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The optimum harvesting time of spinach grown 
hydroponically with the quantitative nutrient management 
method of nutrient solution is on the day when nitrate ions 

in the solution are depleted 

Shigetoshi Suzuki*, Yousuke Momose* and Toshiya Yamanashi* 

Abstract To find out the optimum harvesting time of spinach grown in hydroponics with the quantitative 

nutrient management method of nutrient solution (QNM method}, changes in nitrate ion concentration (NC) in 

nutrient solution and leaves, and their effects on leaf growth and leaf color were studied. NC in nutrient solution 

decreased gradually during the cultivation period in electrical conductivity (EC) management method of nutrient 

solution (ECM method}, whereas it decreased after 3 DAT (days after transplanting) almost linearly to the 

undetectable level on 30 DAT. NC in petioles was at higher levels than in leaf blades. NC in petioles and leaf blades 

appeared to increase gradually during the period of cultivation in ECM method, whereas NC in petioles decreased 

after 21 DAT, and NC in leaf blades was maintained at almost constant levels during 27 days and then decreased in 

QNM method. In QNM method, NC in petioles and in leaf blades decreased to the undetectable levels on 36 DAT 

and 33 DAT, respectively. Leaf growth rate (LGR) and leaf relative chlorophyll content expressed as SP AD values 

decreased after 30-33 DAT and 33 DAT decreased in QNM method, respectively. From these results, the optimum 

harvesting time of spinach grown hydroponically with QNM method appeared to be on the day when NC in nutrient 

solution decreased to the undetectable level. 

Key words: spinach (Spinacia oleracea L.), hydroponics, quantitative nutrient management (QNM), nitrate ion 

量的培養液管理法を川いて養液栽培で栽培したホウレンソウの最適な収穫時期は培蓑液中の硝酸イオンが

無くなったときである

（鈴木茂敏＊・百瀬陽介＊• 山梨敏也＊）

要約 量的培養液管理法 (QNM法）を用いた養液栽培で栽培したホウレンソウの収穫適期を明らかにするために，ホ

ウレンソウを湛液水耕法で育て，培養液と葉の硝酸イオン濃度 (NC), および葉の成長と葉色の経時的変化を調べた. EC 

管理法 (ECM法）では，培養液NCは栽培期間中徐々に低下したが，量的管理法 (QNM法）では定植後3日 (3DAT) 

から急速に低下し， 30DATにほぼ検出できなくなった。栽培期間中，葉柄 NCは葉身 NCより高く推移した。 ECM法で

は葉柄および葉身 NCは徐々に増大する傾向が認められたが， QNM法では葉柄では 21DATから低下し，葉身では 27日

間はほぼ一定に推移し 30DATより低下した。 QNM法では，葉柄 NCは36DAT, 葉身 NCは33DATで検出できないレ

ベルに低下した。葉の成長速度は 30-33DAT, 相対的葉緑素濃度 (SPAD値）は 33DATより， QNM法で低下した。以上

の結果より， QNM法によるホウレンソウの養液栽培では，培養液NCが検出できなくなった日に収穫すること最適である

と考えられた。

キーワード：ホウレンソウ，養液栽培，量的培養液管理法，硝酸イオン
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Introduction 

There has been an increasing interest in the 

quantitative nutrient management method of nutrient 

solution (QNM method) as an alternative method 

to conventional nutrient solution management, in 

which the levels of nutrients are managed to be 

maintained at optimum electrical conductivity (EC) 

(ECM method), in the hydroponic culture of tomatoes 

(Hosoi and Hosono, 2005; Kageyama, 1991; Kidono and 

Suzuki, 2006; Nakano et al., 2006, 2010; Terabayashi 

et al., 1996, 2004 a, b), spinach (Hirano and Suzuki, 

2016; Maruo et al., 2001; Takei and Suzuki, 2013), 

radishes (Ishiguro and Suzuki, 2018), lettuce (Sago and 

Shigemura, 2018), melons (Pardossi et al., 2002), and 

chrysanthemums (Kageyama and Konishi, 1992, 1996; 

Kageyama et al., 1987, 1993, 1995; Shima et al., 1995). 

In QNM method, plants are supplied with a limited 

amount of nutrients required for their normal growth 

and development, resulting in the improvement of 

the efficiency of nutrient usage and the reduction 

of negative impacts of hydroponic culture on the 

environment through minimizing drainage of nutrient 

solution containing high levels of nutrients (Maruo et 

al., 2001). In particular, reduction of nitrate content in 

leaves of leaf vegetables is one of the most notable 

advantages of QNM. In the hydroponic culture of 

spinach, we demonstrated that commercially valuable 

spinach can be produced by the QNM method in 

which plants were supplied with the total amount of 

nitrate ion (400 mg/plant) required for growing to 

commercial size at the beginning of cultivation (Takei 

and Suzuki, 2013; Hirano and Suzuki, 2016). In our 

QNM method, nitrate concentration (NC) of nutrient 

solution is high at the beginning of cultivation and 

thereafter continues to decrease to an undetectable 

level. Thereafter, spinach can be harvested. However, 

it was observed that spinach still continued to grow 

even when nitrate ions were not detected in the 

nutrient solution. To harvest spinach containing a 

lower amount of nitrate and having good quality, it 

also becomes important to study changes in NC of 

leaves and its effects on plant growth after NC in 

nutrient solution decreased to the undetectable level. 

To find out the optimum harvesting time of 

spinach grown in hydroponics with the QNM method, 

we studied the effects of QNM on NC and growth 

of spinach during the extended cultivation period 

without harvesting on the day when NC became 

undetected. 

Materials and Methods 

After imbibition with running tap water for 1-2 h, 

spinach (Spinacia oleracea L.'Okame', Takii seed 

Co., Kyoto, Japan) seeds were sown on wet filter 

paper and germinated in the dark at 20℃ • Germinated 

seeds were transplanted to a pot of black vinyl 

meshes (diameter 6 cm, height 10 cm) filled with 

a mixture of granulated rock wool and carbonated 

rice hull (8 : 2, v /v). When true leaves emerged, one 

seedling was selected for uniformity in each pot and 

grown irrigating with 1/2 strength of the standard 

nutrient solution (Takei and Suzuki, 2013). When the 

third true leaves emerged, fifteen pots were placed 

in a closed circulating hydroponic system of deep 

flow technique (DFT) in a glasshouse at Tempaku 

Campus of Meijo University. Thereafter, plants 

were subjected to various treatments as described 

below. The hydroponic system consisted of a nutrient 

solution pool (60 cm in length, 60 cm in width and 

5 cm in depth) and a nutrient solution tank (45 L) 

placed under the pool. Nutrient solution pumped up 

at the rate of 5 L/min from the tank overflowed the 

pool and flowed down into the tank. The total amount 

of nutrient solution in the system was 35 L, being 

maintained by adding ground water every two days. 

Temperature in the solution tank was controlled at 

about 20℃ in winter with an electric heater or below 

25℃ in summer with a stainless cooling tube through 

which groundwater was running. The pH was 

adjusted to 6.0 every 2 days. 

Plants were grown in DFT for 42 days with the 

two different management methods of nutrient 

solution; (1) EC management method of nutrient 

solution (ECM method) using 1/3 strength of the 

standard solution and (2) the quantitative nutrient 

management method of nutrient solution (QNM 



Suzuki et al. - . The optimum harvesting time of spinach grown hydroponically with the quantitative nutrient management method of 
nutrient solution is on the day when nitrate ions in the solution are depleted 3

 
method). In the ECM method, EC was adjusted to 

the original value with the concentrated standard 

solution every 2 days. In the QNM method, plants 

were supplied with the total amount of nitrate ion (400 

mg/plant) required for growing to commercial size 

at the beginning of cultivation (Hirano and Suzuki, 

2016). Quantities of other macro elements supplied 

were calculated according to the ionic balance of 

the standard solution (Takei and Suzuki, 2013). In 

each management method, 28 plants were grown in 

two hydroponic systems, from which 6 plants were 

selected for the measurement of leaf length of the 

2nd, 9th, and 12th leaves and leaf color of the 1st, 5th, 

9th, and 12th leaves during the period of cultivation. 

The leaf growth rate (LGR) was calculated as given 

by 

LGR = (in L2 -in LI) / (t2 -tl) 

, where Ll and L2 are leaf length at day 1 and 

day 2, respectively. Leaf color was measured with 

a chlorophyll meter (SP AD-502, Minolta) as an index 

of leaf relative chlorophyll content. Nitrate ion 

concentration of leaf blades and petioles of a whole 

plant were measured using 3 plants sampled in 

each method. A 2 g fresh sample was homogenized 

with 5 mL of water with a motor and pestle three 

times and the volume of the combined homogenates 

was adjusted to 20 mL. After centrifugation at 3000 

rpm for 5 min., nitrate ion concentration of the 

supernatant was determined by optical reflectometry 

(RQflex plus 10, Merck, Darmstadt, Germany). The 

similar experiments were repeated three times from 

spring to winter (2017 -2018), and the representative 

data obtained in the experiment from December 14, 

2017 to January 9, 2018 were shown in the results 

and discussed. 

Results 

Changes of NC in the nutrient -solution are shown 

in Fig. 1. 

In the nutrient solution of ECM, NC decreased 

gradually during the cultivation period and remained 

almost at higher levels. In QNM, on the other hand, it 

decreased after 3 DAT almost linearly and reached 
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Fig. 1. Changes in nitrate ion concentration in nutrient 
solution in EC management (ECM, solid line) 
and quantitative nutrient management (QNM, 
broken line) method. 

QNM・leafblade 

12 15 18 21 24 27 30 33 36 39 42 45 

DAT 

Fig. 2. Changes in nitrate ion concentration in petioles 
（●） and leaf blades (▲） of spinach grown by 
ECM (solid line) and QNM (dotted line) method. 
Vertical bars indicate standard error (n = 3). 

the undetectable level on 30 DAT. Changes in NC of 

leaf blades and petioles are shown in Fig. 2. 

NC in petioles was higher than that in leaf blades in 

both ECM and QNM. In the plant grown by ECM, 

it increased gradually until 24 DAT, reaching the 

maximum on 30 -33 DAT after the small decrease 

on 24 DAT and being maintained at almost constant 

levels after 36 DAT. NC in petioles of plants grown 

by QNM, however, decreased from 21 DAT and 

reached the undetectable level on 36 DAT. On the 

other hand, NC in leaf blades of plants grown by 

ECM increased gradually during the cultivation. In 

QNM, however, it was remained at almost constant 

levels for 27 days after transplanting and thereafter 

decreased gradually to the undetectable level on 33 

DAT. 

Changes in LGR of the 2nd (old), 9th, and 12th (new) 
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Fig. 3. Changes in leaf growth rate of the 2nd, 9th, and 
12th leaves of spinach grown by ECM (white 
column) and QNM (shaded column) method. 
Vertical bars indicate standard error (n = 6). 
*,**,and*** indicate significant differences in 
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Fig. 4. Changes in SPAD values of the 1st (●， solid 

line), 5th (■，dotted line), 9th (▲， solid line), 

and12th (■，broken line) leaves of spinach 
grown by ECM and QNM method. 

leaves, numbered in the order of leaf age, are shown 

in Fig.3. 

LGR values of these leaves were high at the younger 

stage and then decreased during the period of 

cultivation. In the 2nd leaves, they exhibited no 

significant differences in LGR between ECM and 

QNM during the period of their growth. However, 

LGR values of the 9th and 12th leaves of the plants 

grown by ECM were significantly smaller than those 

grown by QNM after 30-33 DAT. 

SP AD values of the 1st, 5th, 9th, and 12th leaves 

were shown in Fig. 4. 

SP AD values of the 1st leaves declined after 36 and 

33 DAT in ECM and QNM, respectively. In 5th, 9th, 

or 12th leaves, a decline in SP AD values was not 

observed in ECM. In QNM, however, SP AD values of 

these leaves appeared to decline after 36 DAT. 

Discussion 

In general, the notable features of QNM method in 

the management of nutrient solution in hydroponic 

culture of plants are summarized as follows: (1) a 

lower concentration of nutrients and (2) a larger 

fluctuation in nutrient concentration in nutrient 

solution (Kageyama et al., 1987). However, in our 

QNM method used in this study in which plants were 

supplied with the total amount of nitrate ion (400 mg/ 

plant) required for growing to commercial size at 

the beginning of cultivation, nutrient concentration 

is high at the beginning of cultivation and thereafter 

decreased to almost zero. Thus, nutrient concentration 

decreasing continuously from the beginning of the 

cultivation may affect plant performance through (1) 

osmotic effects on plant growth at the earlier stage 

of cultivation and (2) the effects of a lower level of 

nutrient concentration on nutrient uptake at the 

later stage of cultivation. Firstly, osmotic effects 

can be evaluated by EC values of nutrient solution. 

EC values on O DAT were 0.6 and 0.8 dS/m in the 

nutrient solution of QNM and ECM, respectively (data 

not shown). Furthermore, NC of the nutrient solution 

of QNM on O DAT was lower than that of ECM, in 

which 1/3 strength of the standard solution was used. 

These results indicate that nutrient concentration 

at the beginning of cultivation appears to be much 

lower than the level imposing osmotic stress, because 

spinach is classified into a vegetable crop tolerant to 
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salt stress and no significant growth reduction occurs 

up to the concentration of 2000 ppm NaCl dissolved 

in the standard Hoagland solution (Osawa, 1961; 

1963). Secondly, the effect of nutrient concentration 

on nutrient uptake was examined by plant analysis 

of nitrate ion. As shown in Fig. 2, NC in leaf blades of 

plants grown by QNM remained at almost constant 

levels comparable to that by ECM during 27 days 

after transplanting, indicating that nitrate uptake 

occurs in spinach under the condition of a wide range 

of NC in nutrient solution as reported by Maruo et 

al. (2001). With regard to NC in leaf blades, it was on 

33 DAT that NC decreased below the minimum level 

(3500 mg I Kg FW) permitted in EU (Commission 

Regulation (EU) No. 1258/2011 amending Regulation 

(EU) No. 1881/2006 as regards maximum levels 

for nitrates in foodstuffs). In this experiment, we 

examined the effects of nutrient concentration on 

nitrate uptake. Further experiments are needed to 

study the effect of nutrient concentration on the 

uptake of major nutrients other than nitrate ion. 

NC in leaf blades is one of the most important 

factors affecting leaf growth. In spinach grown by 

QNM, leaf growth continued in the period during 

which NC of nutrient solution was decreasing linearly 

to almost zero (Fig. 1, Fig.3) by maintaining NC in 

leaf blades at almost constant levels comparable to 

that by ECM (Fig.2). These results indicate that leaf 

growth of spinach harvested is unaffected by QNM 

method. After 30 DAT, however, retardation in leaf 

growth was observed in younger leaves, i.e., even 

after nitrate ion cannot be detected in the nutrient 

solution, a retarded growth was still observed in 

leaves with lowered NC (Fig.3). 

A decline in SP AD values of leaves is one of 

the most important indices of leaf senescence. As 

shown in Fig. 4, the 1st leaves senesced in both 

the managements after 30 DAT. In younger leaves 

such as the 9 and 12th leaves, however, senescence 

was promoted in the plants grown by the QNM 

method after 30 DAT. These results indicate that 

leaf senescence in younger leaves appeared to be 

promoted by the lowered NC in leaf blades of the 

plants grown by QNM, thereby lowering the quality 

of spinach as a fresh vegetable crop. 

In this paper, spinach responses to the QNM 

method in hydroponic culture was studied and the 

following features were indicated: (1) NC in leaves of 

plants grown by QNM can be maintained at constant 

levels under the condition of a wide range of NC in 

nutrient solution, resulting in spinach growth to the 

marketable size. (2) Nitrate ion was still contained 

in leaves on the 3rd day after 30 DAT, with NC in 

leaves decreased to lower levels below the minimum 

permitted in EU. (3) A decline in SPAD values of the 

first leaves was observed on the 3rd day after 30 

DAT. 

In conclusion, we propose that the best harvesting 

time of spinach grown hydroponically with QNM 

method of nutrient management is on the day when 

NC in nutrient solution decreased to almost zero. 
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