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Abstract. Controlled environment agriculture (CEA) for leafy green production is
growing in popularity as consumers and producers become more environmentally
conscious. Growers can use several hydroponic systems in CEA leafy green produc-
tion, but detailed information about their tradeoffs is scarce. In this experiment, we
sought to grow leafy greens in several soilless systems to evaluate yield and resource
use and determine optimal production systems. Arugula (Eruca sativa ‘Astro’) and
lettuce (Lactuca sativa ‘Casey’) were grown in a greenhouse in four soilless systems:
deep water culture (DWC), nutrient film technique (NFT), vertical tower, and aero-
ponics. System resource inputs in terms of water, energy, and area, as well as system
plant outputs like biomass production and nutrient concentrations were quantified
during the 28-day experiment. Water (WUE), energy (EUE), and area use efficiencies
(AUE) were then calculated using fresh shoot biomass. Based on these resource use
efficiencies (WUE, EUE, and AUE), arugula had excellent performance in aeroponics,
satisfactory performance in both the NFT and vertical systems, and comparatively
poor performance in DWC. Lettuce performed satisfactorily in both DWC and NFT,
but both systems had reduced EUE, and DWC also had reduced AUE. In contrast,
lettuce had fair performance in the vertical and aeroponic systems. In conclusion,
arugula is optimally grown in aeroponics, and lettuce is optimally grown in DWC or
NFT. Understanding these system tradeoffs will help growers and the CEA industry
to become more sustainable and profitable.

Leafy greens are consumed daily by mil-
lions of people around the world. Some of
the most popular leafy green crops globally
are lettuce (Lactuca sativa), spinach (Spina-
cia oleracea), and cabbage and relatives such
as cauliflower and brussels sprouts (all Bras-
sica oleracea). China produced the most let-
tuce in 2022, with 14.98 million metric tons,
while the United States was the second high-
est producer, with 3.30 million metric tons
(Food and Agriculture Organization 2024).
California (73%) and Arizona (21%) account
for nearly all lettuce produced in the United
States each year (Davis et al. 2023). The
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combined lettuce production from these two
states in 2022 was valued at about $4.12 bil-
lion (US Department of Agriculture 2023).
The leafy green industry in the United
States has faced significant challenges in re-
cent years, attributed to a confluence of fac-
tors such as drought, heat, and pest pressures.
Data from 2018 to 2022 indicates that field
lettuce yields, particularly in California, have
been lower than historical averages (Davis
et al. 2023). Furthermore, extreme weather in
the spring of 2023 led to delayed planting and
flooded fields in the Salinas Valley, a region
responsible for 60% of US lettuce production.

The agricultural commissioner’s office in
Monterey County (where the Salinas Valley
is located) stated that this extreme weather
caused an estimated $324.1 million in crop
damage (Lee 2023). Extreme weather events
around the globe are projected to both inten-
sify and become more frequent in the coming
decades due to climate change; field agricul-
ture as we know it is at risk (Bolster et al.
2023). Due to these climate challenges and the
increasing cost of labor and other production
inputs, interest in controlled environment agri-
culture (CEA) has risen in recent years.

CEA, broadly, shields food production
from unfavorable weather. Companies can
employ CEA technology to various degrees,
such as low-technology structures like low or
high tunnels, medium-technology greenhouses
with simple irrigation and ventilation manage-
ment, high-technology greenhouses with ad-
vanced climate control, and indoor vertical
farms or plant factories. CEA not only insu-
lates crops from the adverse effects of climate
change but can also decrease the need for pesti-
cides while increasing the growing season
length for areas with suboptimal climates. This
lower dependency of pesticides can be further
reduced by using soilless hydroponic growing
systems to produce specific crops in CEA such
as strawberries (Fragaria xananassa) (Wrenn
et al. 2023). CEA growing systems can also en-
hance overall crop quality while maximizing
yield (Gomez et al. 2019). Over 25,000 t of let-
tuce was grown using CEA in the United States
in 2019, valued at about $71 million. For the
same year, the CEA production area increased
by 28%, and yield increased by more than 50%
compared with 2014. Nearly 66% of this CEA
lettuce was produced using hydroponic systems
(Davis et al. 2023).

Hydroponic systems use nutrient solutions
rather than soil to deliver essential nutrients
to plant roots, and water culture systems are
the most popular type of hydroponic system
for growing leafy greens (Gomez et al.
2019). The crop roots primarily interact
with a liquid nutrient solution instead of
solid soil or soilless substrate in water cul-
ture systems. This solution can be in cons-
tant contact with the roots (statically or
dynamically), or the roots can be intermit-
tently exposed to the solution via flowing
or misting. These systems provide several
advantages compared with soilless substrate
systems and traditional field production for
leafy greens beyond the advantage of being in-
sulated from extreme weather events. A previ-
ous study reported that lettuce grown in water
culture systems showed significantly improved
yield, nutrition, and water use efficiency com-
pared with lettuce grown in a soil-based system
(Majid et al. 2021). Meaningful improvements
in lettuce fresh biomass and nutrient content in
two water culture systems compared with let-
tuce grown in a sand substrate culture system
have also been reported (El-Helaly and Darwish
2019). Furthermore, it was found that two water
culture systems outperformed a substrate culture
system when examining lettuce fresh shoot
biomass (Li et al. 2018). It seems clear that

601

/0’ /9uU-Aq/sesua9l|/610 suowwooaAneald//:sdny (/0" #/ouU-Ag/sesuadl|/Bi0 suowwooaAlealo//:sdiy) asusol|
JN-AZ DD 9y} Japun pajnqulsip ajoie ssaooe uado ue s siy] '$se00y uadQ BIA | L-01-GZ0Z 18 /w09 Alojoejqnd poid-awnid-ylewssyem-jpd-awiid//:sdpy wol papeojumoq


https://doi.org/10.21273/HORTSCI18391-24

water culture systems are likely the optimal
cultivation method for lettuce production in
CEA.

Lettuce is a popular hydroponic crop with
high consumer demand due to its multiple
uses in the food industry. Arugula (Eruca sat-
iva) is another popular leafy green previously
cultivated in water culture hydroponic sys-
tems (Bonasia et al. 2017; Houston et al.
2023; Mainos et al. 2023; Yang et al. 2021).
Lettuce and arugula are common additions to
mixed salad products and accumulate several
secondary metabolites, such as glucosinolates
and vitamin C, that are beneficial to human
health (Costa-Pérez et al. 2023; Hall et al.
2012; Jilani et al. 2015).

With the rising interest in CEA globally,
it is more important than ever that growers
select the production system that can maximize
both their fiscal and environmental sustainabil-
ity. There are several types of hydroponic wa-
ter culture systems, with the primary difference
among them being the nature of the interaction
between the nutrient solution and the plant
roots. The simplest system is a deep water cul-
ture (DWC) system (also known as a floating
raft culture system) wherein the plants are sus-
pended above a static pool of nutrient solution
with aeration. In a nutrient film technique
(NFT) system, the plants are grown in a sloped
channel. The nutrient solution is pumped into
the elevated end of the channel and then flows
down the channel through the plant roots, cre-
ating a constant film of nutrient solution along
the bottom of the channel. An aeroponic sys-
tem uses a high-pressure pump and nozzles to
mist the nutrient solution onto the roots of the
plant. Both NFT and aeroponic systems are re-
circulating systems, and these two systems,
along with DWC, are the most used water cul-
ture systems (Gomez et al. 2019). There is a
fourth type of system that has grown in
popularity in recent years with producers:
the vertical system. This system stacks

Received for publication 13 Dec 2024. Accepted
for publication 5 Feb 2025.

Published online 21 Mar 2025.

This research was funded by US Department of
Agriculture National Institute of Food and Agri-
culture Specialty Crop Research Initiative Grant
2018-51181-28365 under Project LAMP: Light-
ing Approaches to Maximize Profits and by the
University of Georgia Department of Horticulture,
the University of Georgia College of Agricultural
and Environmental Sciences, and the University of
Georgia Office of the Senior Vice President for
Academic Affairs and Provost. Thanks to all
members of the Controlled Environment Agri-
culture Crop Physiology and Production and
Horticultural Physiology laboratories at the
University of Georgia for assisting with this
experiment. Also, many thanks to Bret Bowlin
and Tower Farms, Marilyn and Paul Bretlinger
and Crop King, Dr. Roger Buelow and Aero-
farms, and Dr. Cari Peters and J.R. Peters for
supporting this project by providing equipment
and supplies.

R.S.F. is the corresponding author. E-mail:
ferrarezi@uga.edu.

This is an open access article distributed under
the CC BY-NC license (https://creativecommons.
org/licenses/by-nc/4.0/).

602

plants vertically in a tower that can be hol-
low or filled with a wicking substrate. The
nutrient solution is pumped to the top of the
tower, where it can then percolate down-
ward and interact with the plant roots.

Several studies have examined the differ-
ences in yield and/or resource use between
two water culture systems for lettuce produc-
tion in CEA (El-Helaly and Darwish 2019;
El-Shinawy et al. 1996; El-Ssawy et al. 2020;
Gillani et al. 2023; Lennard and Leonard
2006; Li et al. 2018). However, a comprehen-
sive comparison of DWC, NFT, aeroponic,
and vertical systems considering plant perfor-
mance (biomass/yield and quality) and sev-
eral resource use efficiencies (water, energy,
and footprint area) has not been undertaken.
Furthermore, there is a lack of literature con-
cerning any water culture system comparisons
for arugula production, let alone one that is
comprehensive as previously described.

The objective of this study was to execute
just such a comprehensive system comparison
for both lettuce and arugula in water culture
hydroponic systems. This includes comparing
the absolute outputs, such as fresh and dry bio-
mass, and the ratio of outputs to inputs, i.e.,
water, energy, and footprint area, for each sys-
tem. These ratios are the resource use efficien-
cies. By understanding the tradeoffs in both
absolute and relative outputs among these sys-
tems, producers can make informed decisions
about growing systems as the leafy green
CEA industry matures.

Material and Methods

Location and environmental conditions
This experiment was conducted at the
University of Georgia (College of Agricultural
and Environmental Sciences, Department of
Horticulture, Controlled Environment Agricul-
ture Crop Physiology and Production Labora-
tory) in Athens, GA, USA (lat. 33°55'55.10"N,
long. 83°21'50.51"W, altitude 198 m) from Jun
to Jul 2023 in a polycarbonate greenhouse
with temperature control using a pad-fan cool-
ing system and unit heaters for heating.
Greenhouse air temperature and relative
humidity were monitored using a digital sen-
sor (HMP60; Vaisala, Helsinki, Finland) con-
nected to a datalogger (CR1000X; Campbell
Scientific, Logan, UT, USA) for automatic
data collection and had average + standard

error values of 25.7 + 0.19°C and 759 =+
1.01%, respectively. Vapor pressure deficit
(VPD) was calculated using this temperature
and relative humidity data and was 0.92 +
0.047 kPa. Canopy-level light was measured
by a quantum sensor (SQ-610; Campbell Sci-
entific) connected to a separate datalogger
(CR1000; Campbell Scientific) and resulted
in a daily 1i§ht integral (DLI) of 20.2 +
1.16 mol'm~%-d™". The plants were subject
only to natural sunlight during the experi-
ment duration.

Plant material

Pelleted seeds of lettuce ‘Casey’ and nonpel-
leted seeds of arugula ‘Astro’ were purchased
from a commercial seed supplier (Johnny’s Se-
lected Seeds, Winslow, ME, USA) and sown in
2.5-x 2.5-x 4-cm rockwool blocks (AO 25/40;
Grodan, Roermond, The Netherlands) with one
lettuce seed per block and four to eight arugula
seeds per block. Sown seeds were placed in a
walk-in growth chamber with 23.5 + 0.01°C
temperature, 583 £ 0.65% relative humidity,
1.2 + 0.02 kPa VPD, 14.4 molm *d ' DLI,
and 847 + 112 mgL™' CO, for 14 d under
daily automated ebb and flow subirrigation to
allow for germination and initial growth. After
14 d, similarly sized plants were randomly se-
lected to be transplanted into one of the four hy-
droponic systems. Arugula was thinned to four
seedlings per rockwool block at transplanting.

Hydroponic system

For the experiment, lettuce and arugula
were grown in four different water culture
hydroponic systems: DWC, NFT, vertical
tower, and aeroponic (Fig. 1). Each system
was considered a treatment, and the DWC
system was the control, all with four replica-
tions. The number of plants per system var-
ied, but the same number within each treatment
and replication was measured and analyzed.
Four plants for both crops were randomly se-
lected from each system for measurement and
analysis.

Each experimental unit of the DWC sys-
tem had 69 plants for each crop in 2.699 m*
for a density of 25.57 plants/m?, the NFT sys-
tem had 72 plants for each crop in 1.6722 m*
for a density of 43.06 plants/m?, the vertical sys-
tem had 36 plants for each crop in 0.5602 m>
for a density of 64.26 plants/m", and the aero-
ponic system had 42 plants for each crop in

Fig. 1. Photos showing the soilless systems tested in this experiment: deep water culture (DWC), nu-
trient film technique (NFT), vertical tower, and aeroponics.
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2.09 m? for a density of 20.10 plants/m>. The
three horizontal systems (DWC, NFT, and aero-
ponic) had 20.3-cm plant spacing. The DWC,
NFT, and vertical systems had separate reser-
voirs for each crop, while the aeroponic system
had a shared reservoir due to the pressure
needed to operate the nozzles. Nonedge sites in
each system were numbered as potential mea-
surement sites.

DWC system. The DWC system was con-
structed from commercially available products
using two 242.5-x 121-x 17-cm grow trays
(OD; Botanicare, Vancouver, WA, USA) to
serve as the reservoirs and foam insulation
boards (GreenGuard LG 0.75”; Kingspan,
Kingscourt, Ireland) cut to size to make
floating rafts with drilled holes for net cups
measuring 4.8 cm tall with 4.5-cm top diame-
ters and 3.3-cm bottom diameters (Teku G46;
Poppelmann GmbH & Co., Lohne, Germany).
The solution in the grow trays was aerated us-
ing air stones connected to a 13.5 m>h !,
48 kPa, 1.27-cm outlet aeration pump (EcoAir
7; EcoPlus, Vancouver, WA, USA), with six
stones per tray. Edge plants surrounded trays,
and each crop had one tray with 38 potential
measurement sites per replication.

NFT system. The NFT system was assem-
bled from commercially available products
and consisted of 244-x 11.5-x 4-cm channels
(CHA9008; Crop King, Lodi, OH, USA) with
corresponding tops (CHA9004) and end caps
(CHA9100 and CHA9101) from the same
manufacturer as the channels. A 121-L plastic
reservoir (H-3687; Uline, Pleasant Prairie, W1,
USA) held the nutrient solution recirculated
by a submersible pump (PE-1; Little Giant,
Oklahoma City, OK, USA). Each channel was
on a 1% slope and had 12 prepunched, square
holes for the rockwool blocks. Each crop had
six channels, and edge plants surrounded chan-
nels. The middle four channels for each crop to-
gether contained 40 potential measurement
sites per replication. The two edge channels
for each crop were fertigated by separate
reservoirs to simplify system management.
All pumps ran continuously throughout the
experiment.

Vertical system. The vertical system was a
commercially available hydroponics system
(Tower Garden Flex; Tower Garden, Collier-
ville, TN, USA). It consisted of a 75-L, bowl-
shaped reservoir with a submersible pump
(Syncra 3.0; Sicce, Pozzoleone, Italy) on the
bottom and a columnar tower on top. This
tower was made of nine layers, each 18 cm
tall, with four plant sites around its circumfer-
ence. An inner, central column connected to
the reservoir pump on the bottom reached
above the top layer to the stop cap. As the
pump activated, nutrient solution was sent up
this column, hit the stop cap, and then perco-
lated down through every layer into the reser-
voir by gravity. The area between the central
column and the outer wall, where the sites for
the plants were located, was hollow, allowing
roots to interact with the nutrient solution as
it percolated. There were also holes just be-
low the stop cap and at every layer that aided
with even distribution as the solution perco-
lated. Each crop had one tower of 36 plants
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per replication. The plant sites in each tower’s
top and bottom layers were considered edge
sites, giving 28 potential measurement sites
for each crop. Nutrient solution delivery was
controlled by a timer (TGT1; Tower Garden),
which activated the pumps for 3 min on and
12 min off in alternating intervals throughout
the experiment.

Aeroponic system. The aeroponic system
consisted of a mix of commercial and
custom-built equipment: two black plastic
tubs sloped on the inside and with grooves in
the lips to hold cut-to-size foam insulation
board tops (GreenGuard LG 0.75”; Kingspan)
with drilled holes for net cups (Teku G46;
Poppelmann GmbH & Co.). Manifolds for the
inside of each tub were constructed out of PVC
piping and 16 misting nozzles (22219221202;
Tefen, Kibbutz Nahsholim, Israel), which
were supplied with a nutrient solution by high-
pressure pump (EF1000; Everflo Pumps,
Paynesville, MN, USA). Nutrient solution
delivery was controlled by the same timer
as the vertical system and was on the same in-
terval regime. Edge plants surrounded trays,
and each crop had 18 potential measurement
sites per replication.

Fertilization

A modified Sonneveld solution was used
for fertigation in all systems (Sonneveld and
Kreij 1987). The solution contained (all val-
ues in mg-L™"): 152 total N with 140 NO5-N
and 12 NH4-N, 31 P, 221 K, 90 Ca, 26 Mg,
32S,0.25B, 0.5 Cu, 1.8 Fe, 0.13 Mn, 0.02 Mo,
and 0.16 Zn.

Measurements

Reservoir pH, electrical conductivity (EC),
temperature, and dissolved oxygen (DO). The
solution pH and EC were measured regu-
larly with a digital probe (#H198131; Hanna
Instruments, Smithfield, RI, USA) and adjusted
to maintain between 5.5 and 6.5 pH and be-
tween 1.25 and 1.75 dS'm™', respectively. A
commercial product derived from phosphoric
acid was used to reduce the pH of the solution
(pH Down; Advanced Nutrients, West Holly-
wood, CA, USA), while an 8 M solution of
potassium hydroxide was used to raise the
solution pH. EC was lowered by diluting
the solution with tap water. Reservoir DO was
measured using a digital probe (HI98193;
Hanna Instruments) at 4 and 13 d after trans-
planting (DATS).

Nondestructive plant measurements. Leaf
chlorophyll content (expressed as chlorophyll
content index) and leaf anthocyanin content
(expressed as anthocyanin content index)
were measured using handheld meters (CCM-
200 plus and ACM-200 plus, respectively;
Opti-Sciences, Hudson, NH, USA) on one of
the youngest, fully mature leaves per plant at
16 DATSs. Arugula plant height was measured
using a meter stick at 17 DATs. Chlorophyll
content, anthocyanin content, and height were
measured for all plants in each replication.
One plant per replication was used to measure
the gas exchange parameters stomatal conduc-
tance, carbon assimilation, evapotranspiration,

and water use efficiency (WUEg) using a
portable photosynthesis system (CIRAS 4;
PP Systems, Amesbury, MA, USA). Arugula
gas exchange parameters were measured at
20 DATSs, and lettuce gas exchange parame-
ters were measured at 25 DATSs. Analysis
dates were decided based on plant morphology
and physiology coupled with our availability
to process the samples in a single day with the
team available.

Destructive plant measurements. Arugula
was harvested at 21 DATSs, and lettuce at
28 DATSs based on plant morphology and
maturation when plants were considered sal-
able. Fresh biomass was measured for every
plant in each replication using digital scales
for the fresh shoot biomass (#PB3002; Mettler
Toledo, Griefensee, Switzerland) and the fresh
root biomass (item 30430061; Ohaus Corpora-
tion, Parsippany, NJ, USA). Fresh shoot bio-
mass was used in subsequent calculations to
indicate yield. One plant in each replication
for both crops was used to measure total soluble
solids (TSSs) by selecting two to three leaves
and crushing them in a garlic press with cheese-
cloth onto a digital refractometer (#HI96801;
Hanna Instruments). Three plants in each
replication for both crops were deconstructed
and scanned using a leaf area meter (LI-3100;
LI-COR, Lincoln, NE, USA) to obtain the to-
tal leaf area. For two arugula plants per repli-
cation and three lettuce plants per replication,
shoots and roots were placed into paper bags
and dried in an oven at 80 °C until completely
dry. The dried tissue was weighed on the
same digital scales used to obtain the dry bio-
mass of shoots and roots. Shoot water content
was calculated using the fresh and dry bio-
mass measurements, and the shoot-to-root ra-
tio (shoot:root) was calculated by dividing
shoot dry biomass by root dry biomass. One
plant per replication for both crops was
placed into a sample bag after being weighed
for fresh biomass and sent to a commercial
laboratory (Waters Agricultural Laboratories,
Camilla, GA, USA) for tissue nutrient con-
centration analysis. Leaf N was determined by
high temperature combustion process (Nelson
and Sommers 1973). Leaf P, K, Ca, Mg, S, B,
Cu, Fe, Mn, and Zn concentrations were deter-
mined by inductively coupled plasma atomic
emission spectrophotometer after wet acid di-
gestion using nitric acid and hydrogen perox-
ide (Twyman 2005).

System measurements and resource use
quantification. T-type thermocouples (T/C
wire 20 gauge; Antylia Scientific, Vernon
Hills, IL, USA) were used to measure reser-
voir temperature every hour using the same
datalogger as the quantum sensor for auto-
matic data collection. The reservoir volumes
were tracked throughout the experiment in all
systems. All reservoirs were filled to a known
volume at transplanting and filled again to
that known volume after draining and refill-
ing. Residual reservoir volume was measured
during drain and refill events, which were
triggered when reservoir volume was low
and/or when the pH and EC were extremely
out of the ideal ranges (5.5 to 6.5 for pH and
1.25 to 1.75 dS'm ! for EC). Volume was
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measured using a 25-mm digital flow meter
(O-WM-2; Restmo, Staten Island, NY, USA).
By knowing reservoir volume before and af-
ter refills, total system losses due to evapo-
transpiration (ET) were easily calculated by
simple subtraction.

To calculate plant water use efficiency
(WUE), ET per plant was first calculated by
dividing reservoir ET by the number of plants
supplied by that reservoir. Plant fresh shoot
biomass was then divided by this ET per
plant (based on which system the plant was
harvested) to obtain plant WUE (in g'Lfl).
Note that the DWC, NFT, and vertical systems
had separate reservoirs for each crop, while the
aeroponic system had a shared reservoir due to
the pressure needed to operate the nozzles.

Total system energy use was calculated
by tracking the total pump activation time in
hours for each system. The NFT recirculating
pump and the DWC aerating pump ran con-
tinuously, whereas the vertical and aeroponic
pumps ran on the 3 min on and 12 min off
cycle, which is a 20% activation rate. Power
consumption (in watts) of all pumps was de-
termined based on manufacturer specifica-
tions (200 W for DWC, 36 W for NFT, 48 W
for vertical, and 48 W for aeroponic). The
pump run time and power consumption were
multiplied to obtain total system energy use in
kilowatt hours (kWh). Note that the DWC aer-
ation pump and aeroponic fertigation pump
were shared between the two crops.

To calculate plant energy use efficiency
(EUE), energy use per plant was first calcu-
lated by dividing the total system energy use
by the number of plants in that system. Fresh
shoot biomass was then divided by this en-
ergy use per plant to obtain plant EUE (in
gkWh™h).

The system footprint area was calculated
by measuring the widest system dimensions
with a tape measure and calculating the foot-
print area appropriately (the footprint areas of
the DWC, NFT, and aeroponic systems are
rectangular, and the vertical system is circu-
lar). One DWC tray (69 plants total), one sin-
gle NFT channel (12 plants), one vertical
tower (36 plants), and one aeroponic tub (42
plants) were measured for these calculations.

System area use efficiency (AUE), or the
maximum yield per area that a particular sys-
tem can deliver, was calculated by multiply-
ing fresh shoot weight by the number of
plants per measured system (or system com-
ponent as outlined in the previous paragraph)
and then dividing that resulting number by
the system footprint area. Note that the AUE
calculation does not consider the spacing be-
tween systems needed to implement these
systems at scale effectively but instead repre-
sents an ideal maximum AUE.

Experimental design and statistical analysis
We tested four hydroponics systems (DWC,
NFT, vertical, and aeroponic) with four replica-
tions arranged on a randomized block design,
with treatments assigned as fixed effects. Statis-
tical analysis was performed by conducting
one-way analysis of variance (ANOVA) with
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Tukey’s post-hoc test using statistical software
(SigmaPlot version 15; Systat Software, San
Jose, CA, USA) to determine significant differ-
ences among treatments. When a data set did
not meet the ANOVA’s normality or equal vari-
ance distribution conditions, a Kruskal-Wallis
test with Dunn’s post-hoc was conducted using
the same statistical software. A significance
level of 0.05 or 5% was used in all tests. Re-
sults from each crop were analyzed separately.

Results

Reservoir pH, EC, temperature, and DO.
The two crops had different effects on reser-
voir pH over the growing cycle. Arugula
caused reservoir pH in all four systems to in-
crease consistently, becoming more alkaline
and above the ideal range of 5.5 to 6.5
throughout the experiment (Fig. 2A). This
trend became particularly strong from 15 to
20 DATs. On the contrary, lettuce caused
variations in alkaline and acidic directions for
all systems except for the aeroponic system
(Fig. 2B). The NFT system for lettuce had
extreme variations in both directions. The av-
erage measured reservoir pH for arugula was
6.6 £0.10, 6.6 £ 0.13, 6.6 £ 0.10, and 6.8 +
0.16 in the DWC, NFT, vertical, and aero-
ponic systems, respectively, and for lettuce it
was 6.1 £ 0.15, 5.8 £ 0.19, 6.1 = 0.13, and
6.6 = 0.15 in the same systems. Conversely,
the two crops had similar effects on reservoir
EC for all systems (Fig. 2C and 2D). All sys-
tems start at the bottom of the ideal range and
then trend upwards through around 7 DATs.
After 7 DATSs, there is a drop in EC through
11 DATSs, with the tower vertical system di-
verging from the three horizontal systems. A
substantial decrease in EC occurred for both
crops in the aeroponic system at 20 DATSs,
with the arugula NFT also reaching a mini-
mum at this point. After lettuce EC in all sys-
tems trends slightly downward from 11 DATs
through 25 DATSs, there is a sharp increase fol-
lowed immediately by a sharp decrease in all
systems in the final 4 days before harvest. The
average + standard error measured reservoir
EC for arugula was 1.3 = 0.03, 1.3 £ 0.05,
1.4 +£0.04, and 1.2 +0.07 dS'm ™', and for let-
tuce it was 1.3 £ 0.03, 1.3 £ 0.03, 1.4 £+ 0.04,
and 1.2 + 0.06 dS'm~" for the DWC, NFT,
vertical, and aeroponic systems, respectively,
for both crops.

Average hourly reservoir temperature was
significantly affected by the systems for both
crops. For arugula, the DWC and NFT sys-
tems had a 4.2% higher average reservoir
temperature than both the aeroponic and ver-
tical systems, and the aeroponic system had a
2.6% higher average reservoir temperature
than the vertical system (P < 0.001) (Fig.
3A). For lettuce, each system had a signifi-
cantly different average hourly temperature;
the DWC had the highest average reservoir
temperature at 28.8 °C, the NFT temperature
was second highest at 28°C, the aeroponic
temperature was third highest at 26.7°C, and
the vertical temperature was the lowest at
26.6°C (P < 0.001) (Fig. 3B). Reservoir DO

was consistent for both crops in all systems,
with all measurements falling between 5.5 and
7.75 mg'L ™! on both days (Fig. 3C and 3D).

Leaf pigment indices. For arugula, the
NFT, vertical, and aeroponic systems reduced
leaf chlorophyll (P < 0.001) (Fig. 4A) and
anthocyanin content (P < 0.001) (Fig. 4C) by
43% and 34%, respectively, compared with
the DWC control. There were no significant
differences in either pigment index among
those three recirculating systems. Lettuce
showed no significant differences in chloro-
phyll content for any system (P = 0.364)
(Fig. 4B), while anthocyanin content was
9.1% higher in both the aeroponic and NFT
systems compared with the vertical system
(P = 0.001) (Fig. 4D).

Height and gas exchange parameters.
Arugula plant height was 24% higher in the
three recirculating systems (NFT, vertical,
and aeroponic) compared with the DWC con-
trol, and there were no significant differences
among these three recirculating systems (P <
0.001) (Fig. 5). Arugula carbon assimilation
was 75% higher in the aeroponic system com-
pared with the vertical system (P = 0.037)
(Table 1). Arugula stomatal conductance
(P = 0.586), evapotranspiration (P =
0.383), and WUEg (P = 0.235) were not
significantly affected by the treatments. Fur-
thermore, for lettuce, neither stomatal con-
ductance (P = 0.881), carbon assimilation
(P = 0.170), evapotranspiration (P = 0.693),
nor WUEg (P = 0.554) were affected by the
treatments (Table 1).

Fresh biomass. Arugula fresh shoot bio-
mass was 48% higher in the three recirculat-
ing systems compared with the DWC control
(P < 0.001), and there were no significant
differences among the three recirculating
systems (Fig. 6A). The aeroponics system
showed 50% higher fresh root biomass than
the vertical system, and there were no other
significant differences for arugula fresh root
biomass (P = 0.029) (Fig. 6C). Lettuce fresh
shoot biomass was 30% higher in the DWC
control compared with the vertical system
(P < 0.001) (Fig. 6B). There were no other
significant differences for fresh shoot bio-
mass. There were also no significant differ-
ences among the systems for lettuce fresh
root biomass (P = 0.420) (Fig. 6D).

1SS and leaf area. There were no signifi-
cant differences in TSS for either arugula
(P = 0.067) (Fig. 7A) or lettuce among any
of the systems (P = 0.663) (Fig. 7B). For
arugula, the three recirculating systems re-
sulted in 58% higher leaf area compared with
the DWC system (P < 0.001); there were no
significant differences in leaf area among
these three systems (Fig. 7C). The lettuce leaf
area from the aeroponic system was 13%
lower than each of the three other systems
(DWC, NFT, and vertical) (P < 0.001)
(Fig. 7D).

Dry biomass, shoot water content, and
shoot:root. Arugula dry shoot biomass was
61% higher in the aeroponic and NFT sys-
tems than in the DWC control (P = 0.002)
(Fig. 8A). Conversely, lettuce dry shoot bio-
mass was 13% higher in the DWC system
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Fig. 2. Arugula (E. sativa ‘Astro’) reservoir pH (A), lettuce (L. sativa ‘Casey’) reservoir pH (B), arugula reservoir electrical conductivity (EC) (C), and let-
tuce reservoir EC (D) from 0 to 21 d after transplant (DATs) for arugula and 0 to 28 DATs for lettuce. Individual data points represent pH or EC meas-
urements at that time point. Green lines represent the bounds of the ideal range (5.5 to 6.5 for pH and 1.25 to 1.75 for EC); data points between the

green lines are considered within range. DWC = deep water culture; NFT = nutrient film technique.

than in the aeroponic and vertical systems
(P = 0.003) (Fig. 8B). Arugula dry root bio-
mass was 91% higher in the aeroponics sys-
tem than in the DWC control and NFT
systems (P = 0.003) (Fig. 8C). Lettuce dry
root biomass was 22% higher in the vertical

system compared with the DWC system
(P = 0.016) (Fig. 8D). Arugula shoot wa-
ter content was 1.4% lower in the DWC
system than in both the NFT and vertical
systems (P < 0.001) (Fig. 8E). Lettuce
shoot water content was 0.45% lower in
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Fig. 3. Reservoir temperature for arugula (E. sativa ‘Astro’) (A) and lettuce (L. sativa ‘Casey’) (B) in
the deep water culture (DWC), nutrient film technique (NFT), vertical, and aeroponic systems.
Each bar represents the average + standard error of four replications with four measurement plants;
bars with the same letter show no significant difference; bars with different letters show significant
differences. All tests executed using significance level of 5% (P < 0.05). Reservoir dissolved oxy-
gen at four and 13 d after transplanting (DATs) for arugula (C) and lettuce (D). Each bar represents

one measurement.
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the vertical system than in each of the three
horizontal systems (P < 0.001) (Fig. 8F).
Arugula shoot:root was 117% higher in the
NFT system than in the aeroponic system
(P = 0.021) (Fig. 8G). Lettuce shoot:root
was 31% higher in the DWC system than
in the other three systems (P < 0.001)
(Fig. 8H).

Leaf tissue macronutrient concentration.
The treatments significantly affected arugula
leaf N (P = 0.047); however, the post-hoc
test did not distinguish between treatments at
the 0.05 level (Table 2). The treatments did
not significantly affect arugula leaf P (P =
0.470). Arugula leaf K was 24% higher in the
vertical and aeroponic systems when com-
pared with the DWC control (P = 0.001).
Arugula leaf Mg was 31% higher in the aero-
ponic system compared with the DWC control
(P = 0.009). Arugula leaf Ca was not signifi-
cantly affected by the systems (P = 0.205).
Finally, arugula leaf S was 18% higher in the
aeroponic system than in the three other sys-
tems (P < 0.001). Lettuce leaf N in the verti-
cal system was 26% higher than in the DWC
system (P = 0.030) (Table 2). Lettuce leaf P
was 43% higher in both the vertical and aero-
ponic systems compared with the DWC con-
trol (P = 0.006). The treatments significantly
affected lettuce leaf K, but the post-hoc test
could not distinguish between the treatments
(P = 0.046). Lettuce leaf Mg was 16% higher
in the aeroponics system than in the three
other systems (P < 0.001). Also, lettuce leaf
Mg was 19% higher in the NFT system com-
pared with the DWC control. The treatments
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Fig. 4. Chlorophyll content for arugula (E. sativa ‘Astro’) (A) and lettuce (L. sativa ‘Casey’) (B), and anthocyanin content for arugula (C) and lettuce (D) in
the deep water culture (DWC), nutrient film technique (NFT), vertical, and aeroponic systems at 16 d after transplant. Each bar represents the average +
standard error of four replications with four measurement plants; bars with the same letter show no significant difference; bars with different letters are
statistically different at 5% probability (P < 0.05). ACI = anthocyanin content index; CCI = chlorophyll content index.

did not significantly affect lettuce leaf Ca
(P =0.111) and leaf S (P = 0.118).

Leaf tissue micronutrient concentration.
Arugula leaf Mn was 31% higher in both the
NFT and vertical systems when compared
with the aeroponic system (P = 0.010)
(Table 3). The treatments significantly af-
fected arugula leaf Zn (P = 0.042) and Cu
(P = 0.046), but the post-hoc tests could
not distinguish between treatments. The treat-
ments did not significantly affect arugula leaf B
(P = 0.374) and Fe (P = 0.446). Lettuce leaf
Zn was 27% higher in both the DWC control
and vertical systems when compared with the
aeroponic system (P = 0.006) (Table 3). Let-
tuce leaf B (P = 0.743), Mn (P = 0.114), Fe

Arugula cv. Astro P<0.001

30 a a

20

Plant Height (cm)

pwc NFT
System

Vertical Aeroponic

Fig. 5. Arugula (E. sativa ‘Astro’) plant height
measured using a meter stick at 17 d after trans-
planting in the deep water culture (DWC), nutrient
film technique (NFT), vertical, and aeroponic sys-
tems. Each bar represents the average + standard
error of four replications with four measurement
plants. Bars with the same letter show no signifi-
cant difference; bars with different letters are sta-
tistically different at 5% probability (P < 0.05).
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(P = 0.698), and Cu (P = 0.076) were not
significantly affected by the treatments.

Resource use efficiencies. Arugula WUE
was 29% higher in the aeroponic system than
in all other systems (Fig. 9A). Furthermore,
WUE from the NFT system was 41% higher
than from both the DWC and vertical systems
for arugula (P < 0.001). Lettuce WUE was
21% higher in the DWC and NFT systems
than in the vertical or aeroponic systems
(P < 0.001) (Fig. 9B). Both arugula and let-
tuce had comparable results for EUE. The
aeroponic system resulted in 514% and 532%
higher EUE for arugula (Fig. 9C) and lettuce
(Fig. 9D), respectively, than the DWC and
NFT systems. The vertical system also had
704% and 318% higher EUE for arugula and
lettuce, respectively, than the DWC system
(P < 0.001). Both crops also had similar re-
sults for AUE. The vertical and NFT sys-
tems had 197% and 52% higher AUE for
arugula (Fig. 9E) and lettuce (Fig. 9F), re-
spectively, than the DWC and aeroponic
systems (P < 0.001).

Discussion

Both arugula and lettuce had similar re-
sponses in fresh shoot biomass production
(our indicator of yield) in the three recirculat-
ing systems: the NFT system had the highest
biomass out of the three, with the aeroponic
system having the second most, and the verti-
cal system having the lowest biomass of the
three (Fig. 6A and 6B). The crops responded
very differently to the DWC system, how-
ever. For arugula, the fresh shoot biomass
from the DWC system was the lowest of

any system, but for lettuce, the DWC pro-
duced the highest fresh shoot biomass of
any system.

A comparative reduction in root zone ox-
ygen availability is one possible explanation
for this reduction in arugula fresh shoot bio-
mass in the DWC system. Root respiration
will decrease if roots are not supplied with ox-
ygen at a sufficient volume and rate, harming
plant growth and development (Roblero et al.
2020). In the three recirculating systems, the
area around the roots is never completely oc-
cupied by nutrient solution, and there are gaps
for ambient air to interact with the roots. In
the DWC system, the plants are embedded in
a floating foam raft in constant contact with
the nutrient solution, leaving no air gaps for
roots to interact with the ambient atmosphere.
Although the DWC nutrient solution was aer-
ated and DO was measured to be sufficiently
high based on (Ferrarezi et al. 2024) to avoid
negative impacts on root respiration at 4 and
13 DATs (Fig. 3C and 3D), the oxygen uptake
rate by the plants could have exceeded this
rate of oxygen input from the aeration, particu-
larly as the plants matured and oxygen require-
ments increased. This theory is corroborated
by a previous study by our research group in
the same greenhouse growing arugula in a sim-
ilar DWC system that saw a reduction in DO
for arugula over a 21-d growth cycle in the
summer (Ferrarezi et al. 2024). Furthermore,
DO measurements in this experiment were
made on the edge of the system, and there
could be localized depletion zones in the sys-
tem that were not detected. A higher degree
of granularity in DO measurement would be
required to fully assess its role in reducing
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Table 1. Stomatal conductance (gs), carbon assimilation (A), evapotranspiration (E), and water use efficiency (WUEg) of arugula (E. sativa ‘Astro’) and
lettuce (L. sativa ‘Casey’) in the deep water culture (DWC), nutrient film technique (NFT), vertical, and aeroponic systems at 20 d after transplanting.

Crop System gs (mmol H,O m 2 s ") A (umol CO, m2 s 1) E (mmol H,O m 2 s 1) WUEg (pmol CO, mmol ™' H,0)
Arugula DWC 579.40 + 162.894 13.40 £ 1.276 ab 3.41 £ 0.636 4.01 £ 0.449
NFT 735.68 + 141.973 13.78 £ 1.785 ab 3.45+£0.218 4.08 £ 0.719
Vertical 501.52 + 118.860 847 +1.011b 2.93 + 0.366 3.04 + 0.496
Aeroponic 686.11 + 73.152 1483 +£1.542 a 2.89 £ 0.104 5.20 £0.712
P 0.586 0.037 0.383 0.235
Lettuce DWC 477.73 £ 109.797 7.83 + 1.403 3.90 + 0.375 1.96 + 0.231
NFT 518.39 + 94.391 11.65 + 1.144 4.50 £ 0.275 2.61 = 0.286
Vertical 413.38 + 64.907 7.87 £ 1.116 4.49 £ 0.478 1.92 + 0.542
Aeroponic 427.61 £ 130.843 9.70 + 1.448 4.29 £ 0.420 2.29 +£0.353
P 0.881 0.170 0.693 0.544

Statistical analysis for gs, A, and E was conducted using one-way analysis of variance (ANOVA) and Tukey’s honestly significant difference (AN), while
the Kruskal-Wallis test with Dunn’s post-hoc (KW) was used for WUEG due to invalid ANOVA assumptions. All tests were executed using a significance
level of 5% (P < 0.05). Columns with the same letter within the same crop show no significant difference.

arugula fresh shoot biomass in the DWC
system.

Reservoir temperature also likely con-
tributed to the arugula fresh shoot biomass
reduction in the DWC system. Elevated
root zone temperatures have been previ-
ously shown to negatively affect arugula
fresh shoot biomass in hydroponic systems,
even at temperatures as low as 28°C (He
et al. 2022; Lai and He 2016). In the case of
the DWC system, the reservoir temperature
is the same as the root zone temperature
since the roots are in constant contact with
the nutrient solution. The average hourly
reservoir temperature for arugula in the
DWC system was above 28 °C (Fig. 3A),
which could be enough to induce heat stress
and thus negatively affect growth. The NFT

system had a similar average reservoir tempera-
ture to the DWC system for arugula, but fresh
shoot biomass was not reduced similarly (Fig.
6A and 6B). This is likely because the NFT
system is a recirculating system, which al-
lows roots to cool more effectively under
its forced convection conditions. The static
DWC system relies on natural convection
alone for root cooling, a less efficient heat
transfer method than forced convection (Cengel
and Ghajar 2020). Higher temperature solutions
also have reduced DO solubility and increased
oxygen consumption by plants from the solu-
tion (Bozorg-Haddad et al. 2021; Hendrickson
et al. 2022). It is likely that the combination of
reduced DO availability due to system archi-
tecture, solution temperature-induced heat
stress, and a further reduction in DO availability
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Fig. 6. Fresh shoot biomass for arugula (E. sativa ‘Astro’) (A) and lettuce (L. sativa ‘Casey’) (B), and
fresh root biomass for arugula (C) and lettuce (D) in the deep water culture (DWC), nutrient film
technique (NFT), vertical, and aeroponic systems at 21 and 28 d after transplant, respectively, for
arugula and lettuce. Each bar represents the average + standard of four replications with four mea-
surement plants. Bars with the same letter show no significant difference; bars with different letters
are statistically different at 5% probability (P < 0.05).
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due to the elevated solution temperature caused
the decrease in arugula fresh shoot biomass in
the DWC system.

Our results for lettuce fresh shoot biomass
are consistent with previously published stud-
ies. ‘Green Oak’ lettuce has been reported to
produce greater fresh shoot biomass in a
DWC system than an NFT system for a 21-
DAT harvest (Lennard and Leonard 2006).
We also saw improved lettuce fresh shoot
biomass production in our DWC system
compared with our NFT system (Fig. 3B).
Other studies have reported greater fresh
shoot biomass from NFT systems than from
aeroponic systems for various lettuce culti-
vars and experiment lengths from transplant
to harvest (El-Shinawy et al. 1996; El-Ssawy
et al. 2020; Li et al. 2018). Our results differ
in that lettuce fresh shoot biomass production
was similar between the NFT and aeroponic
systems. This result resembles a study that re-
ported no statistical difference in yield be-
tween aeroponic and NFT systems for ‘Red
fire’ lettuce for a 42-DAT harvest (El-Helaly
and Darwish 2019). The variation in results
for aeroponic system fresh shoot biomass
production is likely due to a large variation in
aeroponic system design, with many factors
that contribute to plant performance, such as
droplet size, total volumetric flow rate, volu-
metric flow rate per plant, and frequency of
spraying. Research into how these factors in-
fluence lettuce growth in aeroponic systems
has recently been investigated, but results
have been varied and inconsistent (Lakhiar
etal. 2019, 2018; Tunio et al. 2022).

Fresh root biomass for arugula was the
highest in the aeroponic system (Fig. 3C),
which matches results from several other
crops that showed enhanced root growth in
aeroponic systems (Lakhiar et al. 2018). A
likely contributing factor to this increase in
root growth is greater access to root zone ox-
ygen since the roots were hanging in the air
for 12 min of every 15 min throughout the
experiment. We also see an improvement in
dry root biomass for arugula in the aeroponic
system (Fig. 8C), which demonstrates that
this increase in fresh root biomass was truly
due to an increase in growth and not due to
favorable osmotic gradients for water uptake
and storage in the roots.
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Fig. 7. Total soluble solids for arugula (E. sativa ‘Astro’) (A) and lettuce (L. sativa ‘Casey’) (B), and
leaf area for arugula (C) and lettuce (D) in the deep water culture (DWC), nutrient film technique
(NFT), vertical, and aeroponic systems at 21 and 28 d after transplant, respectively, for arugula and
lettuce. Each bar represents the average + standard of four replications with four measurement
plants. Bars with the same letter show no significant difference; bars with different letters are statis-

tically different at 5% probability (P < 0.05).

The systems did not significantly affect
lettuce fresh root biomass (Fig. 6D), which is
not an unexpected result. Previous studies
have reported higher fresh root biomass from
aeroponic systems than from NFT systems;
however, the differences were not statistically
significant (El-Helaly and Darwish 2019;
El-Ssawy et al. 2020; Li et al. 2018). Of
those three studies, only one reported sig-
nificantly higher lettuce dry root biomass
from the aeroponic system, which does not
match our result (Li et al. 2018).

Foliar tissue nutrient concentrations var-
ied according to the growing system: for both
crops, N, K, and Mg were significantly af-
fected, with the lowest values for all three
nutrients coming from the DWC system
(Table 3). Both crops also had the lowest P
concentration in the DWC system, although
only the result from lettuce was significant.
The fact that both crops had similar foliar
analysis results makes it likely that static
hydroponic systems affect nutrient uptake
in leafy greens. One possible explanation
for these results is that in static hydroponic
systems, the solution immediately around
plant roots could deplete nutrients, creating
a boundary layer-like dead zone that can
only be resupplied by diffusion. This phe-
nomenon would worsen as the crop matures
due to increased uptake, root growth, and
nutrient competition. One possible conse-
quence of this localized nutrient depletion
in the DWC system is a reduction in the
ability of the plants to regulate cell s and
turgidity. Solutes generally, and potassium
in particular, are vital for cell osmoregula-
tion. By regulating the influx and efflux of
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solutes across membranes and between tis-
sues, plants can manipulate water potentials
and control water flow across membranes
and between tissues (Taiz and Zeiger 2010).
We observed decreased fresh shoot biomass
(Fig. 6A), decreased foliar potassium concen-
tration, and decreased shoot water content
(Fig. 8E) of arugula in the DWC system, in-
dicating that those plants could have been
less able to osmoregulate and maintain turgidity
due to decreased solute uptake. Increasing tur-
gidity is one of the primary mechanisms that
drives cell wall and leaf expansion in plants
(Boyer 1988), so an inability to properly regulate
turgidity would inhibit cell wall expansion and
negatively affect growth. In lettuce, however,
there was a reduction in foliar solute concentra-
tions (Table 2) but no reduction in either fresh
shoot biomass (Fig. 6B) or shoot water content
(Fig. 8F); this indicates that the decrease in sol-
ute uptake in the DWC system was not detri-
mental to lettuce growth. This could be due to
the DWC system being a more favorable envi-
ronment for lettuce cell osmoregulation, which
is supported by our observation of lettuce gener-
ally having a higher shoot water content than
arugula. We also observed a significant increase
in lettuce shoot:root in the DWC system
(Fig. 7H), and lettuce shoot:root has previ-
ously been reported to decrease signifi-
cantly in response to osmotic stress in
hydroponic growing conditions (Moncada
et al. 2020). This inverse relationship be-
tween shoot:root and osmotic stress further
supports our assertion that the DWC system
promotes optimal osmoregulation for lettuce.

Another interesting result from the foliar
tissue analysis is that there was a significantly

higher concentration of sulfur in the aero-
ponic system than in any other system
(Table 2). Many glucosinolate compounds
contain S, and glucosinolate concentrations
in arugula leaves have been previously shown
to vary based on solution EC in NFT systems
(Costa-Pérez et al. 2023; Yang et al. 2021).
Furthermore, genes and transcripts associated
with glucosinolate biosynthesis have been
previously shown to up-regulate in response
to osmotic stress for several other species in
the Brassicaceae family (Eom et al. 2018;
Podda et al. 2019). We also observed the low-
est arugula shoot:root in the acroponic system
(Fig. 8G). Arugula, like lettuce, has been seen
to decrease shoot:root in response to osmotic
stress in hydroponic systems (Campos et al.
2018). Our observation of low shoot:root in
the aeroponic system could indicate that those
plants were experiencing mild osmotic stress.
It is possible that this increased S concentra-
tion in the aeroponic system could correspond
to an increase in glucosinolate concentrations
in response to osmotic stress; however, gluco-
sinolate quantification would be necessary to
confirm this assertion.

The differences in arugula WUE were
driven by yield and average ET per plant.
The vertical system had the highest average
plant ET (0.986 L), the NFT system had the
second highest (0.835 L), the DWC system
had the third highest (0.716 L), and the aero-
ponic system had the lowest (0.607 L). De-
spite having the lowest ET per plant, the
DWC system still had the lowest WUE
(Fig. 9A) due to its lower fresh shoot bio-
mass production (Fig. 6A). The vertical
system had reasonably high fresh shoot bio-
mass production, but its WUE was compar-
atively low due to its high ET per plant.
The NFT system had the highest fresh shoot
biomass, which helped to offset its second
highest plant ET to result in the second
highest WUE. The aeroponic system had
both the lowest ET per plant and the second-
highest fresh shoot biomass production,
which resulted in the highest WUE of any
system by a considerable margin.

Lettuce WUE (Fig. 9B) was driven pri-
marily by fresh shoot biomass (Fig. 6B), unlike
arugula WUE. This is because the magnitude
of differences in average plant ET in each sys-
tem was much smaller for lettuce; the aero-
ponic system had the highest (1.095 L), the
vertical system had the second highest (0.972
L), the NFT system had the third highest
(0.940 L), and the DWC system had the lowest
ET per plant (0.880 L). One potential source of
error in these lettuce ET calculations is that
aeroponic system evaporation likely increased
in the final week of growth. The arugula was
harvested from the system at 21 DATSs, and the
nozzles continued to spray into an empty
chamber until the lettuce was harvested at
28 DATS, and the system was deactivated. The
empty chamber was covered during that week;
however, evaporation could still have in-
creased. One previous study reported that
WUE in their NFT and aeroponic systems
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Fig. 8. Dry shoot biomass for arugula (E. sativa ‘Astro’) (A) and lettuce (L. sativa ‘Casey’) (B), dry root biomass for arugula (C) and lettuce (D), shoot water
content for arugula (E) and lettuce (F), and shoot-to-root ratio (shoot:root) for arugula (G) and lettuce (H) in the deep water culture (DWC), nutrient film
technique (NFT), vertical, and aeroponic systems at 21 and 28 d after transplant, respectively, for arugula and lettuce. Each bar represents the average +
standard of four replications with four measurement plants. Bars with the same letter show no significant difference; bars with different letters are statisti-

cally different at 5% probability (P < 0.05).

were 75.50 and 75.68 g'L™' for ‘Paris Is-
land’ lettuce, and 69.37 and 73.39 g-L ™" for
‘Maikonig’ lettuce (El-Shinawy et al. 1996).
Another study reported that in 2018, ‘Limor-
Hyb.’ lettuce grown in aeroponic systems
resulted in significantly higher WUE than
lettuce grown in an NFT system; however,
the next year there was not a significant dif-
ference in WUE (El-Ssawy et al. 2020).
The same study reported WUE values of 50 to
90 g-'L™! in all treatments. Our systems re-
sulted in larger WUE values than both studies,

HortScIENCE VoL. 60(4) ApriL 2025

with values between 150 and 250 g'L™" in all
four systems.

EUE results for both crops (Fig. 9C and
9D) were driven almost entirely by average
plant energy use instead of fresh shoot bio-
mass. For both arugula and lettuce, the high-
est average plant energy use came in the
DWC system (0.730 and 0.974 kWh), the
second highest came in the NFT system
(0.378 and 0.504 kWh), the third highest came
in the vertical system (0.134 and 0.179 kWh),
and the lowest came in the aeroponic system

(0.058 and 0.077 kWh). Both the DWC and
NFT systems had pumps running continuously,
resulting in lower EUE values for both sys-
tems. The DWC system had a large (200 W)
pump aerating both systems, which is why this
system’s energy consumption was so high, and
the EUE was low for both crops. The aero-
ponic system had the highest EUE because
there was a single 48-W pump that fertigated
84 plants total (measurement and nonmeasure-
ment, both crops), whereas each 48-W vertical
system pump fertigated only 36 plants total.
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Table 2. Leaf macronutrient concentrations of arugula (E. sativa ‘Astro’) and lettuce (L. sativa ‘Casey’) in the deep water culture (DWC), nutrient film
technique (NFT), vertical, and aeroponic systems. Leaf nitrogen (N) was determined by high temperature combustion process. Leaf phosphorous (P),
potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S) were determined by inductively coupled plasma atomic emission spectrophotometer after
wet acid digestion using nitric acid and hydrogen peroxide.

Crop System N (%) P (%) K (%) Ca (%) Mg (%) S (%)
Arugula DWC 5.52+£0.247 a 0.68 + 0.047 554 +£0.155b 3.20 + 0.083 0.52 £ 0.010 b 1.56 £ 0.070 b
NFT 6.63 £ 0.061 a 0.77 £ 0.032 6.27 £ 0.215 ab 3.48 +0.267 0.58 £ 0.029 ab 1.61 £0.033 b
Vertical 6.71 £ 0.164 a 0.77 £ 0.036 6.86 £ 0.160 a 2.88 £0.217 0.59 + 0.021 ab 1.72 £ 0.057 b
Aeroponic 6.40 £0.142 a 0.74 £ 0.052 6.98 £0.132 a 3.37 £ 0.056 0.68 +0.027 a 2.03£0.033 a
P 0.047 0.470 0.001 0.205 0.009 <0.001
Test Kw AN AN AN AN AN
Lettuce DWC 5.00 £ 0.359 b 0.76 £ 0.113 b 722 +1298 a 1.49 + 0.097 0.42 +0.023 ¢ 0.29 £ 0.009
NFT 6.29 + 0.086 ab 1.02 £ 0.013 ab 9.72 + 0.186 a 1.60 +0.013 0.50 + 0.006 b 0.29 £ 0.003
Vertical 6.29 £ 0.058 a 1.09 £ 0.012 a 9.84 £0.163 a 1.38 £ 0.072 0.46 £ 0.017 be 0.28 £ 0.001
Aeroponic 6.24 £ 0.058 ab 1.10 £ 0.013 a 9.07 £0.210 a 1.39 + 0.054 0.58 £0.017 a 0.30 £ 0.003
P 0.030 0.006 0.046 0.111 <0.001 0.118
Test KW KW KW AN AN KW

Statistical analysis for leaf P, K, Mg, Ca, and S was conducted using one-way analysis of variance (ANOVA) and Tukey’s honestly significant difference
(AN), while the Kruskal-Wallis test with Dunn’s post-hoc (KW) was used for leaf Zn due to invalid ANOVA assumptions. All tests executed using
significance level of 5% (P < 0.05). Columns with the same letter within the same crop show no significant difference.

This difference in plant-to-pump ratios led to
the difference in EUE between the vertical and
aeroponic systems. In commercial, large-scale
systems, average plant energy use and, thus,
EUE results would likely be different from
those we observed in this study.

AUE results were also driven primarily
by the planting density inherent to the sys-
tems, but fresh shoot biomass also played a
minor role. The aeroponic system had the
lowest density (20.10 plants/m?), the DWC
system had the second lowest density (25.57
plants/m?), the NFT system had the second
highest density (43.06 plants/m®), and the
vertical system had the highest planting den-
sity (64.26 plants/m?). For lettuce, the AUE
results follow this trend exactly (Fig. 9F),
even though there were differences in fresh
shoot biomass among the systems (Fig. 6B).
For arugula, the reduction in DWC fresh
shoot biomass (Fig. 6A) caused the AUE
from this system to be as low as the aeroponic
AUE (Fig. 9E), even though it had a higher
planting density. Overall, our lettuce AUE re-
sults are higher than results obtained by a

previous study that reported AUE values of
4.47 and 4.13 kg'm 2 for ‘Green Oak’ lettuce
grown in DWC and NFT systems, respectively
(Lennard and Leonard 2006). Our results are
also higher than those reported by another
study that grew ‘Red fire’ lettuce and pro-
duced 2.46 and 2.26 kg'm 2 in NFT and aero-
ponic systems, respectively (El-Helaly and
Darwish 2019). Many factors likely contrib-
uted to these differences in results, namely
growing conditions, fertilizer solution compo-
sition, length of growth cycle, cultivar used,
and system measurement and design. It is also
difficult to apply these AUE results to com-
mercial-scale systems since planting density in
all systems will likely change as the goal be-
comes production rather than research.

Conclusions

The two crops responded quite differently
to the four different hydroponic systems.
Arugula produced the least fresh shoot bio-
mass in the DWC system, while lettuce pro-
duced the most fresh shoot biomass in the

DWC system. For both crops, the DWC sys-
tem resulted in lower concentrations of foliar
nutrients like N, K, and Mg. Arugula also
had elevated S concentrations in the aero-
ponic system, indicating a possible increase
in the accumulation of beneficial phytochemi-
cals, such as glucosinolates. WUE was influ-
enced by yield and system design, while
EUE and AUE were primarily influenced by
system design. The aeroponic system per-
formed the best for arugula production, with
the only drawback being reduced AUE. The
DWC and NFT systems performed well for
lettuce production, with the DWC system
having superior yield and WUE but also the
lowest EUE and poor AUE. The NFT system
had a more balanced performance, with good
yield, WUE, and AUE but reduced EUE. The
vertical system had the best AUE for both
crops, which could be a larger advantage to
growers in high-cost areas than improved
WUE or EUE. Understanding these tradeoffs
among different hydroponic systems will en-
able growers to make informed decisions
about their growing systems, increasing the
sustainability of CEA leafy green production.

Table 3. Leaf micronutrient concentrations of arugula (E. sativa ‘Astro’) and lettuce (L. sativa ‘Casey’) in the deep water culture (DWC), nutrient film
technique (NFT), vertical, and aeroponic systems. Leaf boron (B), iron (Fe), copper (Cu), manganese (Mn), and zinc (Zn) concentrations were deter-
mined by inductively coupled plasma atomic emission spectrophotometer after wet acid digestion using nitric acid and hydrogen peroxide.

Crop System B (mg/kg) Cu (mg/kg) Mn (mg/kg) Fe (mg/kg) Zn (mg/kg)

Arugula DWC 60.33 + 0.882 11.67 £0.333 a 71.33 +£2.906 ab 107.00 + 8.888 143.00 = 9.292 a
NFT 62.00 + 1.354 17.75£3.772 a 83.50 £3.175 a 106.50 + 7.100 138.75 £ 15.085 a
Vertical 56.75 + 3.326 14.25 £ 0.629 a 81.25+5.121 a 108.25 + 7.052 100.25 £ 12.311 a
Aeroponic 60.67 + 1.453 13.00 £ 0.577 a 61.00 £ 3.215 b 93.00 + 0.577 95.67 £ 6.009 a

P 0.347 0.046 0.010 0.446 0.042

Test AN AN AN AN AN

Lettuce DWC 35.50 £ 6.198 15.00 + 2.380 127.00 + 48.030 24325 + 85.565 86.50 +4.735 a
NFT 29.00 £ 0.408 14.25 £ 0.250 61.25 + 3.146 121.50 + 9.456 73.25 £ 1.109 ab
Vertical 27.75 £ 0.750 15.00 + 0.408 64.00 + 5.115 107.25 + 1.887 88.25+4.589 a
Aeroponic 29.25 £ 1.109 18.00 + 0.480 4425 + 4.644 110.50 + 5.679 68.00 + 3.629 b

P 0.743 0.076 0.114 0.698 0.006

Test KwW Kw Kw KW AN

Statistical analysis was conducted using one-way analysis of variance and Tukey’s honestly significant difference (AN), while the Kruskal-Wallis test
with Dunn’s post-hoc (KW) was used for leaf Zn due to invalid ANOVA assumptions. All tests executed using significance level of 5% (P < 0.05). Columns
with the same letter within the same crop show no significant difference.

610

HorTScieENcE VoL. 60(4) ApriL 2025

/0 ¥7/0U-Aq/sasua9l|/B10 suowwooaAleald//:sdny (/0 7/0u-Aq/sesuadl|/B10° suowwooaAleald//:sdyy) asual|
JN-AZ DD 9y} Japun pajnqulsip ajoie ssaooe uado ue s siy] '$se00y uadQ BIA | L-01-GZ0Z 18 /w09 Alojoejqnd poid-awnid-ylewssyem-jpd-awiid//:sdpy wol papeojumoq



>

300 -

200 4

100 -

Water Use Efficiency (g/L)

3000 4

2000 4

1000 -

Energy Use Efficiency (g/kWh)

12000 -

9000 +

6000 -

3000 +

Area Use Efficiency (g.fmz)

DwceC

NFT

Arugula cv. Astro B
P<o0.001 |

Arugula cv. Astro D
P<0.001 |

ab

be be

Arugula cv. Astro | F
P<0.001 ¢

Vertical

pwc

Aeroponic
System

NFT

Lettuce cv. Casey
P <0.001

Lettuce cv. Casey
P <0.001

a

ab

Lettuce cv. Casey
P <0.001

Vertical Aeroponic
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