77%; C2: 72.53%) (Tables 4 and A1). For cultivar C1 the lowest
dry matter contents were obtained at the third harvest date in 2017 (28.47%), while C2 reached the
lowest dry matter contents at the second harvest date in 2018 (27.82%) (Tables 4 and A1). In general,
comparison of the threshing parameters demonstrated that at the earlier harvest dates (harvest date 1
and 2), with P1 the highest threshed floret yields could be achieved with C1 (Figure 2), which could be
explained by the highest dry matter contents (34.22 and 33.12%) and the resulting better threshability
(Table 4). At later harvest dates (harvest date 4 or 5), P3 was the setting with the lowest threshed floret
yields (Figure 2). This could be due to the too high dry matter contents (Table 4), which with the higher
wind setting of P3 led to higher losses and thus to lower yields (Table 1 and Figure 2). Further, on
mostly all harvest dates cultivar C1 showed higher dry matter contents than C2 (C1: 28.47–77.77%; C2:
27.82–72.53%). Comparing this with values of chamomile or marigold flowers [49,68], for example,
where the dry matter content at harvest is about 26–30%, the values of this study are higher, i.e., the
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crop is drier, which could also be due to the fact that it is not only the pure product of the flowers.
Therefore, the values of dry matter contents can be better compared with late cuts for ensiling or hay
purposes, when the whole plant is harvested. In these cases, the dry matter contents at the beginning
of flowering were around 16–38% [69–72]. These values are comparable to the dry matter contents at
the first and second harvest date in this study. These studies also showed the increasing dry matter
content with increasing maturity (later harvest dates), which was also observed in this study [69–72].
The higher dry matter contents in 2018 could be due to the weather, which was warmer and drier.
Higher temperatures lead to an earlier maturity of the crop [73,74], which could explain the earlier
increased dry matter contents in 2018. The higher dry matter contents of C1 could be explained by the
developmental advantage of about one week compared to C2. The highest threshed floret yields at the
last harvest date (Figure 2 and Table A1) could be explained by the high dry matter contents. Higher
dry matter contents (lower moisture contents) increase the threshing efficiency [48,54–56], and thus the
threshed floret yield.

3.3. Carthamidin Content

As the analysis showed significant differences between years and for the three-way interactions
of cultivars, threshing parameter setting and harvest date, medians of the four-way interactions are
presented in Table 5.

Table 5. Carthamidin content (%) for the six different treatment combinations of the two cultivars
(German and Chinese cultivar, C1 and C2) and three threshing parameter settings (P1–P3) (Table 1) at
five harvest dates (Harvest 1–5) (DAS, days after sowing) for the two years (2017 and 2018) represented
as median values ± standard error.

Year Treatment
Harvest Date

1 2 3 4 5

100 DAS 111 DAS

2017 C1 P1 1 1 0.30 ± 0.03 3 3

C1 P2 1 1 0.23 ± 0.02 3 3

C1 P3 1 1 0.41 ± 0.04 3 3

C2 P1 1,2 1 0.48 ± 0.04 0.31 ± 0.03 3

C2 P2 1,2 1 0.44 ± 0.04 0.27 ± 0.02 3

C2 P3 1,2 1 0.96 ± 0.09 0.35 ± 0.03 3

84 DAS 95 DAS 111 DAS 118 DAS

2018 C1 P1 0.87 ± 0.05 0.53 ± 0.03 1 0.59 ± 0.04 0.49 ± 0.03

C1 P2 0.80 ± 0.05 0.54 ± 0.03 1 0.54 ± 0.03 0.43 ± 0.03

C1 P3 1.40 ± 0.09 0.90 ± 0.05 1 1 0.62 ± 0.04

C2 P1 2 2.42 ± 0.15 1 1.80 ± 0.11 1.33 ± 0.08

C2 P2 2 1.90 ± 0.18 1 1.74 ± 0.11 1.50 ± 0.09

C2 P3 2 3.14 ± 0.19 1 2.37 ± 0.22 2.05 ± 0.13

ANOVA table of the significant terms and interactions.

Model term Degrees of freedom p-value 4

Year 1 <0.0001

Harvest date * Cultivar * Threshing parameter setting 3 0.0016
1 Harvest was not possible. 2 Not yet harvested because not yet flowered. 3 No longer harvested because no longer
flowered. 4 The p-value of an F-test for differences between levels of the corresponding factor or factor combinations.
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In 2018, higher carthamidin contents could be achieved (on average 1.30%), than in 2017 (0.42%)
(Tables 5 and A1). Both cultivars reached the highest carthamidin content in 2018 with threshing
parameter setting P3, C1 with 1.4% at the first harvest date, C2 with 3.14% at the second harvest date
(Tables 5 and A1). In contrast, both cultivars achieved the lowest carthamidin contents in 2017 with P2,
C1 at the third harvest date with 0.23%, C2 at the fourth harvest date with 0.27%. In general, it was
shown that for both cultivars P3 achieved the highest carthamidin contents (0.35–3.14%), while P2
showed the lowest contents at most harvest dates (0.23–1.90%) (Tables 5 and A1). The carthamidin
contents ranged between 0.23 and 3.14% (Table 5). The other parts in the threshing material, such as
small leaves or seeds, could explain the lower carthamidin content in comparison to the pure florets,
which ranged between 2.68 and 8.12% and depended on cultivars, harvest dates and years [38,39].
Different cultivars, harvest dates and their interaction could have an influence on the carthamidin
content, which was also shown in this study [5,38–40,75,76]. In this study, the highest carthamidin
contents were achieved at the first two harvest dates, which can be explained by the oxidative and
enzymatic degradation of the yellow carthamidin to the red carthamin caused by ripening [77–79].
This was also shown in several studies where the highest carthamidin contents were achieved at earlier
harvest dates [38,39]. Steberl et al. [38] also showed that year 2018 with its dry conditions had a positive
influence on the carthamidin content. Reasons for this could be that safflower is adapted to warm and
arid weather conditions and has a low disease incidence under these conditions [51,63–65]. This could
lead to good plant development during flowering, especially in 2018 when temperatures were higher
and thus to high carthamidin contents. The higher carthamidin content of C2 in contrast to C1 was
shown in a study by Steberl et al. [38].

In general, the lowest carthamidin contents were achieved with P2, which could be due to the fact
that this setting has the smallest sieve diameters. Therefore, sieves most likely became clogged and the
small florets could not be collected. In contrast, the highest carthamidin levels were achieved with
P3 for both cultivars and all harvest dates. This could be related to the wider opening of the concave
and the rub bars used. They help to ensure that the florets are better rubbed off from the capitula,
whereby a higher proportion of florets can be obtained and due to the generally lower threshed floret
yield (Figure 2), the ratio of florets to residual material can be increased and thus explain the higher
carthamidin contents. In a study by Ehlert and Beier in which a chamomile harvester was tested, it was
found that at higher ground speed the lower rotation speed led to a higher proportion of capitula in the
harvested goodcrop compared to higher rotation speeds [80]. This may explain why P3 with a lower
threshing drum speed may have a higher proportion of capitula and thus a higher carthamidin content.

3.4. Carthamidin Yield

For the carthamidin yield, the analysis showed significant differences for year and various two-way
interactions of threshing parameter setting, harvest date and cultivar (Table 6).

Table 6. ANOVA table of the significant terms and interactions of carthamidin yield.

ANOVA Table of the Highest Significant Terms and Interactions

Model Term Degrees of Freedom p-Value 1

Year 1 <0.0001

Cultivar * Threshing parameter setting 2 0.0350

Harvest date * Threshing parameter setting 8 <0.0001
1 The p-value of an F-test for differences between levels of the corresponding factor or factor combinations.

Therefore, medians of the corresponding four-way interactions are presented (Figure 3).
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Figure 3. Carthamidin yield (kg ha−1) for the six different treatment combinations of two cultivars
(German and Chinese cultivar, C1 and C2) and three threshing parameter settings (P1–P3) (Table 1)
at the five harvest dates (Harvest 1–5) (DAS, days after sowing) for the two years (a) 2017 and (b)
2018, represented as median values ± standard error. 1 Harvest was not possible. 2 Not yet harvested
because not yet flowered. 3 No longer harvested because no longer flowered.

In 2017, an average carthamidin yield of 2.0 kg ha−1 was achieved, while in 2018 higher carthamidin
yields were observed with around 7.7 kg ha−1 (Figure 3 and Table A1). Generally, C2 had higher
carthamidin yields than C1, and P2 resulted in lower carthamidin yields compared to P1 and P3
(Figure 3 and Table A1). C1 produced the highest carthamidin yield with P2 at the fifth harvest (5.03
kg ha−1), while at the previous harvest dates with P2 the lowest carthamidin yields were recorded
(Figure 3 and Table A1). The highest carthamidin yields of C2 were reached at all harvest dates with
P3 (2.27–19.36 kg ha−1), whereas the least amount of yields were obtained with P2 (1.55–13.83 kg ha−1).
The carthamidin yields ranged from 0.91 to 19.36 kg ha−1 (Figure 3). In comparison to other studies,
where the carthamidin yields were between 0.04 and 37.86 kg ha−1 depending on cultivar, harvest date
and year [38,39], the carthamidin yields of the threshing samples are in the middle range, which can be
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explained by the addition of other plant parts such as leaves and seeds and the lower carthamidin
contents (Table 5). The highest carthamidin yields were obtained by C2 with P3 at the fifth harvest
in 2018, which was mainly due to the high threshed floret yields at that date (Figure 2), and the still
relatively high carthamidin contents of around 2% (Table 5). The drier and hotter weather conditions
in 2018 led to a better ripening of the plants (Table 4), resulting in better threshing. Therefore, in 2018
high carthamidin contents were achieved with P3, resulting in the highest carthamidin yields.

3.5. Relationship between Individual Head Weight and Carthamidin Content

The results presented above (Sections 3.1–3.4) showed with which combine harvester parameter
settings, on which harvest dates the highest yields, the highest carthamidin contents and thus also the
highest carthamidin yields could be achieved. The results indicated significant differences between the
two cultivars C1 and C2, especially in the carthamidin contents, which then led to higher carthamidin
yields of the C2 cultivar (Table 5 and Figure 3). The data analysis revealed cultivar traits, which
are important for both mechanical harvesting and carthamidin yield. As in general the threshing
performance and efficiency depends, among other factors, on the crop and on the ear (spike) shape and
size [47,81–83], the capitula size/weight of the tested cultivars was examined in more detail. As a study
by Mozaffari and Asadi revealed that the capitulum diameter and the capitulum weight correlated
significantly with each other [84], the current study considered the weight of the capitula only.

The individual capitula weights of the two cultivars C1 and C2 revealed that the weight of the
capitula decreased at later harvest dates (Figure 4).
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Figure 4. Individual capitulum weight (g capitulum−1) for the two cultivars (C1 and C2) for the five
harvest dates (Harvest 1–5) in 2017 and 2018, represented as mean values ± standard error.

C2 had a higher average individual capitula weight than C1 (Figure 4). One possible reason for
the decrease in individual capitula weight could be that the primary capitula are formed first; the
secondary and tertiary order capitula, which are less productive, are formed at a later stage [85]. This
is in line with other studies about marigold and chamomile, which showed that flowers harvested at
an earlier harvest date tend to be larger and thus have more weight [66,86]. Reasons for the cultivar
differences could be the genetically influenced weight of the capitula [87,88], or, for example, the origin
of the cultivar, which also has an influence on the size of the capitula [89]. The study by Knowles [89]
showed that cultivars from the Middle East and Egypt had the largest capitula size, while cultivars
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from Europe had average capitula size. This could explain the larger capitula size and weight of C2,
which originates from China.

Since both the threshed floret yield and the carthamidin content are decisive for the carthamidin
yield, the carthamidin content for the selection of cultivars was also examined more closely. For
this parameter, a decrease with increasing harvest date and a cultivar difference was shown. This
was already illustrated and discussed in the study of Steberl et al. [38]. Reasons for the decreasing
carthamidin content at later harvest dates can be explained by the oxidative degradation of the colorant,
which changes from yellow to red and therefore the yellow dye (carthamidin) decreases [77–79]. In a
study by Salem et al., it was shown that in safflower the flavonoid content, to which the yellow dye of
safflower belongs, both decreased with increasing developmental status and depended on the flower
color [90]. It was shown that the flavonoid content is higher in orange flowers [90], which are mainly
found in C2, than in yellow flowers (C1) [38]. This can also explain the higher carthamidin content
of C2

Since the two factors, individual capitula weight and carthamidin content, depend both on cultivar
and harvest date and decreased at later harvest date, both parameters (capitula weight and carthamidin
content) are presented against each other (Figure 5).
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Figure 5 indicates a relationship between carthamidin content and individual capitula weight.
However, it could not be statistically revealed whether this relationship is based only on the fact
that both characteristics decreased with later harvest date or whether it is based on a correlation
between the two characteristics capitula weight and carthamidin content. The dependence of the
flavonoid content on the weight of the fruit and on the size of the flower/fruit has been shown in
several studies [91,92]. In cranberries, an increase in anthocyanins was observed with increasing
fruit weight [91], while in lemon an increasing concentration of two flavonoids was observed with
increasing fruit size [92]. This is in line with the results of this study, in which the carthamidin content
increased with increasing individual capitulum weight. In a study of Mohammadi and Tavakoli [39]
similar results were observed, indicating that the cultivar with the smallest capitula size produced
the lowest carthamidin content, while the highest carthamidin contents were obtained from medium
and large capitula. This could explain the higher carthamidin contents of C2. In addition, in a study
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with spelt wheat narrower ears resulted in a lower threshability [93], which could explain the better
threshability of the larger capitula of C2 and thus the higher carthamidin content. Further, higher
yields and carthamidin contents of C2 could be explained by the correlation of capitula size/weight
and the floret yield [31]. Therefore, many studies argue in favor of a possible correlation between
capitula weight and carthamidin content independent of the harvest date. Further investigations
should therefore be made with both small and large capitulas and their carthamidin content should be
examined separately to confirm this hypothesis.

4. Conclusions

This study tested the potential mechanization of floret harvest in safflower and revealed the
impact on overall floret yield and carthamidin content. In general, to achieve highest carthamidin
yields the Chinese cultivar (C2) with the threshing parameter setting P3 at the fourth or fifth harvest
date (111–118 DAS (days after sowing)) can be recommended for harvesting safflower florets with a
combine harvester.

As the carthamidin yields are in the middle range of those of hand harvesting, further trials should
be carried out with further threshing parameter settings and with components of the combine harvester
especially developed for this crop and the intended utilization of florets in the food coloring industry.
Further improvements could then possibly eliminate the post-harvest sieving process. In addition,
since threshability was influenced by the size/shape of the ear/capitula, which mainly depends on the
cultivar, and capitula weight and carthamidin content are apparently related to each other, the capitula
weight could be used as a criterion for selecting suitable safflower cultivars. The focus could be on
cultivars with larger capitula, which should be further selected by breeding. When selecting cultivars,
care should also be taken to assure duration to reach maturity, and thus higher dry matter contents, as
higher threshed floret yields and carthamidin yields were obtained with higher dry matter contents.

Overall, threshing of florets with a combine harvester seems to be feasible. This offers the chance
to reduce the high cost of manual harvests in the future, thus enabling an economic production of
florets for the food coloring industry in southwestern Germany.
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Appendix A

Table A1. Simple means for the interactions of factors year (2017 and 2018), harvest date (Harvest
1–5), threshing parameter setting (P1–P3) and cultivars (C1 and C2). A letter display was added to
allow for pairwise comparisons (α = 0.05). Harvest date-by-year means with at least one identical
lowercase letter are not significantly different from each other for each cultivar and threshing parameter
setting combination. Threshing parameter setting-by-year means with at least one identical capital
letter are not significantly different from each other for each cultivar and harvest date combination.
Cultivar-by-year means with at least one identical Greek letter are not significantly different from each
other for each harvest date and threshing parameter setting combination.

Parameter Year Harvest
Date

Threshing
Parameter Setting Cultivar C1 Cultivar C2

Threshed floret
yield(kg ha−1)

2017

3

1 484.21 aAα
± 67.51 517.71 aAα

± 69.80

2 540.51 aAα
± 71.32 372.70 bAα

± 59.23

3 400.91 aAα
± 61.43 384.08 bAα

± 60.12

4

1 n.d. 660.91 aAα
± 78.87

2 n.d. 576.42 aAα
± 73.65

3 n.d. 671.82 aAα
± 79.51

2018

1

1 293.64 cAα
± 28.67 n.d.

2 110.46 dCα
± 17.58 n.d.

3 194.61 cBα
± 23.34 n.d.

2

1 392.67 bAα
± 33.15 294.95 bAβ

± 28.73

2 233.66 cBα
± 25.57 192.05 cAα

± 40.89

3 319.66 bAα
± 29.91 269.67 bAα

± 27.47

4

1 864.74 aAα
± 49.20 954.45 aAα

± 51.69

2 949.77 bAα
± 51.56 788.98 bBβ

± 46.99

3 n.d. 783.15 aABα
± 82.58

5

1 961.24 aBα
± 51.87 1048.63 aAα

± 54.18

2 1141.76 aAα
± 56.53 933.83 aAβ

± 51.13

3 784.78 aCα
± 46.87 918.91 aAα

± 50.72

Dry matter content (%)

2017

3

1 28.47 aBα
± 0.70 28.47 bBα

± 0.70

2 31.23 aAα
± 0.70 31.20 bAα

± 0.70

3 32.50 aAα
± 0.70 30.73 bAα

± 0.70

4

1 n.d. 36.77 aBα
± 0.70

2 n.d. 40.13 aAα
± 0.70

3 n.d. 42.23 aAα
± 0.70

2018

1

1 34.22 cAα
± 0.90 n.d.

2 33.39 cAα
± 0.90 n.d.

3 29.61 cBα
± 0.90 n.d.

2

1 33.12 cAα
± 0.89 27.82 cAβ

± 0.90

2 32.16 cAα
± 0.90 30.11 cAα

± 1.50

3 32.88 bAα
± 0.90 29.71 cAβ

± 0.91

4

1 51.84 bBα
± 0.90 52.09 bBα

± 0.91

2 58.48 bAα
± 0.89 55.42 bAβ

± 0.90

3 3 57.21 bAα
± 1.50

5

1 65.38 aCα
± 0.90 62.67 aCβ

± 0.91

2 70.86 aBα
± 0.90 68.31 aBα

± 0.91

3 77.77 aAα
± 0.91 72.53 aAβ

± 0.91
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Table A1. Cont.

Parameter Year Harvest
Date

Threshing
Parameter Setting Cultivar C1 Cultivar C2

Carthamidin content
(%)

2017

3

1 0.30 aBβ
± 0.03 0.48 aBα

± 0.04

2 0.23 aBβ
± 0.02 0.44 aBα

± 0.04

3 0.41 aAβ
± 0.04 0.96 aAα

± 0.09

4

1 n.d. 0.31 bAα
± 0.03

2 n.d. 0.27 bAα
± 0.02

3 n.d. 0.35 bAα
± 0.03

2018

1

1 0.87 aBα
± 0.05 n.d.

2 0.80 aBα
± 0.05 n.d.

3 1.40 aAα
± 0.09 n.d.

2

1 0.53 bcBβ
± 0.03 2.42 aBα

± 0.15

2 0.54 bBβ
± 0.03 1.90 aCα

± 0.18

3 0.90 bAβ
± 0.05 3.14 aAα

± 0.19

4

1 0.59 bAβ
± 0.04 1.80 bBα

± 0.11

2 0.54 bAβ
± 0.03 1.74 abBα

± 0.11

3 n.d. 2.37 bAα
± 0.22

5

1 0.49 cBβ
± 0.03 1.33 cCα

± 0.08

2 0.43 cBβ
± 0.03 1.50 bBα

± 0.09

3 0.62 cAβ
± 0.04 2.05 bAα

± 0.13

Carthamidin yield
(kg ha−1)

2017

3

1 1.45 aAβ
± 0.20 2.43 aABα

± 0.34

2 1.26 aAα
± 0.18 1.64 aBα

± 0.23

3 1.62 aAβ
± 0.23 3.68 aAα

± 0.52

4

1 n.d. 2.05 aAα
± 0.28

2 n.d. 1.55 aAα
± 0.22

3 n.d. 2.27 bAα
± 0.32

2018

1

1 2.65 bAα
± 0.28 n.d.

2 0.91 cBα
± 0.10 n.d.

3 2.62 bAα
± 0.27 n.d.

2

1 2.16 bAβ
± 0.23 7.01 bAα

± 0.74

2 1.32 bBβ
± 0.14 3.49 bBα

± 0.65

3 2.75 bAβ
± 0.29 8.44 bAα

± 0.88

4

1 5.01 aAβ
± 0.53 17.55 aAα

± 1.84

2 4.80 aAβ
± 0.50 13.54 aAα

± 1.42

3 n.d. 19.05 aAα
± 3.53

5

1 4.65 aAβ
± 0.49 14.30 aBα

± 1.50

2 5.03 aAβ
± 0.53 13.83 aBα

± 1.45

3 4.74 aAβ
± 0.50 19.36 aAα

± 2.03
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