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Abstract: This study was carried out to balance the production and consumption of assimilates
according to crop conditions as a basis to reduce the waste of assimilation through leaf and fruit
control. There were four treatments: one fruit and two leaves (F1L2); two fruits and two leaves (F2L2);
two fruits and three leaves (F2L3); and two fruits and four leaves (F2L4). This study showed that, as
the number of leaves increased in Periods 1 and 2, the stem diameter and average weight decreased,
with F1L2 having the highest stem diameter and average weight, although its numbers of leaves and
fruits were the fewest. In the summer, Period 3, F1L2 production was the lowest due to increased
rates of flower drop and fruit drop. In Period 4, when ambient temperature and light levels were
decreased, the number of fruits was increased. However, the production was decreased. F1L2 and
F2L4 showed significant decreases in production. Although F1L2 showed the highest average weight,
it had a low production due to a decrease in the number of fruits. F2L4 showed weak generative
growth due to an imbalance in growth over the summer. After reaching the last stage of development,
the number of leaves showed the highest average weight and production in F2L4.

Keywords: Capsicum annuum L.; fruit load; LAI; summer crop; sink-source

1. Introduction

Cultivation types of paprika can be divided into winter and summer cropping season
according to latitude and altitude. In the winter cropping season, sowing is performed in
July and August and the harvest time is from November to June or July of the following year.
In the summer cropping season, sowing is from January to March and the harvest is from
November to December. Although the cultivation area during the summer cropping season
mainly centered on highlands in South Korea, it was increased rapidly from 17 hectares in
2003 to 100 hectares in 2015 and the crop yield per unit area of paprika in Gangwon province
was 8.69 t/10a, which was only 67.9% and 82.9% of that in Jeolla province (12.797 t/10a)
and Gyeongsang province (10.481 t/10a), respectively. Paprika yield was approximately
80,000 tons from 730 hectares, of which 31,919 tons (39.9%) were exported. The main export
destinations were Japan (99.5%), Taiwan (0.3%), and Hong Kong (0.2%). From March to
July (2709 to 4528 tons/month), an oversupply period, the yield exceeded the average
annual export volume. However, from August to October and from January to February
(1192 to 1780 tons/month), the yield was only 44-65% of the average. The short supply
period occurred due to the suspension period of summer cropping and winter cropping
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seasons. Especially from August to October, the growth balance collapsed due to the high
temperature and humid environment caused by the rainy season. Such a short supply
period emerged as a major problem for the export of stable agricultural products. To
overcome this problem, developing a cultivation technology that can overcome the high
temperature of the summer cropping season in the highlands, the main production area
during that period, is required.

However, the cultivation technology has not been established yet, resulting in low
yield and quality. This is due to the application of working standards that do not consider
the condition of the crop, as well as environmental factors such as the rainy season and the
hot season.

Sink-source adjustment is indispensable for maintaining the balance of crops. The
method of adjusting the sink-source in paprika cultivation is by adjusting the LAI (Leaf
Area Index) [1-5] and the fruit setting number [6,7]. Because leaf area and thickness have a
great influence on the photosynthesis rate, it is paramount to maintain a leaf area suitable
for growth balance [4,5]. An excessive increase in LAI will cause a high respiratory volume
and the lack of required light due to shading, resulting in reduced net photosynthesis [8,9].
Hence, proper defoliation is crucial. Although defoliation reduces the total leaf area of
crops, it increases nutrient absorption and the yield and movement of photosynthesis’
products [2,3] since the dry mass yield is proportional to the light requirement of the
colony [10]. Therefore, adjusting the leaf area depending on the number and size of lateral
branches is important. Even if the leaf area is the same, the proportion of fallen flowers and
fallen fruits may vary, which is closely related to the sink strength rate of fruits previously
set [11].

For this reason, it is essential to maintain LAI and fruit load by establishing stan-
dards for defoliation and removing fruits suitable for the environment of the cultivation
area for high productivity. However, most studies conducted to date and accompanying
cultivation standards were conducted in the winter cropping season. Only a few studies
were conducted in the summer cropping season. In particular, there are no standards that
can be used by farms that have adopted the method of sowing in October and planting
in December, which is being attempted as a new summer cropping season. Therefore,
the objective of this study was to determine characteristics of the growth and quantity of
farms that adopted the method of advancing the planting season by planting in winter
and harvesting in summer (which is increasing in the highlands of South Korea). Findings
of this study could be used as basic data and a standard for proper management of leaf
thinning and fruit setting according to the external environment and crop conditions.

2. Materials and Methods

This experiment was conducted from 24 January to 31 December in a plastic film
greenhouse (80 x 8 x 5 m) located in Inje, Gangwon province, Korea. The variety used
was Redwing RZ (Rijk Zwaan, De Lier, The Netherlands), a red paprika, which was sown
on December 4.

Treatment plots were arranged in four ways depending on flower thinning and
defoliation, leaving one flower and one leaf of the lateral branch in all experimental plots.
When the first flower bloomed on the second node at 10-day intervals from 23 March, the
following four methods were performed: (1) treatment by removing all flowers from the
lateral branch and leaving one leaf (F1L2), (2) treatment by leaving one flower and one leaf
on the lateral branch (F2L2), (3) treatment by leaving one flower and two leaves on the
lateral branch, and (4) treatment by leaving one flower and three leaves (F2L4). Among
these treatment plots, F2L4 treatment had the largest number of leaves in the crop plant,
followed by F2L3 and F2L2.

These experimental plots were planted in rock wool (Expert Grodan, Co., Roermond,
120 x 12 x 7.5 cm) on 24 January, at a planting density of 6.8 stems per m?. Three stems of
experimental plots were cultivated.
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Planted crops were managed so that the average temperature for 24 h was maintained
at 20-22 °C using a complex environmental control system (CONNEXT 906 Version, Priva
B.V, The Netherlands). Liquefied carbonic acid (Sundo Chemical, Korea) was used as a
fertilizer to maintain the concentration of carbon dioxide in the greenhouse at 400-700 ppm.
The culture solution was supplied over the entire growing period using a Dutch PBG
(proefstion voor bloemisterij en glasgroenpe) nutrient solution (non-circulating). EC was
supplied between 2.1-2.8 dS-‘m ™. In addition, the daily supply was adjusted to maintain
EC in the range of 3.5-5.0 dS:m~! and moisture content at 55-65%. Pests were controlled
by the IPM (integrated pest management) method using natural enemies and eco-friendly
pesticides. The growth survey was conducted as follows. The total growth period over
40 weeks was divided into 8 weeks for a total of five sections (Period 1: 13th—20th week;
Period 2: 21st-28th week; Period 3: 29th-36th week; Period 4: 37th—44th week; and
Period 5: 45th-52nd week). Plant height, flowering position, stem diameter, leaf length,
leaf width, leaf area index, number of nodes, node generation rate, internode length,
fruit setting number, number of harvested fruits, and the average number of leaves were
surveyed weekly.

Plant height was measured based on the length from the lower part to the growing
point. Flowering position was measured based on the length from the growing point to the
fully bloomed flower. Leaf length and leaf width were measured based on the leaf of the
node that determined the location of flowering. Stem diameter was measured based on
the height of the 1-week-ago growing point. Fruit setting was measured based on a fruit
length of more than 1 cm. Harvested fruits were measured based on normally harvested
fruits that were colored more than 90% Leaf area index (LAI) was determined using the
following non-destructive survey formula. It can be investigated following the change
in growth. Plant height increase, node increase, and harvested fruit rate were calculated
using the following formulas:

Leaf area index(LAI) = Leaf length(cm) x Leaf width(cm) x 0.6 x SD x {Ly + (L, x 0.7)}
SD : Stem density (stem/m?);
Ly : Number of leaves on the main stem; Ly : Number of leaves on the lateral stem

Plant growth speed (cm/week) = PHy — PHy
PHj : Plant height this week; PH; : Plant height last week;

Node growth speed (node/week) = Ny — N;
Ny : Number of nodes this week; N1 : Number of nodes last week

. ., o7\ _ Number of harvested fruit
Ratio of harvested fruit (%) = =5 5o of Jraft sofs

Experimental plots were arranged according to a randomized complete block design
with three replicates (216 stems per replicate, a total of 648 stems). Quantitative values
measured in this experiment are expressed as mean and standard error using the SPSS
version 22 (IBM, New York, USA) program. The significance of each experimental plot was
tested at the 5% level using Duncan’s multiple range test for each growing season.

3. Results and Discussion

Table 1 shows results of investigating the growth and fruit setting characteristics of
paprika for each growing period after planting. F1L2 and F2L2 had different fruit setting
numbers. However, F1L2 showed high values for all indicators such as growth length,
flowering position, and stem diameter. Thus, when the number of leaves was the same,
the smaller the fruit setting number, the more the vegetative organs tended to develop.
This was consistent with previous results showing that the stem contributed to vegetative
growth when the demand for assimilates in sink organs was low [10]. In particular, in
Periods 1, 3, and 5, F1L2 was more developed than F2L2. However, in Periods 2 and
3, the flowering position and stem diameter values were higher than the growth length,
indicating the characteristics of vegetative growth. This was considered to be because as
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DIF (the difference between day temperature and night temperature) deviation became
larger, length growth developed more as the outside temperature rose sharply after sunrise.
The larger the fruit setting number, the more are affected by big DIF.

Table 1. Effect of side leaves and flowers on growth characteristics by growth period of winter-planted and summer-
cultivated paprika ‘Redwing RZ’.

Growth Plant Growth Flower Stem Node Growth
Period Treatment Speed * Position Diameter Speed ¥ No. of Leaves
(cm/Week) (cm) (mm) (Node/Week)
F1L2 822 ab* 4.62b 55a 1.18 a 235¢
F2L.2 793 b 481b 55a 1.15a 230¢
1 F2L3 8.14 ab 4.84Db 55a 120 a 3.57b
F214 8.56 a 544 a 54a 1.20 a 479 a
Average 8.22 493 55 1.18 3.27
F1L2 7.87 ab 416a 57a 122 a 244 c
F2L.2 827 a 413a 54b 121a 243 ¢
2 F2L3 770 b 3.71b 52b 1.15a 345b
F214 8.06 ab 443 a 53b 1.25a 5.02a
Average 7.98 4.11 54 1.21 3.35
F1L2 9.23b 478Db 59a 1.36 a 272¢
F2L2 9.85a 4.46c 5.7 ab 1.07 b 2.14d
3 F2L3 9.48 ab 421c 55c¢ 1.06 b 3.19b
F214 992a 553a 5.6 bc 1.35a 5.40a
Average 9.62 4.75 5.7 1.21 3.38
F1L2 6.83 ab 3.77b 51a 1.16 a 232¢
F2L.2 6.49b 3.57b 5.1ab 1.12a 225¢
4 F2L3 6.81 ab 3.86 ab 51a 1.10a 3.32b
F214 743 a 43la 48Db 1.22a 4.87 a
Average 6.87 3.86 51 1.15 3.14
F1L2 579a 325a 44a 1.05 a 210c¢
F2L.2 474D 2.38b 40b 097 a 193¢
5 F2L3 498 ab 247Db 39b 1.03 a 3.09b
F2L4 5.64a 255b 39b 1.06 a 425a
Average 5.21 2.61 4.1 1.02 2.84
Significance W
Period (A) e XX e XX e
Treatment (B) *3% *3% *%% %% *%%
A X B * NS * b *%X

“# Plant growth speed (cm/week): plant height in this week—plant height in last week. ¥ Node growth speed (node/week): number of
nodes in this week—number of nodes in last week. * Differences in the mean separation within the columns by Duncan’s multiple range
test (p = 0.05) are indicated by lowercase letters. ¥ NS, not significant; significant at p < 0.1; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

In the case of the flowering position, it was shown to have a vegetative growth
type in which the flowering position became higher as the number of leaves increased.
This was because it had developed into a vegetative growth type due to favorable plant
thermoregulation and the high sink strength of the growing point due to a high LAL
However, in Period 5, the cumulative LAI was high in F2L.4. However, as can be seen
from the decreased LAI in the upper part and the cumulative LAI graph (Figure 1), we
confirmed that the advantage of thermoregulation disappeared and the flowering position
was lowered because the energy loss was greater than the advantage of increasing the
number of leaves due to insufficient photosynthesis caused by a low light. In addition,
in Periods 2 and 3, F2L3 showed the lowest flowering position values, although they
were intermediate values. This was not because the flowering rate was accelerated due to
environmental causes. Although the fruit setting number was less in F2L3 than in F2L4,



Horticulturae 2021, 7, 348

50f 10

the large difference in the average fruit weight caused distribution of assimilates to move
to fruits, resulting in a shortened flowering position due to a poor growth.
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Figure 1. Accumulate LAL

Regarding the flowering position, in all periods, the larger the number of leaves, the
higher the flowering position due to an increase in LAI, resulting in vegetative growth
development. However, in Period 2, F2L3 had the lowest flowering position despite its
high number of leaves. This finding was thought to be due to the fact that more assimilates
moved to the sink organ than in other treatment plots due to an increase in the highest
average fruit weight. As a result, the plant strength was weakened and the position of
flowering was lower.

In contrast to results of thinning of the stem diameter with increasing LAI [12], the
difference in the stem diameter caused by the number of leaves in this experiment was not
statistically significant. However, a slight difference was observed, depending on the fruit
setting number. This might be because the sink strength that went to the main stem was the
same. The difference in the stem diameter was due to the difference in sink strength that
went to the fruit. This was why the volume growth in Periods 2 and 3, in which the amount
of light increased, showed a big difference. Although the rate of node development did not
show significant differences in values among treatment plots, growth rates of F2L2 and
F2L3 were about 28% slower than those of F1L2 and F2L4 only in Period 3. This suggested
that the treatment plot with the lowest fruit setting number and the treatment with the
highest fruit setting number reacted sensitively to the growth rate as the 24-h average
temperature increased.

As a result of investigating fruit setting characteristics of paprika after planting by
adjusting the sink and source (Table 2), in the treatment plot that controlled the number
of leaves and adjusted the fruit setting number, the result was analyzed according to the
treatment for the experiment. In the treatment plot that controlled the fruit setting number
and adjusted the number of leaves, the higher the number of leaves, the higher the fruit
setting number.
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Table 2. Effects of side leaves and flowers on fruit characteristics by growth period of winter-planted and summer-cultivated

paprika ‘Redwing RZ’.
Growth No. of No. of No. of No. of Ratio of z A.verag.e
. . . Harvested Harvested Fruit Weight
Period Fruits Leaves Fruit Sets R o
Fruits (%) (g)
1 2 354b7Y 144 a 41 a 266.6 b
2 2 3.84Db 1.35a 35a 260.6 b
1 2 3 3.79b 1.26 a 33a 271.8 a
2 4 433 a 144 a 33a 2554 ¢
Average 3.88 1.37 36 263.6
1 2 3.75b 1.89 a 50 a 250.6 a
2 2 3.98b 1.68 a 42 a 2399b
2 2 3 4.08b 1.62 a 40 a 240.1b
2 4 446 a 1.95a 44 a 2234 ¢
Average 4.07 1.79 44 238.6
1 2 325a 1.26 a 39a 216.8 ab
2 2 3.63a 1.56 a 43 a 220.8 a
3 2 3 3.6la 144 a 40 a 208.7 b
2 4 3.56 a 141a 40 a 2104 b
Average 3.52 1.42 40 214.2
1 2 4.04b 121a 30a 216.2 a
2 2 542 a 1.29 a 24 a 184.6 ¢
4 2 3 479 a 1.74 a 36a 1944Db
2 4 510a 1.35a 26 a 189.7 be
Average 4.84 1.40 29 196.3
1 2 3.25b 1.74 a 54a 186.3 a
2 2 3.72b 3.09 a 83a 156.4 ¢
5 2 3 3.87b 2.07a 53 a 176.7b
2 4 481 a 282a 59 a 183.3 a
Average 3.92 2.43 62 175.7
Significance *
Perlod (A) b *%X b *%%
Age (B) i NS NS i
AxB ** NS NS NS

“ Ratio of harvested (%): number of harvested fruits/number of fruit sets. ¥ Differences in the mean separation within the column by
Duncan’s multiple range test (p = 0.05) are indicated by lowercase letters. * NS, not significant; significant at p < 0.1; *, p < 0.05; **, p < 0.01;

% < 0.001.

However, in Period 3, the difference was not statistically significant, which was likely
due to the effect of excessive respiratory volume caused by an increase in the 24-h average

temperature (Figure 2).

Too high a temperature also affected the distribution of assimilates to nutritional
and reproductive organs by adjusting the respiratory volume in response to tempera-
ture conditions.

As for the number of harvested paprikas, in Periods 1 and 2, in the early stage of
growth, the number of fruit harvested increased slightly as the fruit setting number under
the same leaf number condition decreased. In Periods 3, 4, and 5, the late stage of growth,
the number of harvested fruits increased as the fruit setting number increased.
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Figure 2. Weekly integrated accumulated solar radiation, 24-h average air temperature outside the
greenhouse, and 24-h average air temperature inside the greenhouse.

In particular, in Period 5, F1L2 and F2L2 showed about 77% difference. This was
probably most affected by the cutting treatment at the end of growth when the fruit setting
number of F1L2 was set to be small. The average fruit weight increased as the fruit setting
number decreased under the condition of the same number of leaves except for Period 3.
In particular, the difference was significant in Periods 4 and 5, which was consistent with a
report that an increase in the number of harvested fruit reduced the average fruit weight [7].
In Period 3, it was determined that the growth balance decreased due to an increase in the
24-h average outside temperature. In addition, the average fruit weight of F2L2 was higher
than that of F1L2 due to the stem diameter being thicker and the increased growth rate
of F1L2. In treatment plots with the same fruit setting number, characteristics of average
fruit weight of each treatment for Periods 1, 2, and 6 showed significant differences in the
fruit setting number. In Periods 1 and 2, F2L4 had the lowest average fruit weight due to
the highest fruit setting number. In Period 5, F2L4 had the highest fruit setting number.
Its average fruit weight was also the highest. In Periods 1 and 2, the distribution rate of
assimilates decreased due to increases in sink organs. In Period 5, light transmittance under
the same conditions was formed in all treatment plots in a situation where the increase
in the number of leaves was limited after cutting. These results were judged to be due
to the transfer of sufficient assimilates to the last fruit set in the F2L4 treatment plot that
secured the most number of leaves. This is because the amount of photosynthesis of a crop
is determined not only by the LAI, but also by the light transmittance of the crop [13]. In
addition, movement of sugar to source organs depends on the distance from the sink organ.

As a result of the relative comparison of plant height according to the LAI of each
treatment plot to examine the complex relationship between growth indicators (Figure 3),
when the number of leaves was the same, the LAI was slightly higher in the treatment plot
with a small fruit setting number, although such a difference was not statistically significant.
However, when the number of leaves was set as the same and the number of leaves was
adjusted, the higher the number of leaves, the higher the LAI The resulting overall plant
height showed similar values, although F1L2 and F2L4 showed the highest values. This
was considered to be due to the fact that, in the treatment plot with a small fruit setting
number, assimilates consumed by the fruit were less. Thus, the more the number of leaves,
the more it was biased toward a vegetative growth [10]. These results are thought to be
due to that fact that a low crop load will decrease fruit sink strength, leading to extra
accumulation of non-structural carbohydrates in source leaves [14].
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Figure 3. Effects of lateral leaves and flowers on plant height and LAI by growth period in winter-
planted and summer-cultivated paprika ‘Redwing RZ’. Plant height was calculated as the length
from the root to the shoot tip (left). The leaf area index (LAI) was calculated as leaf length (cm) x leaf
width (cm) x 0.6 x stem density (stem/ m?2) x {number of leaves on the main stem + (number of
leaves on the lateral stems x 0.7)} (right). Error bars indicate the standard deviation of sample means
(n =144).

Cumulative yield is shown in Figure 4. It clearly shows the distribution of assimilates
to sink organs. The cumulative yield increased in F2L.2 where the number of leaves
increased in F1L2 and F2L2 under the same conditions.

This finding might have been due to the distribution of assimilates caused by the differ-
ence in fruit setting number because a sink organ directly affects the yield. This suggested
that the difference in the fruit setting number directly affected the production volume.

However, in Period 2, F1L2 showed a higher yield than F2L2, although the growth
length in Period 2 was longer in F2L2 than that in F1L2. The growth balance was relatively
broken in F2L2 compared to that in F1L2 due to underdeveloped stem diameter, which was
considered to be the effect of difference in the average fruit weight that was significantly
different, not due to the difference in the fruit setting number that was not significantly
different. When each fruit setting number was the same, the initial yield was benefitted
by removing the number of leaves during early stages of growth. The reduction in yield
may have been due to the growth imbalance caused by the removal of the lateral branches
at the late stage of growth [15]. As for the initial yield, it was found that F2L2 and F2L3
showed better yields than F2L4. F2L4 showed a higher yield than F2L.2 and F2L3 in late
stages of growth. In the case of the total yield, similar to the result that proper leaf removal
could increase the yield [1], the yield was the highest in the F2L3 treatment group where
the number of leaves had an intermediate value. In the case of total production, the highest
production was seen in the F2L3 treatment plot, similar to a previous study showing that
proper removal of the number of leaves could increase production [1].

Considering this, findings of this study can be used as basic data in practical terms
when making decisions on the number of leaves and fruit setting number at farms in the
highlands of South Korea where the area of paprika cultivation is continuously increasing.
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Figure 4. Effects of lateral leaves and flowers on yield by growth period in winter-planted and
summer-cultivated paprika ‘Redwing RZ’. Each growth period was divided into 8 weeks after
treatment. Error bars indicate the standard deviation of sample means (n = 144).

Previous studies on the regulation of the number of leaves and fruit setting number of
paprika were conducted within a standardized range of planting in summer and harvesting
in winter and two-stem cultivation. In contrast, this study was differentiated from previous
studies in that it was a newly emerging cultivation type, a method of planting in winter
and harvesting in summer and three-stem cultivation, and CO, was sufficiently supplied
even in summer when the ventilation requirements were high.

It was expected that the higher the number of sink organs, the slower the growth
development, or the fewer the number of sink organs, the higher the average fruit weight.
Although there were similar cases, according to the amount of light and the 24-h average
temperature condition, it was confirmed that the growth development was good and the
average weight increased even though there were many sink organs. It was confirmed
that the development of the source organ was not unilaterally biased toward a vegetative
growth and a reproductive growth in each treatment plot, but changed according to the
amount of light and the 24-h average temperature condition.

4. Conclusions

As a result of this experiment, it is appropriate to keep two leaves in the early stage of
growth. As the amount of light becomes stronger, it is necessary to increase the number of
leaves to three. Contrary to the expectation that a large number of leaves would decrease
production during the high-temperature period, the production increased as the number of
leaves increased. However, since the average fruit weight showed a tendency to decrease,
it was judged that lowering the number of leaves and fruits during the high-temperature
period could improve profitability. It is recommended to maintain up to four leaves in the
late-growth period when the plant strength of paprika is weakened. In conclusion, it was
confirmed that, in the case of long-term cultivation of paprika, the use of branched fruit
and the maintenance of two or more branches depending on the season are more helpful in
improving the yield than the conventional cultivation method. This result is expected to
help improve the profitability of paprika growers.
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