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Uniform germination is essential for hydroponic baby spinach (Spinacia oleracea) production, yet poor and
inconsistent seed germination remains a common problem. This study examined how the initial substrate
moisture affected seed germination and how nutrient solution active aeration and nitrogen concentration
influenced subsequent growth. Seeds of four cultivars (‘Corvair’, ‘Kolibri’, ‘Seaside’, and ‘Space’) were sown in
foam trays filled with a peat-perlite substrate at four initial moisture indices [weightwater + (Weightwater +
weightgsypstrate)] of 0.33, 0.50, 0.67, and 0.75. Trays were incubated in darkness at ~95.7 % relative humidity for
5 days, then transferred to greenhouse deep-water culture for 15 days at ~21.2 °C air temperature and ~40.7 %
relative humidity under sunlight with supplemental lighting (daily light integral ~17.3 mol m~2 d}, 16-h
photoperiod). During this phase, plants were grown in a split-split-plot randomized complete block design,
with 12 flood tables divided into two blocks, receiving six nutrient solution treatments (125, 175, or 225 mg Lt
nitrogen x with or without active aeration). Germination improved with decreasing substrate moisture index; at
0.33, all cultivars showed higher germination than at 0.67 or 0.75. ‘Kolibri’ had the highest germination (87 %)
at 0.33 by day 8. Trays with higher germination also produced greater total shoot fresh mass. Active aeration
increased individual shoot fresh mass by 59 %-143 % and enhanced total yield, while nitrogen concentration
above 125 mg L~ provided little or negative benefit. Overall, a low initial substrate moisture index (0.33)
enhanced germination, and post-germination growth was optimized by active aeration and moderate nitrogen

supply.

1. Introduction

Most controlled-environment agriculture operations center around
soilless production of fast-growing and high-value leafy greens, culinary
herbs, and fruits, including lettuce (Lactuca sativa), basil (Ocimum basi-
licum), and tomato (Solanum lycopersicum). Known for its high nutri-
tional value and health benefits, spinach (Spinacia oleracea) is becoming
an increasingly popular packaged salad green consumed as baby leaves
[1]. Despite high market demand, spinach was not established as a
common greenhouse hydroponic crop until recently, primarily due to its
high susceptibility to the waterborne oomycete Pythium aphanidermatum
[2]. This pathogen spreads easily from root to root in hydroponic
nutrient solutions, causing stunted growth and root rot [2]. With proper
disease management protocols, some commercial greenhouses and in-
door vertical farms have been successful in cultivating hydroponic baby

spinach as a commercial product [3]. In greenhouses, baby spinach is
typically grown at a high planting density in substrate-filled expanded
polystyrene trays floating in a nutrient solution pond (deep-water cul-
ture) for a few weeks from seed to harvest [4].

Fast, consistent, and uniform germination is critical to hydroponic
baby spinach production; however, spinach seeds do not germinate well
without special attention paid to their unique seed structure and the
germination environment. The true seed of spinach has the pericarp,
which is a hard-shell enclosure with partially lignified cells [5]. The
pericarp is a physical barrier for radicle emergence and limits oxygen
availability to the true seed, which is vital to germination by supporting
embryo respiration [6]. Mechanical, liquid, or chemical treatments that
remove, crack, or soften the pericarp can improve spinach seed germi-
nation [6,7]. Spinach seeds are also sensitive to both high and low
moisture content resulting in inconsistent germination [8]. For
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peat-based substrates, two protocols for spinach seed germination rec-
ommended substrate-to-water ratios of 1:3 (w/w) [4] and 1:0.1 (w/w,
estimated) [9]. However, our preliminary test using a peat-perlite sub-
strate showed that each ratio resulted in either water-saturated or
water-deficient conditions, respectively, indicating that the moisture
content needs to be adjusted to suit specific factors, such as the substrate
type.

Adequate dissolved oxygen in the root zone ensures optimal meta-
bolic processes and root respiration, which provides energy for active
nutrient uptake in plants [10]. The dissolved oxygen level of a standing
hydroponic system (e.g., deep-water culture) full of plants can decrease
rapidly if external oxygen is not supplemented in the nutrient solution
[11]. Additional dissolved oxygen is typically delivered with active
aeration, which uses an external air pump to disperse ambient air or
pure oxygen gas through air stones into the nutrient solution. This is of
particular importance during warm or hot seasons because dissolved
oxygen decreases with increasing temperatures [12]. The extent to
which the dissolved oxygen level influences hydroponic plant growth
varies by species. In deep-water culture, varying the dissolved oxygen
level did not affect the growth of lettuce ‘Ostinata’, whereas elevated
dissolved oxygen increased the growth of spinach ‘Paruku’, ‘S. Marco’,
‘S. Felix’, and ‘Dolphin RZ’ and pepper (Capsicum annuum) ‘California
Wonder’ ([11,13,14], Tesi 2002).

As an essential macronutrient from fertilizers, nitrogen should be
supplied to plants sufficiently, but not excessively, to maximize nitrogen
use efficiency, conserve fertilizer use, and prevent nitrate accumulation
for human health [15,16]. Limited nitrogen availability restricts plant
growth as nitrogen is an indispensable primary element in amino acids
and proteins. The recommended nutrient solution nitrogen concentra-
tion for hydroponic leafy greens is generally 125 mg L' during prop-
agation and 150 mg L™! for light-to-moderate feeders (e.g., lettuce) or
175-200 mg L™ for heavy feeders (e.g., spinach) during production [17,
18]. In contrast, a nutrient solution nitrogen concentration of 112 mg
L~! was deemed optimal for hydroponic baby spinach either based on
visual assessment or a limited test range [15,19]. Recent research on
hydroponic baby spinach that does not study nitrogen has used incon-
sistent nitrogen concentrations ranging from 90 to 227 mg L7 [20-22].
The optimal nutrient solution nitrogen concentration for different hy-
droponic baby spinach cultivars and whether it depends on active
aeration remain unclear.

The objectives of this study were to determine 1) the optimal initial
substrate-to-water ratio for spinach seed germination in a peat-perlite
substrate; and 2) the effects of active aeration and nitrogen concentra-
tion of the hydroponic nutrient solution on the growth of four baby
spinach cultivars in greenhouse deep-water culture. We postulated that
1) regardless of cultivars, the germination rate of spinach would be
higher at moderately higher initial substrate-to-water ratios (w/w); and
2) increasing nitrogen concentration from 125 to 225 mg L~! and/or
providing active aeration in the hydroponic nutrient solution would
increase baby spinach growth in greenhouse deep-water culture.

2. Materials and methods
2.1. Plant material and seed germination treatments

We obtained seeds of four spinach cultivars (‘Corvair’, ‘Kolibri’,
‘Seaside’, and ‘Space’) from a seed producer (Johnny’s Selected Seeds,
Winslow, ME, USA). We compared their germination rates in a peat-
perlite growing substrate (PRO-MIX; Premier Tech Home and Garden,
Quakertown, PA, USA) at four initial substrate-to-water ratios (1:0.5,
1:1, 1:2, and 1:3, w/w). Based on each of these ratios, a moisture index
was calculated as weightyater ~ (Weightwater + Weightsubstrate, Which
ranges from 0 (when no added moisture is present in the substrate) to 1
(when there is only moisture, without any substrate). Therefore, seeds
were subject to four moisture indices of 0.33, 0.50, 0.67, and 0.75,
respectively.
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On day 0, we prepared the substrate with the four initial substrate-to-
water ratios by thoroughly mixing appropriate weights of the substrate
and water. We then filled the substrate with the four initial substrate-to-
water ratios into four sets of 12 foam trays (model TR338DT; Speedling,
Inc., Sun City, FL, USA). Each foam tray originally had 338 square cells,
(individual cell length = 2.1 cm, depth = 5.7 cm, volume = 14.7 cm3);
we trimmed two sides so that each foam tray had 253 cells in a 23 x 11
layout. This allowed four foam trays to be subsequently placed in each of
12 deep-water-culture flood tables [1.22 x 0.61 x 0.18 m (Active Aqua
AAHR24W; Hydrofarm, Shoemakersville, PA, USA)] in a 2 x 2 layout.
We divided each foam tray into four equal quadrants corresponding to
the four cultivars which were separated by one empty row. The quadrant
for each cultivar contains 55 cellsin a 5 x 11 layout with one seed sown
per cell.

Immediately following seed sowing, we stacked and covered the 48
foam trays (with four initial substrate-to-moisture ratios; 12 trays for
each ratio) with opaque polyethylene sheets (Black and White Panda
Film; Vivosun, Ontario, CA, USA) in a dark growth chamber at 24 °C to
maintain a high relative humidity of 95.7 % + 4.3 % (mean + SD).
Temperature and relative humidity were measured with a sensor (HOBO
MX1101 Temp/RH logger; Onset Computer Corporation, Bourne, MA,
USA). This condition lasted from day 0-5 until seedling emergence. On
day 5, we recorded germination rates and continued to float and grow
baby spinach plants in foam trays using greenhouse hydroponic deep-
water culture.

2.2. Greenhouse hydroponic nutrient solution treatments

Upon seed germination on day 5, we removed the polyethylene
sheets and relocated all foam trays to a glass-glazed, climate-controlled
greenhouse to conduct the subsequent hydroponic nutrient solution
experiment from day 5-20. Four foam trays with the four initial
substrate-to-moisture ratios (with each foam tray containing the four
spinach cultivars) floated in each of the 12 deep-water-culture flood
tables, which were placed on concrete benches and contained 8-cm-deep
nutrient solutions. In a split-split-plot randomized complete block
design, the 12 flood tables were divided into two blocks (i.e., two rep-
lications from two benches) of six nutrient solution treatments,
including three nutrient solution nitrogen concentrations (125, 175, and
225 mg L™1), each without or with active aeration. All factors studied
are summarized in Table 1.

The initial nutrient solution in each flood table consisted of 59.4 L of
municipal water supplemented with a base fertilizer (5-12-26 Part A, JR
Peters, Inc., Allentown, PA, USA) and calcium nitrate (15-0-0 Cal Nit
Part B, JR Peters, Inc.). The amount of the base fertilizer was fixed at
1000 mg L~} in all containers, whereas the amount of calcium nitrate
was adjusted to 500, 833, and 1166 mg L ™! to provide the three nitrogen
concentrations of 125, 175, and 225 mg L™}, respectively. By increasing
the nitrogen concentration with calcium nitrate, the respective calcium
concentrations were 90, 150, and 210 mg L7!, and total nutrient
strength also increased correspondingly. Therefore, we cannot rule out
the possibility that any effect interpreted as caused by increasing the

Table 1

A summary of all factors studied in a greenhouse hydroponic baby spinach
experiment following a split-split-plot randomized complete block design. The
moisture index is calculated as weightyater + (Weightyater + Weightsybstrate)-

Spinach Initial moisture treatment Nutrient solution treatment

cultivar . . .
Substrate-to- Moisture Nitrogen Active
water ratio (w/ index concentration (mg aeration
w) LY

‘Corvair’ 1:0.5 0.33 125 No

‘Kolibri’ 11 0.50 175 Yes

‘Seaside’ 1:2 0.67 225

‘Space’ 1:3 0.75
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nitrogen concentration could also be attributed to increasing the cal-
cium concentration or total nutrient strength. Otherwise, all nutrient
solutions had the same nutrient composition (in mg-L™): 52 phos-
phorus, 216 potassium, 63 magnesium, 85 sulfur, 0.50 boron, 0.15
copper, 3.00 iron, 0.50 manganese, 0.19 molybdenum, and 0.15 zinc.
No water or fertilizers were added to any of the nutrient solutions during
the experiment; therefore, the initial nutrient concentrations were not
maintained, and depletion due to plant uptake was not controlled. This
approach was intentional, allowing assessment of nutrient effects under
unadjusted conditions. The nutrient solution volume was sufficiently
large relative to the short growth period and small plant size to ensure an
adequate nutrient supply throughout cultivation. We measured the
nutrient solution pH in each flood table daily with a portable meter
(HI9814; Hanna Instruments) and adjust the pH as needed to 5.8 + 0.3,
whenever outside this range, with diluted solutions of food-grade H3PO4
(pH Down; General Hydroponics, Inc., Santa Rosa, CA, USA), and KOH
and K5CO3 (pH Up; General Hydroponics, Inc.).

Active aeration of the nutrient solution (with ambient air) in each of
the six aerated flood tables was achieved by continuously (24 h d~!
during the entire greenhouse experiment) operating two evenly
distributed, submerged air stone discs (12.7-cm diameter; Vivosun)
connected via vinyl air tubing (Hydro Flow model 708220; Sunlight
Supply Inc., Vancouver, WA, USA) to an external air pump (model
102W-1750GPH; Vivosun). Air valves were opened to the extent of
reaching 100 % dissolved oxygen as measured in the center of each flood
table by a portable meter (HI9147-04; Hanna Instruments, Smithfield,
RI, USA).

In the middle of each greenhouse bench, we placed a quantum sensor
(SQ-500; Apogee Instruments, Inc., Logan, UT, USA) to log the photo-
synthetic photon flux density every 10 min (based on the average of 1-
min measurements) and a temperature and relative humidity sensor
(HOBO MX2301; Onset Computer Corporation) to log data every 10
min. Throughout the greenhouse experiment, the photoperiod was 16 h,
which was kept constant by using supplemental lighting from high-
pressure sodium lamps in addition to natural sunlight. The mean daily
light integral was 17.3 mol m~2 d~!, measured at the top of the plant
canopy. The air temperature and relative humidity (mean + SD) were
21.2 £ 1.9 °C and 40.7 % =+ 14.6 %, respectively.

2.3. Data collection and analysis

We counted the number of germinated seeds from each tray quadrant
on day 8 and calculated the spinach germination rate by dividing the
number of germinated seeds by the total number of seeds sown. The
criterion for seed germination was the appearance of a visible radicle
with a length greater than 0.5 cm. On day 20 (15 d after floating), we
harvested baby spinach plants from each tray quadrant when leaves
reached the marketable size (5-8 cm long). We measured individual
shoot fresh mass for three representative plants in each tray quadrant, as
well as total shoot fresh mass of all plants in each tray quadrant (for each
cultivar) using a top-loading balance (Apollo GX-1003A; A&D Weigh-
ing, Ann Arbor, MI, USA). Morphological traits, including the length and
width of the largest leaf per plant, were measured with a ruler. Leaf
chlorophyll concentration index was determined for the largest leaf of
three representative plants in each tray quadrant using a chlorophyll
meter (MC-100, Apogee Instruments, Inc.). Data of each parameter per
cultivar were pooled from both replications given similar treatment
responses and overall lack of treatment x block interactions. We per-
formed mean separations via pairwise comparisons in Tukey’s honest
significant difference test (P < 0.05) using statistical software JMP Pro
(version 17.0.0; SAS Institute, Inc., Cary, NC, USA).

Journal of Agriculture and Food Research 24 (2025) 102530

3. Results
3.1. Visible germination rates of spinach seeds

Lowering the initial moisture index from 0.75 to 0.33 (corresponding
to an increase in the initial substrate-to-water ratio from 1:3 to 1:0.5)
increased the spinach seed visible germination rate from 23 % to 69 %
for ‘Corvair’, from 35 % to 87 % for ‘Kolibri’, from 43 % to 85 % for
‘Seaside’, and from 27 % to 86 % for ‘Space’ (Fig. 1). The moisture
indices of 0.67 and 0.75 resulted in similarly low germination rates. In
contrast, the moisture index of 0.50 resulted in moderately improved
germination, while the moisture index of 0.33 resulted in the highest
germination rates. At each moisture index, ‘Corvair’ exhibited the
lowest visible germination rate among the four cultivars (Fig. 1).

3.2. Individual shoot fresh mass and leaf morphology

Because the initial moisture index either did not influence (P > 0.05)
or minimally influenced individual shoot fresh mass and leaf
morphology at harvest, data of these parameters were grouped across
initial moisture indices and analyzed based on the nutrient solution
nitrogen concentration without and with active aeration (Fig. 2). Active
aeration increased the shoot fresh mass of individual plants by 68 %-—
102 % for ‘Corvair’, 59 %-143 % for ‘Kolibri’, 72 %-104 % for ‘Seaside’,
and 63 %-94 % for ‘Space’ across all nutrient solution nitrogen con-
centrations when compared to no active aeration (Fig. 2A-D). Active
aeration increased the leaf length of individual plants by 24 %-37 % for
‘Corvair’, 25 %-54 % for ‘Kolibri’, 30 %—44 % for ‘Seaside’, and 31 %-—
49 % for ‘Space’ across all nutrient solution nitrogen concentrations
when compared to no active aeration (Fig. 2E-H). Active aeration
increased the leaf width of individual plants by 35 %-41 % for ‘Corvair’,
21 %-61 % for ‘Kolibri’, 31 %-39 % for ‘Seaside’, and 34 %-49 % for
‘Space’ across all nutrient solution nitrogen concentrations when
compared to no active aeration (Fig. 2I-L).

Without active aeration, the nutrient solution nitrogen concentration
did not affect individual shoot fresh mass or leaf length and width of

~e- Corvair -e-Kolibri —o—Seaside --o--Space
100

80 A

60 -

40

20

Visible germination (%)

0 ]

02 03 04 05 06 07 038

Moisture index
(0 = no moisture; 1 = all moisture)

Fig. 1. Visible germination percentages of four spinach cultivars (‘Corvair’,
‘Kolibri’, ‘Seaside’, and ‘Space’) in foam trays filled with a pre-moistened peat-
perlite substrate at four initial substrate-to-water ratios (1:0.5, 1:1, 1:2, and 1:3,
w/w), which corresponded to four moisture indices [weightyater + (Weightwater
+ weightgypstrate)] of 0.33, 0.50, 0.67, and 0.75, respectively. The moisture
index ranges from 0 (when no added moisture is present in the substrate) to 1
(when there is only moisture, without any substrate). Means (+SE) followed by
different letters within each cultivar are statistically different based on Tukey’s
honest significant difference test (P < 0.05).



Version of record at: https://doi.org/10.1016/j.jafr.2025.102530

Q. Meng et al. Journal of Agriculture and Food Research 24 (2025) 102530
Corvair Kolibri Seaside Space
5
g - @-No active aeration a
‘IE 4 | —o—Active aeration | a | |
3 a a 5 a 5 a b ab
o
® 3 - . b - b -
©
IS b
c 24 b __e.__ b - . = S SELEE SN
3 ¢ * L & c e © ¢
= C c Cc Cc c
o 1 - g 1 .
2
n A B Cc D
0 T T T T T T T T T T T T T T T T T T T T
100 150 200 250 100 150 200 250 100 150 200 250 100 150 200 250
10
1 g 1 {1 a
a5 a a \/é
4 ab ] | a a i ab
5 | ] ] | e----e---8
= 6 0-""3'“‘\. 7T ®~-l_ . __-e 7 e 1 C c “
| c c j e ¥ | &7 c e ]
% C
= 4 I 1 |
8 - @-No active aeration ] | |
- —o—Active aeration
2 u N _ i
1E 1F 1G 1TH
0 T T T T T T T T T T T T ¥ T T T T T T T
100 150 200 250 100 150 200 250 100 150 200 250 100 150 200 250
10
1 =e= No active aeration | ] |
- 8 1 —0— Active aeration ) i )
g J ] ] J
s°], a ' ' ] a
° 1 a a 1 a 1 ] b ab
-—— ¢ a a a
E 4 - i o——"o\g | o—o\g | —~—o——0
—1 5 4 b b b ] ¢ . | b b b | e c c
11 14 1K 1L
0 T T T T T T T T T T T T T T T T T T T T
100 150 200 250 100 150 200 250 100 150 200 250 100 150 200 250

Nitrogen concentration (mg-L=1)

Fig. 2. The (A-D) individual shoot fresh mass and the (E-H) length and (I-L) width of the largest leaf per plant of four spinach cultivars (‘Corvair’, ‘Kolibri’,
‘Seaside’, and ‘Space’) grown in a greenhouse as baby greens in deep-water-culture food tables under six nutrient solution treatments, including three nutrient
solution nitrogen concentrations (125, 175, and 225 mg L’l), each without (blue scatters and dashed lines) and with (yellow scatters and solid lines) active aeration.
Means (+SE) followed by different letters within each cultivar and parameter are statistically different based on Tukey’s honest significant difference test (P < 0.05).

baby spinach plants (Fig. 2). With active aeration, increasing the
nutrient solution nitrogen concentration from 125 to 175 mg L™! did not
consistently influence these parameters for most cultivars. For ‘Space’,
growth tended to decline with higher nitrogen concentration, showing
19 % lower shoot fresh mass and 10 %-11 % lower leaf length and width
at 175 mg L™ compared to 125 mg L™} (Fig. 2D, H, and 2L). Further
increasing the nutrient solution nitrogen concentration to 225 mg L!
did not cause additional reduction in ‘Space’ and did not influence
growth in ‘Corvair’, but decreased shoot fresh mass of ‘Kolibri’ and
‘Seaside’ by 20 %-32 % (Fig. 2).

3.3. Total shoot fresh mass and chlorophyll index

Because the nutrient solution nitrogen concentration did not influ-
ence (P > 0.05) total shoot fresh mass or the leaf chlorophyll index at
harvest, data of these parameters were grouped across nutrient solution
nitrogen concentrations and analyzed based on the initial moisture
index without and with active aeration (Fig. 3). The shoot fresh mass of
all four cultivars responded to the initial moisture index similarly to the
visible germination rate. Decreasing the initial moisture index from 0.75
to 0.33 (i.e., from right to left along the x-axis in Fig. 3) increased the
total shoot fresh mass per tray quadrant by 79 %-199 % without active
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Fig. 3. The (A-D) total shoot fresh mass per tray quadrant and the (E-H) chlorophyll index of the largest leaf per plant of four spinach cultivars (‘Corvair’, ‘Kolibri’,
‘Seaside’, and ‘Space’) grown in a greenhouse as baby greens in deep-water-culture flood tables under four initial substrate-to-water ratios (1:0.5, 1:1, 1:2, and 1:3,
w/w), which corresponded to four moisture indices [weightyaer + (Weightyater + Weightsupstrate)] Of 0.33, 0.50, 0.67, and 0.75, respectively. The moisture index
ranges from 0 (when no added moisture is present in the substrate) to 1 (when there is only moisture, without any substrate). Plants receiving each moisture ratio
were subsequently grown hydroponically without (blue scatters and dashed lines) and with (yellow scatters and solid lines) active aeration. Means (+SE) followed by
different letters within each cultivar and parameter are statistically different based on Tukey’s honest significant difference test (P < 0.05).

aeration and by 104 %-311 % with active aeration (Fig. 3A-D). For each
cultivar, the magnitude of the increase was larger with active aeration
than without. Decreasing the initial moisture index from 0.75 to 0.33 (i.
e., from right to left along the x-axis in Fig. 3) did not influence the
chlorophyll index of ‘Corvair’ or ‘Space’, irrespective of active aeration,
but decreased that of ‘Kolibri’ with active aeration and that of ‘Seaside’
without active aeration both by 17 %-18 % (Fig. 3E-H).

For all four cultivars, active aeration generally increased the total
shoot fresh mass per tray quadrant by 42 %-74 % at the lower initial
moisture indices of 0.33 and 0.50 when compared to no active aeration.
In contrast, active aeration did not influence the total shoot fresh mass
per tray quadrant at the higher initial moisture indices of 0.67 and 0.75
(Fig. 3A-D). Active aeration decreased the chlorophyll index of all four
cultivars when compared to no active aeration; however, there were
exceptions at certain cultivar-specific initial moisture indices
(Fig. 3E-H). When active aeration was analyzed as a single factor, it
decreased the chlorophyll index of all four cultivars by 11 %-17 %
(Fig. 4).

4. Discussion

In this study, lowering the moisture index from 0.75 to 0.33 mark-
edly improved spinach seed germination in a peat-perlite substrate for
all four cultivars, highlighting the sensitivity of spinach seeds to mois-
ture and the pivotal role of moisture control in germination. Inhibition
of spinach seed germination occurs in a wet root-zone environment,

which impedes the required oxygen supply to the seed embryo [8,23].
The amount of water in soil can be quantified by the soil water potential.
With the potential of free water being 0, drier soils have more negative
soil water potentials. Spinach seed germination is inhibited when the
soil water potential exceeds —500 mm (wetter) but promoted when the
soil water potential falls below —500 mm (drier) [23], which is consis-
tent with results in this study. High moisture is not an issue in natural
non-waterlogged field conditions, where the soil water potential is
generally below —500 mm [24]. However, controlled-environment
spinach growers who mix soilless substrates with water need to exer-
cise care in moisture control. Moisture indices below 0.33 and above
0.75 produced highly dry and waterlogged conditions, respectively,
which would not be conducive to germination. However, moisture
indices below 0.33 should be tested in future research to identify the
optimal moisture index.

The highest germination rate in a peat-based substrate in this study
was under a moisture index of 0.33, which was between the moisture
indices of 0.10 and 0.75 in two existing protocols [4,9]. The differences
in optimal moisture indices reported in previous studies [4,9] are likely
due to variations in the inherent moisture content or composition of the
peat-based substrates used in those studies. In our experiment, all trays
started with the same substrate, and the treatment differences were
imposed by adding precise amounts of water to achieve the target
moisture indices. Thus, the observed differences in germination within
this study reflect the imposed moisture levels rather than any variation
in initial substrate moisture. The observed germination trends may also
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Fig. 4. The chlorophyll index of the largest leaf per plant of four spinach cul-
tivars (‘Corvair’, ‘Kolibri’, ‘Seaside’, and ‘Space’) grown in a greenhouse as
baby greens in deep-water-culture flood tables without (dot-filled blue bars)
and with (blank yellow bars) active aeration. Data were analyzed with active
aeration as a single factor to show its effects. Means (+SE) followed by different
letters within each cultivar are statistically different based on Tukey’s honest
significant difference test (P < 0.05).

have been influenced by improved oxygen diffusion in moderately moist
substrates, which facilitates embryo respiration [25]. Additionally,
reduced pathogen pressure under well-aerated conditions may have
contributed [26], although no pathogen-related seedling failure was
observed across treatments. Growers are recommended to identify their
own optimal moisture index using the methods described in this study.
In this study, decreasing the initial moisture index from 0.75 to 0.33
increased the total shoot fresh mass per tray quadrant for all four
spinach cultivars following similar trends to germination rates. Given
that individual shoot growth was minimally affected by the moisture
index, higher germination rates under lower moisture indices led to
more plants and thus higher total harvestable yield.

Active aeration increased leaf length, leaf width, and shoot fresh
mass in baby spinach. In hydroponic systems, plant roots fully sub-
merged in water can suffer from oxygen deficiency without proper
active aeration. Active aeration improves the availability of dissolved
oxygen crucial for root respiration as well as for nutrient and water
uptake [27-29]. The impact of active aeration on hydroponic plant
growth is generally more significant under conditions of dissolved ox-
ygen deficiency. For example, as dissolved oxygen levels naturally
decreased with higher temperatures, oxygen supplementation had a
greater impact on photosynthesis and plant dry mass of spinach in
warmer conditions (33 vs. 20 °C) [11]. Similarly, as dissolved oxygen
levels declined over time during the growing cycle, longer cycles
increased the extent and duration of oxygen deficiency, making oxygen
supplementation more beneficial for crop yield during extended crop
cycles [29]. In this study, despite relatively cool conditions (air tem-
perature of 21 °C) and a short growing period (15 d), active aeration still
increased leaf size and shoot fresh mass in all four spinach cultivars. This
was likely due to the high planting density (2268 plants-m~2) in
substrate-filled expanded polystyrene trays, a common practice in hy-
droponic baby spinach production, where oxygen competition in the
root zone can occur. Additionally, the peat-based substrate can become
waterlogged in the tray due to its constant contact with the nutrient
solution in deep-water culture, limiting the natural diffusion of oxygen
and amplifying the benefits of supplemental dissolved oxygen in
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supporting root function and overall plant growth.

For the individual shoot fresh mass and leaf morphology of all four
spinach cultivars, effects of the nutrient solution nitrogen concentration
depended on active aeration. Without active aeration, the nutrient so-
lution nitrogen concentration did not influence baby spinach biomass
and leaf morphology. However, with active aeration, increasing the
nutrient solution nitrogen concentration from 125 to 225 mg L7}
decreased these parameters. This interaction may be attributed to the
active transport of nitrogen in roots. Root uptake of nitrate nitrogen is an
active process facilitated by specialized protein transporters in the NPF
and NRT2 families on root hairs [30]. The process of nitrate nitrogen
absorption and assimilation into cells requires energy, which is gener-
ated from root respiration [31,32]. Because root respiration requires
oxygen, active aeration of the nutrient solution increased the dissolved
oxygen level, which likely increased energy production from root
respiration and promoted nitrate nitrogen uptake. Higher-than-optimal
nitrogen application rates reduced the growth of soil-grown spinach
‘Ohio’ and ‘Quanneng’ compared to intermediate optimal rates [33,34].
Therefore, at higher nutrient solution nitrogen concentrations of 175
and 225 mg L' in this study, the increased nitrate nitrogen uptake with
active aeration could be excessive and cause symptoms of nitrogen
toxicity such as stunted growth. Adequate nitrogen is critical to maxi-
mize spinach growth as increasing the nutrient solution nitrogen con-
centration from 13 to 105 mg L™! increased leaf biomass of spinach
‘Melody’ and ‘Springer F1° [35]. Our results suggest that 125 mg L™ of
nitrogen was sufficient to achieve high nitrogen use efficiency and plant
growth rates, with no benefits above this threshold, in greenhouse hy-
droponic baby spinach production.

Active aeration decreased the chlorophyll index in all four spinach
cultivars. Chlorophyll index tends to decrease during oxygen depriva-
tion [36], and research has shown that active aeration can increase the
chlorophyll index [14,37,38]. For example, increasing the dissolved
oxygen level from 1.8-3.8 to 5.3 mg L~! through active aeration
increased the chlorophyll index of pepper ‘California Wonder’ under
ammonium-based fertilization [14]. The increase in the chlorophyll
index under active aeration has been at least partially attributed to
increased chlorophyll accumulation driven by improved nitrogen up-
take under higher dissolved oxygen conditions [14,37]. In this study,
however, the nutrient solution nitrogen concentrations between 125 and
225 mg L ! were all sufficient for baby spinach growth, suggesting that
nitrogen was not a limiting factor, so active aeration might not improve
nitrogen uptake and thus chlorophyll accumulation. Moreover, the
chlorophyll index is a relative indicator of chlorophyll concentration,
which is chlorophyll content per unit leaf area [39]. Because active
aeration increased leaf length and width, leading to larger overall leaf
areas, the observed decrease in the chlorophyll index under active
aeration was likely due to a dilution effect caused by the expanded leaf
area, rather than an absolute reduction in total chlorophyll content
within the plant. It is possible that the combination of supplemental
lighting and active aeration might have increased oxidative stress
(reactive oxygen species) in plants under some conditions [40], which
could affect chlorophyll synthesis. However, reactive oxygen species
were not measured in this study, and the observed decrease in the
chlorophyll index was most likely due to the dilution effect from
expanded leaf area.

In conclusion, a lower moisture index of 0.33 (or a higher substrate-
to-water ratio of 1:0.5, w/w) in peat-perlite media markedly improved
seed germination of the four spinach cultivars, without any seed treat-
ment, compared to higher moisture indices (or lower substrate-to-water
ratios). Subsequently, higher germination rates under lower initial
moisture indices translated to higher total shoot biomass. After spinach
seedlings were floated in greenhouse deep-water culture, active aeration
of the nutrient solution increased harvestable shoot biomass and
extension growth of hydroponic baby spinach. During the production
period, increasing the nutrient solution nitrogen concentration beyond
125 mg L7! did not benefit baby spinach growth. Therefore, it is
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recommended to use active aeration and moderately low nitrogen when
growing greenhouse hydroponic baby spinach to maximize crop growth
and nutrient use efficiency.
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