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Abstract: With the development of the economy, the demand for cucumber quality is quickly increas-
ing. The aim of this study was to elucidate the role that plant density plays in leaf photosynthesis,
shoot dry matter distribution, yield and quality of cucumber in different cultivation periods under
greenhouse conditions. Experimental treatments based on three plant density treatments (2.25, 3.0
and 3.75 plants m~2) were conducted in turn during three growth and harvest periods in a year.
The results showed that the changes in photosynthesis and weekly yield per unit area were differ-
ent and dependent on the harvest time, which was mainly induced by temperature and radiation.
Interestingly, we found that reducing plant density did not significantly affect the photosynthesis
of leaves and did not decrease weekly yield per unit area and total yield. Low-density treatment
had the highest weekly yield per plant and total yield per plant in the three harvest periods, the
highest ratio of dry matter being allocated to fruits and the highest contents of soluble sugar, total
phenols, flavonoid, soluble protein, vitamin C (Vc), chlorophyll and carotenoids in fruits. Moreover,
a relatively low nitrite content was found in fruits following low-density treatment. The study
indicated that low-density treatment was associated with a high quality of fruits without reducing
the cucumber’s total annual yield under natural light in the greenhouse. Hence, our study suggests
that properly reducing cucumber plant density to 2.25 plants m~2 could be a practicable approach
for greenhouses in Shanghai, China.

Keywords: photosynthesis; dry matter; biochemical compositions; production; sowing date;
semi-closed greenhouse

1. Introduction

Cucumber (Cucumis sativus L.) is one of the most popular vegetables cultivated in
greenhouses worldwide. As reported by FAOSTAT, the total cucumber production (in-
cluding gherkins) in China (2020) was 72,833.03 million kilos, from 1.28 million cultivated
hectares (https://www.fao.org/faostat/en/#data/QCL, accessed on 13 May 2022), ac-
counting for 79.75% of the world’s cucumbers. This cucumber yield is mainly produced
in simple greenhouses such as plastic tunnels and solar greenhouses. The climate in
these greenhouses cannot be better controlled for cultivation and the potential cucum-
ber yield and quality cannot be exhibited. In recent years, a large number of Venlo-type
greenhouses have been introduced in China, which improved the greenhouse climate and
cucumber yield [1-3].

With the rapid development of the economy and living standards greatly improving,
more and more people are considering fruit quality rather than cucumber yield [4-6].
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Cucumbers are low in calories, contain approximately 95% water, 3.6% carbohydrates,
0.65% protein and are a good source of mineral compounds, dietary fiber, vitamin C,
vitamin E, retinol equivalent and B-group vitamins, including folic acid, pantothenic acid
and phenolic and flavonoid compounds [7,8]. Therefore, the improvements in the quality
of cucumbers caused by changing cultivation strategies have been studied in recent years.
Adding organic content, such as biochar [9] or arbuscular mycorrhizal fungi [10], to the
soil can improve both cucumber yield and fruit quality. Another means of cultivation
in greenhouses is to grow cucumbers on mineral wool and irrigate them with inorganic
nutrient solution. Although the composition of the nutrient solution remains the same,
there are still differences in the quality of cucumbers in different cycles [6], under different
CO, concentrations [11] and under different solution pHs [12].

Light is the primary driving force of yield. The study result of Marcelis et al. [13]
showed that a 1% increase in the light interception of greenhouse vegetables can increase
fruit yield by 0.7-1%. Therefore, supplemental lighting has been adopted in cucumber
production across the world [14,15]. However, supplemental light is also accompanied by
higher energy costs and directly affects the producers’ economic benefits. How to make
more use of natural light to increase the cucumber yield and improve the fruit quality
in greenhouses is still a great challenge. Optimal plant density could also improve the
canopy photosynthetic yield by increasing the light penetration to lower leaves in the
canopy, which is beneficial for yield and fruit quality [16-18]. Although numerous studies
have proven that changing density does have an impact on yield [19,20], there has been
little plant density studies focusing on cucumber quality. As proper plant density not only
helps to obtain a high yield and increases fruit quality but also saves labor and production
materials [21-23], determining the appropriate cucumber density for whole-year growth
could provide important economic benefits for growers.

The purpose of the study was to explore the effect of plant density on cucumber yield
and fruit quality in different cultivation periods under greenhouse conditions, to improve
cucumber fruit quality and to improve economic benefits. In this study, we carried out
three density treatments on cucumbers in a Venlo-type greenhouse in Shanghai to study the
effects of different seasonal environmental conditions and different plant densities on leaf
photosynthesis, dry matter distribution and the yield and fruit quality of cucumbers. From
the results of this study, we expected to find an optimal plant density which could improve
fruit quality without affecting cucumber yield in Venlo-type greenhouse in Shanghai.

2. Materials and Methods

The experiments were conducted in a semi-closed Venlo-type glass greenhouse at the
Chongming base of the National Engineering Research Center of Protected Agriculture
(31°34’ N, 121°41’ E), Shanghai Academy of Agriculture Sciences (Shanghai, China) in
2017-2018. The cucumber variety used in this study was Deltastar RZ F1 hybrid cucumber
(Rijk Zwaan Company, De Lier, The Netherlands). The cucumber grew under natural
light in a well-heated greenhouse. CO; enrichment was carried out by natural ventilation
and Air Treatment Unit (ATU) air circulation during cucumber growth. Climate control,
irrigation strategy and plant management were performed with reference to Ding et al. [2].
Cucumber plants were irrigated by drip fertigation, which was controlled by computer. The
drain nutrient solution was about 20-30% of that applied after transplanting. The original
mother nutrient solutions (A and B) were based on Hoagland’s solution with modifications
and the mother nutrient concentrations are listed in Table 1. The mother nutrient solutions
were revised following the advice of Eurofins (branch company of Suzhou, Suzhou, China)
by regular nutrient solution testing. EC of 2.0-2.5 dS m~! and pH of 5-6 were maintained
before cucumber harvest. Once harvesting started, EC of 2.5-3.0 dS m ™! and pH of 5-6
were maintained.

Outside temperature and radiation sum were automatically monitored by weather
station. Measurement of greenhouse temperature was recorded by a climate sensor (Priva,
The Netherlands) in greenhouses, which was placed at the top of the canopy and moved up
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and down based on plant height (about 20 cm higher than plant head). These parameters
were automatically recorded at 5 min intervals by computer.

Table 1. Component elements in the mother nutrient solutions A and B in different tanks.

A kg/1000 L A /1000 L B kg/1000 L
Ca(NO3)2-4H20 175 MHSO4'H20 180 KNO3 50
EDTA-Fe (13%Fe) 15 ZnS0,-7H,0 125 KH,PO, 25
NazB407-10H20 280 KQSO4 10
CuSO4 '5H20 25 MgSO4 '7H20 60
Na2M004 '2H20 15

There were three cultivation periods for cucumbers: (1) the first cultivation period,
with sowing date of 8 February 2017, transplanting date of 3 March 2017, end of cultivation
date of 2 July 2017, and harvest period of 4 April 2017-2 July 2017(week 14 to 26); (2)
the second cultivation period, with sowing date of 16 June 2017, transplanting date of
5 July 2017, end of cultivation date of 7 September 2017, and harvest period of 19 July 2017-
7 September 2017 (week 29 to 36); and (3) the third cultivation period, with sowing date
of 26 August 2017, transplanting date of 11 September 2017, end of cultivation date of
2 January 2018, and harvest period of 3 October 2017-2 January 2018 (week 40 to 52, 2017
and week 1, 2018). Cucumber seeds were sown in Grodan blocks (10 cm x 10 cm X 6.5 cm)
for seedling growth in the seedling greenhouse, in which the climate is well-controlled. In
each cultivation period, cucumber seedlings were planted on rockwool slabs (100 cm x
20 cm x 7.5 cm) in greenhouse and irrigated by drip fertigation. Plants were pruned to a
single stem, and one flower was kept at each node (one flower was kept at two nodes at the
end of harvest) from the 6th node onwards. When the cucumber yield clearly decreased, we
would stop the cucumber growth and harvest. At each end of cultivation, the greenhouse
was completely disinfected by 0.3% bleaching powder.

Block design was used in the experiments, with three planting density treatments and
four replicate blocks. The three different plant density treatments were designed as follows:
(1) low density, with 2.25 plants m~2, average distance of plants x row pitch = 55.56 cm x
80 cm; (2) middle density, with 3.0 plants m~2, average distance of plants x row pitch =
41.67 cm x 80 cm; (3) high density, with 3.75 plants m 2, average distance of plants x row
pitch = 33.33 cm x 80 cm. Each density treatment block was set at 48 m?. One plant had
one stem and used a high-wire growing system (Figure 1).

2.1. Measurements of Cucumber Yield, Dry Weight of Leaves, Petioles, Stem and Fruits

Normally, the cucumbers were harvested every 1-2 days, with the yield recorded
each time, and all fruits harvested during the week were added together as the weekly
yield. For each harvest period, the first and last week’s yield data may be a non-full-week
harvest, resulting in a relatively low yield. Normally, 3-5 leaves were pruned each time
and 15-18 functional leaves were maintained for plant photosynthesis in each cultivation
period. The pruned leaves and petioles were heated in an oven at 105 °C for 2 h and then
dried at 80 °C over 3 days to measure their dry weight. At the end of cultivation, the plant
leaves, petioles and stems were all collected to dry using the above method and then each
sum was calculated. 3-5 plants were selected for each treatment in one block area and
repeated the measurement three times. In the harvest period, we collected some fruits
together, obtained the fresh fruit weight for each treatment weekly and then dried them
completely in an oven and obtained the ratio of fresh weight to dry weight. Referring to
the harvest yield, we calculated the total fruit dry weight. During the early fruiting of each
harvest period, at least 10 intact fruits obtained under different treatments were selected
and crushed into a mixed homogenate to determine the biochemical components of the
cucumber fruit.
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Low aensity Middle density High density

Figure 1. The cultivation arrangement of three density treatments in greenhouses. (A), the semi-
closed, Venlo-type glass greenhouse used in the experiment. (B), picture of the plants, with about
15 leaves unfolding in different density treatments.

2.2. Measurements of Outside Temperature, Radiation Sum and Greenhouse Temperature

Measurements of environmental factors were downloaded from the computer for
the whole year of 2017. The data for outside temperature, radiation sum and greenhouse
temperature were downloaded every half an hour.

2.3. Measurements of Leaf Gas Exchange Parameters

A Li-6400 Portable Photosynthesis System (LI-COR, Inc., Lincoln, NE, USA) was
used to measure the leaf gas exchange parameters of the net photosynthetic rate (Pn). A
total of 1000 pmol photons m~2 s~! were established to show the level of irradiance for
measurements. The air temperature, CO, concentration and relative humidity were those
of the greenhouse conditions. The fully developed leaves of different treatments, as above,
were acclimated to the irradiance level for approximately 2 min before recording [24]. The
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measurements were conducted at approximately 10 a.m. on a sunny day, and measurements
were usually taken approximately once every 10 days during the cultivation period.

2.4. Measurements of Fruit Chlorophyll and Carotenoid Contents

The cucumber fruits were collected in a container; the homogenates of fruits were
made with a mincer. A total of 0.1 g of fruit tissue was extracted with 95% v/v ethanol
and measured with a UV-visible spectrophotometer (Ultraviolet-2700; Shimadzu, Tokyo,
Japan) at 665, 649 and 470 nm. The chlorophyll (Chl) and carotenoid (Car) contents were
calculated as described below:

Chl = chlorophyll a + chlorophyll b = ((13.95 X Dggs — 6.88 X Degag) + (24.96 X Deggg —
7.32 X D665)) X V/(lOOO X W) Car = (1000 X D470 —2.05 x (1395 X D665 — 6.88 x D649)
— 114.8 x (24.96 X Dgag — 7.32 x Dgg5)) x V/(245,000 x W). V and W represent volume of
extracting solution and the sample weight of fruit tissues, respectively.

2.5. Measurement of Soluble Sugar, Soluble Protein, Vitamin C, Total Phenolic and Flavonoid Contents

Soluble sugar content was determined using the anthrone colorimetric method with
reference to Dubois et al. [25]. Soluble protein content was measured using Coomassie
brilliant blue G-250 staining, with reference to the method of Bradford [26]. Vitamin C
was measured using a titration method with 2,6—dichlorophenol [27]. Total phenolic and
flavonoid contents were determined by test kit (Suzhou Comin Biotechnology CO., Ltd.,
Suzhou, China) according to Dewanto et al. [28].

2.6. Measurements of Nitrate and Nitrite Contents

The fresh fruit tissues (2 g) received from homogenates by mincer were added to a test
tube with 10 mL distilled water. The test tube was heated in boiling water for 30 min and
then cooled down with tap water. The extract in the tube was filtered into 100 mL flask,
the residue was repeatedly washed and finally distilled water was added to the flask to
make a solution of 100 mL. The filtrate was used to determine nitrate and nitrite content.
The nitrate concentration of the filtrate was detected using the method of Cataldo et al. [29].
The content of the nitrite in the filtrate was determined by the method of Kaur et al. [30].

2.7. Statistical Analysis

A one-way analysis of variance (ANOVA) was conducted using SAS v. 9.3 (SAS
Institute Inc., Cary, NC, USA). Each value was presented as the mean =+ standard deviation
(SD), with a minimum of three replicates. Differences between the treatment means were
tested using the Least Significant Difference (LSD) method at « = 0.05 level of significance.
The figures were plotted using Origin 8.5 (OriginLab, Northampton, MA, USA).

3. Results
3.1. Environmental Changes in Greenhouse

The outside temperature showed waveform changes from January to December in 2017
(Figure 2). The minimum outside temperature (—2.9 °C) was measured on 11 February 2017,
and the maximum temperature (39.79 °C) was measured on 24 July 2017. The minimum
temperature of the greenhouse did not widely vary and looked somewhat linear in 2017
(Figure 2). The highest temperatures in the greenhouse (such as 44.97 °C) occurred on days
when windows were almost closed (for short-term heat shock). The daily radiation sum
gradually increased from January to mid-June, decreased in late June, remained at a high
level from July to September, and a gradual decrease from October to December.

The maximum, minimum and average outside temperatures of the second harvest pe-
riod (19 July 2017-7 September 2017) were 6.60 °C, 12.99 °C and 8.56 °C higher, respectively,
than those of the first harvest period (4 April 2017-2 July 2017), and 10.19 °C, 23.77 °C
and 16.79 °C higher, respectively, than those of the third harvest period (3 October 2017—
2 January 2018) (Table 2). The maximum, minimum and average greenhouse temperatures
of the second harvest period were 1.93 °C, 4.50 °C and 4.21 °C higher, respectively, than
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those of the first harvest period, and 5.20 °C, 7.02 °C and 7.19 °C higher, respectively, than
those of the third harvest period. The average daily radiation sum of the second harvest
period was 0.086 K] m~2 higher than that of the first harvest period and 0.876 KJ m~2
higher than that of the third harvest period. The maximum daily radiation sum of the third
harvest period was only 1.833 K] m 2
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Figure 2. Changes in greenhouse temperature, daily radiation sum and outside temperature in 2017.
Data for greenhouse temperature and outside temperature were recorded every half an hour.

Table 2. The maximum, minimum and average outside temperature, greenhouse temperature and
radiation sum for different harvest periods. Max, Min, AV represent the maximum, minimum,

average values of the climate parameters.

The Second Harvest Period The Third Harvest Period

The First Harvest Period (19 July 2017-7 September (3 October 2017-2 January

Climate Parameters (4 April 2017-2 July 2017) 2017) 2018)
Max Min AV Max Min AV Max Min AV
Outside temperature (°C) 33.19 8.1 20.26 39.79 21.09 28.82 29.6 —2.68 12.03
Greenhouse temperature (°C) 36.27 16.2 23.11 38.2 20.7 27.32 33 13.68 20.12
Daily radiation sum (KJ cm~2) 2.945 0.160 1.696 2.715 0.480 1.782 1.833 0.119 0.906

3.2. Cucumber Yield Changes in Three Plant Density Treatments

The cucumber weekly yield per unit area for different treatments showed seasonal
variations, with no significant difference in all treatments (Figure 3). There were 13 weeks’
harvest time in the first cultivation period. The highest weekly yield appeared in the third
and the fourth weeks, gradually decreased from the fifth to the tenth weeks and remained
low until the end of the harvest.

The second cultivation period was only 8 harvest weeks. The highest yield appeared
at the second week and then gradually decreased until the fifth harvest week. The last
harvest time obtained the lowest weekly yield per unit area because the harvest only lasted
two days (Figure 3).
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Figure 3. Changes in weekly yield per unit area and weekly yield per plant under different density
treatments in three harvest periods. The data represent the mean & SD (n = 4).

There were 14 harvest weeks in the third cultivation period. The cucumber weekly
yield per unit area decreased from the fourth to the twelfth weeks. Yield increased slightly
in the thirteenth week, with the lowest output being in the last harvest week (Figure 3).

For different plant density treatments, the changes in cucumber weekly yield per
plant were similar to those in the weekly yield per unit area (Figure 3) but the yields per
plant for those with low-density treatment were always higher than those for middle- or
high-density treatments, and yields per plant for the middle-density treatment were higher
than those for the high-density treatment. This difference was particularly evident in the
first harvest period.

From the annual total yield per unit area, it can be seen that there was no significant
difference in total cucumber yield over the unit area for low-density, middle-density and
high-density treatments (Figure 4). That is, changing the density had no significant effect
on the yield per unit area. Cucumber total yield per plant over the three harvest periods
using the low-density treatment was significantly higher than that for plants with the
middle-density treatment, and the yield for the middle-density treatment was significantly
higher than that for high density treatment (Figure 4). This indicates that reducing the
planting density promoted the yield per plant.
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3.3. Leaf Photosynthesis and Dry Matter Distribution for Different Plant Density Treatments

Different density treatments had no significant effect on leaf net photosynthetic rate
(Pn). However, the P, significantly changed at different fruiting stages (Figure 5). As the
fruiting period progressed, the leaf P,, gradually decreased. At the end of the harvest, this
decrease was more obvious. The Py, of leaves in spring and autumn could be maintained at
a high level for a long time, while the P, of leaves in summer rapidly decreased, with a
shorter fruiting period.
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Figure 5. Changes of cucumber net photosynthetic rate (Py) of different density treatments in three
cultivation periods. The data represent the mean + SD (n = 6).
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The dry matter of the cucumber stems, petioles, leaves and fruits were measured at the
end of each cultivation. Figure 6 shows that, across all density treatments and cultivation
periods, shoot dry matter was most distributed in fruits, followed by leaves, then stem,
and the lowest distribution was found in petioles. There were obvious differences in
organ dry matter under different density treatments. The dry matter allocated to fruits
under the low-density treatment was 47.57%, while those under middle-density and high-
density treatments were measured at 45.03% and 39.43%, respectively. The three pie
charts in Figure 6 show that the distribution of dry matter to leaves, petioles and stem
increased with the increase in planting density, which illustrates that, with an increase
in cultivation density, the cucumber allocates more dry matter for vegetative growth.
However, distribution adjustment did not increase dry matter production but resulted
in a gradual decrease in the total dry matter weight per plant as the cultivation density
increased. The total dry weight per plant over the three cultivation periods was 1088.8 g in
the low-density treatment, 896.2 g in the middle-density treatment and only 703.7 g in the
high-density treatment.
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[ Leaves
I ©ruits

9.14% 10.88%

Plant total dry weight of three cultivation periods: 1088.8g | Plant total dry weight of three cultivation periods: 896.2g
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Figure 6. Cucumber plant dry matter distribution of different density treatments in three cultivation
periods. The data represent the mean =+ SD (n = 3). Different letters indicate significant differences at
o = 0.05 based on the Least Significant Difference (LSD) test.

3.4. Cucumber Fruit Quality for Different Plant Density Treatments

The measured cucumber fruit quality included soluble sugar, total phenolic, flavonoid,
solute protein, V¢, chlorophyll, carotenoid, nitrate and nitrite contents, as shown in Figure 7.
In most cases, the soluble sugar, total phenolic, flavonoid, soluble protein, V¢, chlorophyll
and carotenoid contents in cucumber fruits under low-density treatment were significantly
higher than for fruits of the middle- and high-density treatments in different cultivation



Agronomy 2022, 12, 1441

10 of 14

periods, while the nitrite contents showed the reverse results. There were no significant
differences in nitrate content among the different treatments over different cultivation
periods. The soluble sugar, total phenolic, flavonoid, Vc and chlorophyll contents of
cucumber fruit following high-density treatment were the lowest for the three treatments
over different cultivation periods. The soluble sugar and Vc contents significantly increased
with the decrease in planting density, which indicates that changing the density affects the
nutrition and taste of cucumbers. Most of the fruit quality parameters for different density
treatments exhibited similar change trends in different cultivation periods.
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Figure 7. Cucumber fruit quality parameters for different density treatments in three cultivation
periods. The data represent the mean + SD (n = 3). Different letters indicate significant differences at
o = 0.05 based on the Least Significant Difference (LSD) test.

4. Discussion

Increasing the yield by concentrating on plant density is a common strategy in cultiva-
tion practice [23,31,32]. In this study, we conducted three different plant density treatments
to monitor the effect of plant density on the yield of cucumbers as well as to continuously
test the variations in fruit yield over the seasons. The results showed that the yield per area
for cucumbers showed no significant differences among the three treatments, indicating
that cucumber yield per unit area is not a simple linear relationship where a higher plant
density of cucumber plants leads to a higher yield of cucumbers. On the contrary, the
results of the distribution ratio of dry matter in each organ showed that the low-density
treatment had the highest percentage of dry matter being allocated to the fruit, while the
lowest percentage of dry matter was allocated to the leaves, petioles and stems (Figure 6),
indicating that the low-density treatment is more conducive to the accumulation of dry
matter in fruits. The photosynthetic capacity of the adjacent leaves of the fruit directly
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determines the fruit growth rate [33,34]. Selecting a proper planting density can optimize
light interception and increase crop water productivity [35]. The plants growing with a
low density easily absorbed the section of light that penetrated into the middle and lower
parts of the canopy, resulting in an enhanced photosynthetic rate for leaves related to the
fruiting, which was more conducive to the accumulation of fruit dry matter [36].

In this study, we also found an effect of density on the biochemical compositions
of cucumbers. The chlorophyll content of the fruits with a density of 2.25 plants m~?2
significantly increased, and the color of the peel was significantly darker. Our results
indicate that the soluble sugar, total phenolic, flavonoid, soluble protein, Vc and carotenoid
contents in fruits are the highest in the fruits grown with a low-plant density. Several studies
have shown that the impact of light during fruit ripening appears to be specific to the
regulation of pigment accumulation by influencing the transcription of fruit ripening genes
or enzymatic activities related to primary or secondary metabolism [37,38]. Cucumber peel
has high amounts of chlorophylls, which have a crucial effect on fruit color and taste [39,40].
Glycine, serine and sugar derivatives in the peel determine fruit sweetness [41]. The results
of our study confirmed that, in a low-density canopy, the higher the cucumber fruit leaf
chlorophyll content, the higher the sugar content and the better the fruit taste (Figure 7).
Flavonoids, phenols and Vc are closely related to antioxidants, which can prevent and
suppress various diseases and greatly affect consumer preference for cucumbers [42,43].
High dietary intakes of nitrate and nitrite have been implicated in the etiology of human
gastric cancer, and approximately 5% of all ingested nitrate is converted in saliva and the
gastrointestinal tract to the more toxic nitrite; therefore, people would like a low nitrite
content in vegetables [44,45]. In this study, a low nitrite content was found in low-density
treatment, which is beneficial for the consumption of cucumber. Chen Omer also confirmed
that a proper low plant density reduced the severity of sweet basil downy mildew, which
may be also an important means of improving plant yield and quality [46]. Therefore,
the cultivation density can be appropriately reduced to synthesize more chlorophyll in
cucumber fruit peel and accumulate more metabolic substances, which not only helps to
improve the taste of fruit but also meets consumer needs.

Cucumbers in greenhouses are sensitive to light and temperature. A high temperature
can affect the differentiation of apical meristems and the leaf initiation rate, thus shortening
the growth process [47,48]. The optimum temperature for cucumber growth is 25-30 °C,
and the plants are damaged by temperatures above 35 °C [49]. In this study, the outside and
greenhouse temperature during the second harvest period was significantly higher than
that in the other two harvest periods, which meant that the harvest process in the second
harvest period was significantly shorter, causing a severe decrease in yield. Moreover, light
in the third harvest period was the main limiting factor for growth, accounting for only
about 50% of the other two harvest periods and resulting in an obviously lower weekly
yield than the first harvest period (about 40% of average weekly yield compared to the first
harvest period), which is also, to some extent, lower than the second harvest period (about
72% of average weekly yield compared to the second harvest period). Although many
modern Venlo-type greenhouses have been equipped with air conditioning systems and
supplementary lighting systems to cool air temperature in summer and increase lighting
in winter, the cost of environmental regulation cannot be ignored. Whether the economic
benefits brought by supplementary lighting in winter can cover the energy costs requires
further study.

5. Conclusions

This study demonstrated that the yields of greenhouse cucumbers are significantly
affected by the environment, and the yields vary over different seasons. Changing plant
density has a significant influence on yield per plant but has no influence on total yield
per unit area in a natural light greenhouse. Reducing plant density not only promotes the
formation of single-plant yield but also increases soluble sugar, total phenolic, flavonoid,
soluble protein, V¢, chlorophyll and carotenoid contents in the fruits, which can improve
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the fruit quality. Moreover, nitrite content in the fruit is also the lowest in the low-density
treatment, which contributes to a healthy diet. Therefore, properly reducing the plant
density of cucumber could not only maintain the yield per unit area but also improve the
quality of the fruit.
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