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Abstract. Year-round production of disease-free strawberry (Fragaria 3ananassa)
daughter plants can be achieved by growing mother plants in controlled environ-
ments. However, a lack of protocols exists for nutrient management of mother plants
to optimize the production of stolons and daughter plants. Our objective was to iden-
tify the optimal percentage range of nitrogen (N) supplied as nitrate (%NO2

3 ) in a nu-
trient solution to maximize strawberry stolon and daughter plant production. Three
cultivars (Albion, Fronteras, and Monterey) were grown in 20.3-cm pots filled with a
peat-based soilless substrate. A strawberry-specific nutrient solution (Yamazaki) pro-
vided 100 mg·L21 N, and the N form supplied ranged from 0% to 100% NO2

3 , with
the remainder supplied as ammonium (NH1

4 ). In Expt. 1, ‘Fronteras’ stolon and
daughter plant numbers were assessed every 4 weeks for 16 weeks. The harvest inter-
val was too frequent to identify any treatment effects. In Expt. 2, ‘Albion’, ‘Fronte-
ras’, and ‘Monterey’ stolon and daughter plant numbers were assessed at 8 and 16
weeks. Cumulative stolon number and cumulative daughter plant number exhibited
linear or quadratic responses to the percentage of NO2

3 , and the responses were culti-
var dependent. Maximum calculated cumulative stolon number occurred at 64%
NO2

3 for ‘Fronteras’ and at 100% NO2
3 for ‘Albion’ and ‘Monterey’. Maximum cal-

culated cumulative daughter plant number occurred at 66% NO2
3 for ‘Fronteras’,

81% NO2
3 for ‘Monterey’, and 100% NO2

3 for ‘Albion’. The percentage of NO2
3 gen-

erally did not affect daughter plant quality, such as root number, crown diameter,
dry mass, and foliar %N. Total aboveground biomass (mother plant + stolons +
daughter plants) increased as the percentage of NO2

3 increased from 0% to 100%.
‘Monterey’ had more total aboveground biomass than ‘Albion’ or ‘Fronteras’. A cal-
culated range in which all three cultivars overlapped with $95% of maximum daugh-
ter plant number occurred between 81% to 87% NO2

3 . A strawberry fertilizer recipe
in this target range would allow growers the opportunity to use a single fertilizer rec-
ipe to support high daughter plant productivity across multiple cultivars. Our results
indicate that optimal strawberry daughter plant production occurs at a lower per-
centage of NO2

3 than recommended for inflorescence or fruit production.

In the United States, strawberry (Fragaria
�ananassa) fruit production was valued at
$3.2 billion in 2022 (US Department of
Agriculture, National Agricultural Statistics
Service 2023). Although this popular fruit
is primarily a field crop, controlled environ-
ments have helped expand local and seasonal
availability of strawberry fruit. High tunnels
can extend the field growing season, and green-
houses and vertical farms allow for year-round
fruit production.

Strawberries are predominantly propagated
vegetatively in the United States using field
nurseries. In these nurseries, strawberry plants
produce stolons (i.e., runners) with attached
daughter plants, and these daughter plants root
when they contact the field soil. The rooted
daughter plants are harvested in the fall and
sold either as freshly dug bare root plants or
placed in cold storage for up to 1 year (i.e.,
“frigo” plants) (Hokanson et al. 2004; Neri

et al. 2012; Takeda and Newell 2007). How-
ever, plant material originating from the field
may harbor various plant pests and diseases
such as Colletotrichum spp., Phytophthora
cactorum, or Neopestalotiopsis spp. (Baggio
et al. 2021a, 2021b; Maas 1998). The plants
may appear asymptomatic initially and present
symptoms after transplant in the field or a con-
trolled environment system. This can be eco-
nomically costly due to chemical application
costs and labor to treat plants, yield losses,
and plant death. Therefore, a need exists to
develop strategies that provide clean starting
material to growers.

A controlled environment agriculture (CEA)
strawberry nursery, such as a greenhouse or in-
door growth room, can generate clean, healthy,
actively growing daughter plants (i.e., runner
tips) year-round for CEA and field producers.
Daughter plants can be propagated immediately
or placed in cold storage for up to 2 months

before propagation (Hokanson et al. 2004).
Propagating daughter plants in a controlled en-
vironment can also ensure clean and well rooted
liners or tray plants (Hokanson et al. 2004).
Strawberry plants—grown for fruit or for
daughter plants—in controlled environments are
typically grown in soilless substrates. Research
has evaluated daughter plant yield from mother
plants growing in various substrates, including
coconut coir, peat, perlite, pine bark, rockwool,
sand, or wood fibers (Cantliffe et al. 2007;
Rivera-del Rio et al. 2017; Taghavi et al. 2017;
Tehranifar et al. 2007). Some research has eval-
uated the impact of environmental conditions,
such as light intensity (Xu and Hern�andez
2020), on stolon and daughter plant yield.
However, additional research on other aspects
of CEA strawberry production, including envi-
ronmental, cultural, and nutrient management
strategies to optimize daughter plant yield and
quality, would be beneficial.

Optimization of the growing environment
and crop management practices is crucial to
economically produce a high number of high-
quality daughter plants while supporting ro-
bust mother plant growth. Studies show that
nutrient management may influence stolon de-
velopment in strawberry, including nitrogen (N)
form (C�ardenas-Navarro et al. 2006; Shi et al.
2021) and nutrient solution concentration (An-
driolo et al. 2014; Cantliffe et al. 2007; Schmitt
et al. 2016). In CEA-grown strawberries, supply-
ing 90% of total N as nitrate (NO�

3 ) is recom-
mended for inflorescence development and fruit
production (Kubota n.d.); anecdotally, decreas-
ing the %NO�

3 to 80% may increase stolon pro-
duction (Kubota C, personal communication).

However, no consensus exists on the range
of %NO�

3 to supply in nutrient solutions to
optimize strawberry daughter plant yield and
quality. This information will be valuable to
support the developing CEA strawberry indus-
try. Therefore, the objective of this research
was to identify the optimal range of %NO�

3 to
include in a strawberry nutrient solution to
optimize 1) daughter plant yield and 2) mother
plant growth. Three cultivars (Albion, Fronte-
ras, and Monterey) were evaluated to assess
cultivar sensitivity to %NO�

3 . They were
selected to include photoperiodic cultivars
with both long-day (or “everbearing”; ‘Albion’
and ‘Monterey’) and short-day (‘Fronteras’)
responses.

Materials and Methods

Two experiments were conducted to eval-
uate the impact of nutrient solution %NO�

3 -N
on strawberry stolon and daughter plant pro-
duction. An initial study (Expt. 1) was con-
ducted in Fall 2022 and used only ‘Fronteras’.
A follow-up experiment (Expt. 2) was con-
ducted in Spring 2023 and included ‘Albion’,
‘Fronteras’, and ‘Monterey’. In both experi-
ments, the nutrient solution %NO�

3 -N treat-
ments remained consistent; however, some
adjustments in cultural practices and harvest
interval occurred between Expts. 1 and 2,
which are noted below.

Stock plant growth conditions. Stock plants
of ‘Albion’, ‘Fronteras’, and ‘Monterey’
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were grown in a glass-glazed greenhouse
(Toledo Botanical Garden, Toledo, OH, USA)
and replaced yearly with new plant material to
maintain plant vigor and active stolon develop-
ment. Daughter plants harvested from these
stock plants were propagated and used as the
starting material for the two research experi-
ments. Stock plants were planted in 20.3-cm
diameter pots filled with a peat-based sub-
strate. Greenhouse conditions were main-
tained at 26/19 �C day/night air temperature
and a 16-h photoperiod (0600 to 2200 HR).
Light-emitting diode (LED) fixtures (Icarus
Ti2; BIOS Lighting, Carlsbad, CA, USA)
provided 200 mmol·m�2·s�1 photosynthetic
photon flux density (PPFD) when ambient
light intensities were <300 mmol·m�2·s�1

PPFD at canopy level. The plants were irri-
gated as needed. At every other irrigation,
they were fertilized with a 15N–2.2P–12.5K
water soluble fertilizer (Jack’s Professional
15-5-15 Ca-Mg; JR Peters, Inc., Allentown,
PA, USA) at 100 mg·L�1 N, supplemented with
306 mg·L�1 magnesium sulfate heptahydrate
(Magriculture; Giles Chemical, Waynesville,
NC, USA). Substate solution pH and electri-
cal conductivity (EC) were checked monthly
(HANNA HI9814 GroPro; Hanna Instruments,
Woonsocket, RI, USA). If EC drifted above
2.0 mS·cm�1, the containers were leached to
get rid of excess salts. If pH drifted below
5.5, 1.04 L·m�3

flowable lime (CalOx; Bio-
Safe Systems, LLC, East Hartford, CT, USA)
was applied to increase pH by approxi-
mately 0.5 units. Inflorescences were re-
moved weekly, and stolons containing daughter
plants were harvested as needed for research
studies. About every 2 months, extra stolons
containing at least one daughter plant were
removed to maintain crown vigor but en-
sure a continuous supply of daughter plants
that could be harvested and propagated for
research studies.

Propagation of starting plant material.
Stolons of strawberry ‘Fronteras’ were har-
vested from stock plants on 27 May 2022
(Expt. 1) and from ‘Albion’, ‘Fronteras’, and
‘Monterey’ on 20 Dec 2022 (Expt. 2). The
harvested stolons were stored in a cooler in
the dark at 4 �C for 7 d before propagating.
Daughter plants were cut from the stolon

approximately 1 cm above and below the
node and graded into size categories. Daughter
plants with a crown diameter of 5 to 7 mm,
visible root initials, and two to three unfolded
leaves were selected; this crown diameter cor-
responded to the small to medium size catego-
ries described by Xu and Hern�andez (2020).
Daughter plants were stuck in 50-cell count
propagation trays (100-mL cell volume) filled
with a commercial peat-based substrate (LM-
111 All Purpose Mix; Lambert, Rivi�ere-
Ouelle, QC, Canada). Plants were propagated
in a reach-in growth chamber (BDR16; Con-
viron, Winnipeg, MB, Canada) for 5 weeks
(Expt. 1) or 4 weeks (Expt. 2). Environmental
conditions were set to a constant 24 �C air
temperature, a 16-h photoperiod, and a relative
humidity (RH) of 80%. Humidity domes were
placed over the trays for 7 d to maintain a
high RH, and plants were hand misted twice
daily. After 7 d, the humidity domes were re-
moved, and the chamber RH setpoint was de-
creased to 70% for the remainder of the
propagation interval. Initial PPFD was ap-
proximately 125 mmol·m�2·s�1 for the first
2 weeks and then increased to approximately
225 mmol·m�2·s�1 for the remaining 3 (Expt. 1)
or 2 (Expt. 2) weeks of propagation. The plants
were initially irrigated with tap water and then
fertigated as needed with a diluted formulation
of the 15N–2.2P–12.5K 1 magnesium sulfate
fertilizer blend provided to the stock plants. The
fertilizer was diluted to supply 30 mg·L�1 N for
the first 14 d, 50 mg·L�1 N from days 15 to
28, and 75 mg·L�1 N after 28 d. Stolons and
inflorescences were removed as they became
visible during the propagation phase. These
rooted daughter plants were the starting plant
material for the research studies.

Transplant and acclimation of research
plants. On 8 Jul 2022 (Expt. 1) and 26 Jan
2023 (Expt. 2), the rooted strawberry plants
were transplanted into 20.3-cm diameter pots
(2.90-L; mum pan; HC Companies, Middle-
field, OH, USA), with one plant per pot. We
refer to these rooted plants, after transplant,
as the mother plants in our research studies.
In Expt. 1, the pots were filled with a com-
mercial peat: perlite substrate (85/15 v/v)
(LM-111; Lambert). In Expt. 2, the commer-
cial substrate (LM-111) was amended with
additional coarse perlite (P.V.P. Industries,
Inc., North Bloomfield, OH, USA) to increase
porosity, and the final peat: perlite composi-
tion was 70/30 (v/v). The plants were grown
in a glass-glazed greenhouse (Toledo Botan-
ical Garden) for a 3-week acclimation pe-
riod. The pots were irrigated as needed with
75 mg·L�1 N from a 15N–2.2P–12.5K nutri-
ent solution supplemented with magnesium

sulfate. Visible stolons and inflorescences
were removed twice weekly.

Greenhouse environmental conditions for
Expts. 1 and 2. Greenhouse setpoints were
26 �C day/23 �C night (25 �C average daily air
temperature), ambient RH, and a 16-h photope-
riod. LED fixtures (Icarus Ti2; BIOS Lighting)
provided 200 mmol·m�2·s�1 PPFD when ambi-
ent light intensities were <300 mmol·m�2·s�1

PPFD at canopy level. Actual conditions were
measured with an aspirated thermocouple, RH
sensor, and quantum light sensor. The values
were recorded every 10 min using a data
logger (WatchDog 2475; Spectrum Technol-
ogies, Aurora, IL, USA), and mean values
[± standard deviation (SD)] are reported in
Table 1.

Experimental design and treatments. Six
%NO�

3 treatments (0%, 20%, 50%, 60%, 80%,
and 100% NO�

3 ) were evaluated in both experi-
ments. As mentioned previously, Expt. 1 evalu-
ated only one strawberry cultivar (Fronteras),
whereas Expt. 2 evaluated three strawberry cul-
tivars (Albion, Fronteras, and Monterey) at each
%NO�

3 treatment. Each pot (containing one
plant) was an experimental unit. There were six
pots per treatment combination, arranged in a
randomized complete block design, for a total
of 36 pots (Expt. 1) or 108 pots (Expt. 2). Treat-
ments started on 4 Aug 2022 (Expt. 1) and
15 Feb 2023 (Expt. 2). The nutrient solution
was a modified strawberry nutrient solution
(Yamazaki 1982) comprised of 100 mg·L�1

total N. The %NO�
3 treatments were 0%,

20%, 50%, 60%, 80%, or 100% NO�
3 , with

the remaining N supplied by ammonium
(NH1

4 ); this maintained the same total N
across treatments (Table 2). The nutrient sol-
utions were mixed using ultra-purified water
(18 MV), then pH was checked (HANNA
HI9814 GroPro; Hanna Instruments) and ad-
justed to a range of 5.6 to 5.9 ± 0.1 (Table 2)
using 1 M potassium hydroxide (KOH). The
target nutrient solution pH increased as the
%NO�

3 supplied decreased (and %NH1
4 sup-

plied increased) to help minimize pH drift in
the pots (Table 2). A sample of each batch of
nutrient solution was collected, stored at 4 �C
until analysis, and analyzed using inductively
coupled plasma-optical emission spectroscopy
(ICP-OES) (iCAP 6300 Duo; Thermo Electron
Corp., Waltham, MA, USA) (Supplemental
Table 1).

Drip emitters (slimline EZ close plastic
weights; Netafim, Fresno, CA, USA) delivered
77 ± 8 mL·min�1 (± SD) to the pots every
other day for the first 8 weeks of treatment
and then daily for the second 8 weeks of the
16-week trial. The pots were irrigated for
approximately 6 to 7 min to reach container

Table 1. Daily mean air temperature, relative humidity, and daily light integral of strawberry plants
grown in the greenhouse (± standard deviation).

Growing period Expt.
Air

temp (�C)
Relative

humidity (%)
Daily light integral
(mol·m�2·d�1)

Acclimation 1 25.9 ± 1.8 66.5 ± 9.9 15.0 ± 7.7
2 22.4 ± 1.1 27.4 ± 8.7 19.6 ± 4.2

Treatment 1 22.7 ± 2.9 57.3 ± 16.2 15.8 ± 3.7
2 22.7 ± 1.4 39.2 ± 10.1 25.5 ± 6.2

The acclimation period was 3 weeks, and the treatment period was 16 weeks.
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capacity plus an approximately 10% leaching
fraction. Beginning at 8 weeks of treatments,
the pots were flushed with 18 MV water
once every other week (approximately 20%
leaching fraction). Additionally, flowable lime
(CalOx; BioSafe Systems) was applied twice
during Expt. 2 to increase the substate pH of the
0% to 60% NO�

3 treatments. On 16 May 2023,
flowable lime application rates were 3 mL per
pot (0% and 20% NO�

3 treatments), 1.5 mL per
pot (50% NO�

3 ), or 0.8 mL per pot (60%
NO�

3 ). On 25 May 2023, treatment applications
were 3 mL per pot (0% and 20% NO�

3 ) and
1.5 mL per pot (50% and 60% NO�

3 ). The
flowable lime was suspended in water, and a fi-
nal volume of 250 mL was applied to each pot;
nontreated plants received an equivalent volume
of water. Plant canopies were sprayed weekly
with 3.6 mM of calcium chloride (Sigma-
Aldrich, St. Louis, MO, USA) (Expt. 2) to al-
leviate tip burn (Kroggel and Kubota 2017).

Data collection. Leachates were collected
every 4 weeks (Expt. 1) or at 8 and 16 weeks
of treatment (Expt. 2) using the pour-through
technique (LeBude and Bilderback 2009).
Leachate pH and EC were measured (HANNA
HI9814 GroPro; Hanna Instruments), and then
the leachates were stored at 4 �C until they
could be further analyzed using ICP-OES to
quantify nutrient concentrations.

Inflorescences were counted and removed
weekly. Stolon number, daughter plant num-
ber, and daughter plant morphology were as-
sessed every 4 (Expt. 1) or 8 weeks (Expt. 2).
Stolon number was counted at each interval.
On nonfinal harvest intervals, stolons contain-
ing at least one daughter plant were harvested;
stolons without a daughter plant remained on
the plant until the next harvest interval. At the
final harvest, all stolons (with and without
daughter plants) were harvested. For Expt. 2
only, the presence of secondary branching was
noted when stolons were harvested, as well as
the number of daughter plants that formed on
primary vs. secondary (or higher) branches.
Daughter plant crown size (mm) was mea-
sured at the widest point using digital cali-
pers (Fisher Traceable; Fisher Scientific,

Pittsburgh, PA, USA) and later categorized
using previously published size categories
(Xu and Hern�andez, 2020), defined as extra
small (XS;<3.5 mm), small (S; 3.5 to 6.0 mm),
medium (M; 6.0 to 8.5 mm), large (L; 8.5 to
11.0 mm), and extra large (XL; >11.0 mm).
Root number, daughter plant fresh mass,
and stolon fresh mass (aggregated by pot)
were also collected. Daughter plants and sto-
lons, separately, were dipped into 0.1 M HCl-
acidified water, rinsed in 18 MV water, placed
in a paper bag, dried in a forced-air oven at
60 �C for at least 3 d, and weighed for dry
mass.

At the end of the 16-week trial, mother
plant morphology was also assessed. Canopy
height was measured from the substrate sur-
face to the top of the plant canopy. Canopy
width (cm) was measured at the widest diam-
eter of the canopy and perpendicular to the
widest diameter and then divided by two. To-
tal crown number was counted. Crown diam-
eter was measured just above the substrate
surface using digital calipers (Fisher Trace-
able; Fisher Scientific) at the widest point,
perpendicular to the widest point, and divided
by two. Fresh mass was weighed, mother
plants were dipped into 0.1 M HCl-acidified
water, rinsed in 18 MV water, placed in a pa-
per bag, dried in a forced-air oven at 60 �C
for at least 3 d, and weighed for dry mass.
Total plant biomass was calculated as the
mother plant plus the sum of the stolons and
daughter plants at each harvest.

After drying, daughter plants (pooled by
pot at each harvest interval) and mother plants
(leaf tissue only) were finely ground for ele-
mental analysis. To quantify %N, approxi-
mately 2.5 mg of dry tissue was measured into
tin capsules (EA Consumables, Marlton, NJ,
USA) and analyzed with a CN analyzer (vario
MICRO cube; Elementar, Hanau, Germany).
For other elements (except N), approximately
0.25 g of dry tissue was weighed, placed in a
Teflon vessel, digested using a programmable
microwave (MARS6; CEM Corp., Matthews,
NC, USA), and analyzed with ICP-OES (iCAP
6300 Duo, Thermo Electron Corp.) using

methods described by Boldt and Altland
(2021).

Data analysis. In Expt. 1, stolon and
daughter plant number were analyzed at each
harvest interval (4, 8, 12, and 16 weeks) and
cumulatively. Each harvest interval was ana-
lyzed separately. Regression analysis was
conducted using PROC REG (SAS version
9.4; SAS Institute, Cary, NC, USA) to evalu-
ate linear or quadratic growth responses to
%NO�

3 .
The data collected in Expt. 2 were ana-

lyzed initially in SAS (version 9.4) as a two-
way factorial (cultivar � %NO�

3 ) using PROC
GLM to conduct an analysis of variance
(ANOVA). When cultivar differences existed
(P < 0.05), they were assessed using Tukey’s
honestly significant difference post hoc test at
a 5 0.05. Next, regression analysis was con-
ducted using PROC REG to evaluate linear or
quadratic responses to %NO�

3 . For variables
with a significant ANOVA cultivar � %NO�

3
interaction effect, regression analysis was per-
formed individually by cultivar. For variables
without a significant cultivar � %NO�

3 inter-
action effect, the data for the three cultivars
were pooled together for the regression analysis.

Results

Expt. 1
Stolon and daughter plant number. In

Expt. 1, %NO�
3 , ranging from 0% to 100%,

did not statistically affect ‘Fronteras’ stolon
number or dry mass, daughter plant number,
or daughter plant morphology (crown diame-
ter, root number, or dry mass at any of the
harvest intervals (P > 0.05 for all; Table 3).
Cumulative stolon number averaged 22 ± 1
[mean ± standard error (SE)], and cumulative
daughter plant number averaged 24 ± 2.

Mother plant. ‘Fronteras’ mother plant
growth (canopy height, canopy width, crown
diameter, and crown dry mass) was unaffected
by %NO�

3 (regression analysis P values were
> 0.05), and therefore, the overall means are
presented in Table 3. Mean canopy height was
20.9 ± 2.5 cm, canopy width was 39.6 ±
3.5 cm, crown diameter was 11.8 ± 1.8 mm,
and crown dry mass was 14.5 ± 2.6 g.

Tissue %N. Percent NO�
3 did not affect

foliar %N of daughter plants at any of the
four harvests or in the mother plant (Table 3).
Pooled daughter plant %N at the individual
harvests ranged between 2.53% and 2.86%
N. Mother plant foliar %N averaged 2.22% ±
0.06%.

Expt. 2
Stolon number. No significant linear or

quadratic trends occurred in response to in-
creasing %NO�

3 at 8 weeks (Fig. 1A). After
16 weeks of treatment, stolon number for
‘Albion’ and ‘Fronteras’ exhibited quadratic
responses to increasing %NO�

3 (Fig. 1B).
‘Albion’ stolon number increased from 4 to 8
as %NO�

3 increased from 0% to 100% (P 5
0.01; adjusted r2 5 0.19). ‘Fronteras’ stolon
number increased from 7 at 0% NO�

3 to a cal-
culated maximum of 11 at 56% NO�

3 and

Table 2. Modified strawberry nutrient solution (Yamazaki 1982), mixed to a final concentration of
100 mg·L�1 N.

Nutrient 0% NO2
3 20% NO2

3 50% NO2
3 60% NO2

3 80% NO2
3 100% NO2

3

Macronutrients (mM)
NH4NO3 0.0 0.0 0.5 1.0 0.4 0.0
(NH4)2SO4 3.0 2.3 1.0 0.4 0.0 0.0
NH4H2PO4 1.0 1.0 1.0 1.0 1.0 0.0
Ca(NO3)2 0.0 0.0 0.0 0.1 1.1 2.5
KNO3 0.0 1.4 3.0 3.0 3.0 2.0
CaCl2 2.0 2.0 2.0 2.4 1.4 0.0
K2SO4 1.5 0.8 0.0 0.0 0.0 0.0
KH2PO4 0.0 0.0 0.0 0.0 0.0 1.0
MgSO4 0.5 0.5 0.5 0.5 0.5 0.5

Micronutrients (mM)
Na2FeDTPA 8.17 8.17 8.17 8.17 8.17 8.17
MnSO4 10 10 10 10 10 10
ZnSO4 0.8 0.8 0.8 0.8 0.8 0.8
CuSO4 0.5 0.5 0.5 0.5 0.5 0.5
(NH4)6Mo7O24 0.085 0.085 0.085 0.085 0.085 0.085
H3BO3 50 50 50 50 50 50
pH 5.9 ± 0.2 5.8 ± 0.1 5.8 ± 0.1 5.8 ± 0.1 5.7 ± 0.1 5.6 ± 0.2

EC (mS·cm�1) 1.8 ± 0.2 1.6 ± 0.2 1.5 ± 0.2 1.5 ± 0.2 1.3 ± 0.1 1.1 ± 0.1

EC = electrical conductivity.
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then declined to 8 at 100% NO�
3 (P 5 0.03;

adjusted r2 5 0.15). ‘Monterey’ stolon num-
ber increased linearly as %NO�

3 increased,
from 7 at 0% NO�

3 to 16 at 100% NO�
3 (P <

0.0001; r2 5 0.49; Fig. 1B).
Cumulative stolon number represents the

sum of the two harvest dates (8 and 16 weeks
of treatment). Like the 16-week harvest,
stolon number for ‘Albion’ and ‘Fronteras’
exhibited quadratic responses to increasing
%NO�

3 , whereas ‘Monterey’ had a linear re-
sponse to increasing %NO�

3 (Fig. 1C). ‘Al-
bion’ stolon number decreased slightly from
0% to 20% NO�

3 and then increased from 8
at 20% NO�

3 to 13 at 100% NO�
3 (P 5 0.04;

adjusted r2 5 0.12). ‘Fronteras’ stolon num-
ber increased from 9 at 0% NO�

3 to a calcu-
lated maximum of 14 at 64% NO�

3 and then

decreased to 13 at 100% NO�
3 (P5 0.04; ad-

justed r2 5 0.13). ‘Monterey’ stolon number
increased from 14 at 0% NO�

3 to 22 at 100%
NO�

3 (P5 0.0003; r2 5 0.33).
In addition to stolon number, the percent-

age of stolons with secondary branching was
assessed. No significant linear or quadratic
regression responses occurred for ‘Albion’ or
‘Fronteras’. The percentage of stolons with
only primary branching ranged between 20%
and 39% in ‘Fronteras’ and between 49%
and 74% in ‘Albion’ (Fig. 2). However,
‘Monterey’ had a quadratic response. The
percentage of stolons with only primary branch-
ing increased from 35% of stolons at 0% NO�

3
to a calculated maximum of 79% of stolons at
67% NO�

3 and then decreased to 67% of sto-
lons as %NO�

3 further increased to 100%.

After 8 weeks of treatment, ‘Albion’ had
the greatest stolon dry mass (2.94 ± 0.19 g),
followed by ‘Monterey’ (2.42 ± 0.11 g), and
‘Fronteras’ had the least (1.63 ± 0.1 g) (P <
0.0001; Table 4). After 16 weeks of treat-
ment, ‘Albion’ and ‘Monterey’ had similar
stolon dry masses (2.40 ± 0.16 and 2.16 ±
0.14 g, respectively), and ‘Fronteras’ had a
lower dry mass (0.87 ± 0.08 g) (P < 0.0001
for cultivar). Additionally, stolon dry mass at
16 weeks increased linearly from 1.26 to 2.11 g
as %NO�

3 increased from 0% to 100% NO�
3

(P5 0.001; r2 5 0.10; data not shown).
Daughter plant number. After 8 weeks of

treatment, ‘Monterey’ daughter plant number
decreased linearly as %NO�

3 increased, but
no significant linear or quadratic responses
occurred for ‘Albion’ or ‘Fronteras’ in response
to %NO�

3 (Fig. 1D). After 16 weeks of treat-
ment, ‘Fronteras’ and ‘Monterey’ had quadratic
responses as %NO�

3 increased, whereas
‘Albion’ did not exhibit a trend (Fig. 1E).
‘Fronteras’ daughter plant number increased
to a calculated maximum of 28 at 61% NO�

3
and then declined to 21 at 100% NO�

3 (P 5
0.03; adjusted r2 5 0.15). ‘Monterey’ daugh-
ter plant number increased from 24 at 0%
NO�

3 to a calculated maximum of 69 at 85%
NO�

3 and then declined to 67 at 100% NO�
3

(P < 0.0001; adjusted r2 5 0.44). At the 16-
week harvest, ‘Fronteras’ had a higher per-
centage of daughter plants borne on primary
(vs. secondary) stolons (81% ± 2%) than
‘Albion’ (65% ± 3%) or ‘Monterey’ (55% ±
2%) (P< 0.0001 for cultivar; Table 4).

Cumulative daughter plant number exhib-
ited responses similar to the 16-week data.
‘Albion’ daughter plant number increased

Fig. 1. Stolon number (A–C) and daughter plant number (D–F) of three strawberry (Fragaria �ananassa) cultivars grown in a soilless substrate for 16 weeks. The
percentage of total N supplied as nitrate (NO�

3 ) ranged from 0% to 100%. Daughter plants were harvested after 8 (A, D) and 16 (B, E) weeks of treatment. The
values are means ± standard error (n 5 6). Regression lines (when significant) show ‘Albion’ (dotted), ‘Fronteras’ (dashed), and ‘Monterey’ (solid). The data in
A did not have a significant linear or quadratic regression response (P > 0.05). A 5 ‘Albion’, F 5 ‘Fronteras’, M 5 ‘Monterey’.

Table 3. Stolon, daughter plant, and mother plant attributes for strawberry (Fragaria �ananassa
‘Fronteras’) grown in a soilless substrate for 16 weeks.

Plant portion Variable Week 4 Week 8 Week 12 Week 16
Stolons Number 4 ± 0 5 ± 0 5 ± 0 7 ± 1

Dry mass (g) 0.95 ± 0.05 0.57 ± 0.02 1.12 ± 0.1 1.00 ± 0.12
Daughter plants Number 5 ± 0 5 ± 0 4 ± 0 7 ± 1

Crown diam (mm) 7.5 ± 0.2 8.0 ± 0.2 8.5 ± 0.3 5.8 ± 0.4
Roots (no.) 17 ± 1 10 ± 1 14 ± 1 17 ± 1
Dry mass (g) 0.51 ± 0.03 0.46 ± 0.03 0.42 ± 0.04 0.79 ± 0.1
N (% dry mass) 2.59 ± 0.04 2.53 ± 0.03 2.58 ± 0.06 2.86 ± 0.04

Mother plants Height (cm) — — — 20.9 ± 2.5
Width (cm) — — — 39.6 ± 3.5
Crown diam (mm) — — — 11.8 ± 1.8
Dry mass (g) — — — 14.5 ± 2.6
Foliar N (% dry mass) — — — 2.22 ± 0.06

The percentage of total N supplied as nitrate (NO�
3 ) ranged from 0% to 100%. Daughter plants were har-

vested every 4 weeks, and mother plants were evaluated at 16 weeks. Regression analysis was not signif-
icant (P > 0.05) for all variables, and therefore, only the overall means—pooled across treatments—are
presented. The values are means ± standard error.
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linearly, from 27 at 0% NO�
3 to 37 at 100%

NO�
3 (P5 0.04; r2 5 0.11; Fig. 1F). ‘Fronte-

ras’ and ‘Monterey’ exhibited quadratic re-
sponses to increasing %NO�

3 . ‘Fronteras’
daughter plant number increased from 18 at
0% NO�

3 to a calculated maximum of 34 at
66% NO�

3 and then decreased to 30 at 100%
NO�

3 (P 5 0.04; adjusted r2 5 0.12). ‘Mon-
terey’ daughter plant number increased from
49 at 0% NO�

3 to a calculated maximum of
87 at 81% NO�

3 and then decreased to 85 at
100% NO�

3 (P < 0.0001; adjusted r2 5
0.39).

Daughter plant morphology. Daughter
plant morphology (e.g., crown diameter, num-
ber of root initials, and dry mass) was primarily
affected by cultivar (Table 4). After 8 weeks of
treatment, ‘Fronteras’ had the largest daughter
plant crown diameter (10.2 ± 0.3 mm), fol-
lowed by ‘Albion’ (8.1 ± 0.2 mm), then ‘Mon-
terey’ (7.1 ± 0.2 mm; P < 0.0001 for cultivar).
After 16 weeks of treatment, ‘Fronteras’ and
‘Albion’ had larger but similar daughter plant
crown diameters (7.3 ± 0.2 and 7.2 ± 0.1 mm,
respectively), compared with ‘Monterey’ (6.5 ±
0.1 mm; P< 0.0001 for cultivar).

Based on the crown diameter size classifi-
cations defined by Xu and Hern�andez (2020),
the percentage of daughter plants distributed
into each size category was not affected by
%NO�

3 (P > 0.05) at 8 or 16 weeks. When
pooled across %NO�

3 treatments and harvest
date, the size category with the greatest frac-
tion of daughter plants was M for all cultivars
(Fig. 3). ‘Monterey’ had a higher percentage
of S- and M-sized daughter plants (71%) than
‘Albion’ (67%) and ‘Fronteras’ (49%). ‘Fron-
teras’ tended to have a higher amount of L

and XL daughter plants (46%) compared
with ‘Albion’ (31%) and ‘Monterey’ (23%).

After 8 and 16 weeks of treatment, root
number per daughter plant was affected by
cultivar (P < 0.0001 for both; Table 4).
‘Fronteras’ had the highest root number per
daughter plant (16 ± 1 at both harvests).
‘Monterey’ and ‘Albion’ had lower but simi-
lar root numbers per daughter plant at 8 weeks
(10 ± 0 and 8 ± 0, respectively) and at
16 weeks (12 ± 1 and 11 ± 1, respectively).
Daughter plant root number at 16 weeks de-
creased linearly as %NO�

3 increased from 18
at 0% NO�

3 to 10 at 100% NO�
3 (P < 0.0001;

r2 5 0.20; data not shown).
‘Fronteras’ daughter plants had a higher

dry mass after 8 weeks of treatment (2.93 ±
0.23 g) than ‘Albion’ and ‘Monterey’ (1.18 ±
0.04 and 0.83 ± 0.02 g, respectively; P <
0.0001 for cultivar; Table 4). After 16 weeks,
‘Fronteras’ (1.28 ± 0.11 g) and ‘Albion’
(1.03 ± 0.08 g) daughter plants had higher
dry masses than ‘Monterey’ (0.66 ± 0.02 g;
P < 0.0001).

Mother plant morphology. Inflorescence
number, crown number, and crown diameter
varied with cultivar but not %NO�

3 (P <
0.0001 for all; Table 5). Cumulative inflo-
rescence number was highest in ‘Monterey’
(28 ± 2), followed by ‘Albion’ (8 ± 1) and
then ‘Fronteras’ (0 ± 0). ‘Monterey’ produced
the most branch crowns (7 ± 1), followed by
‘Albion’ (3 ± 0), and then ‘Fronteras’ (2 ± 0).
‘Monterey’ had the largest overall crown
diameter (53.0 ± 6.5 mm), whereas ‘Albion’
and ‘Fronteras’ had smaller but similar crown
diameters (39.0 ± 3.6 and 29.6 ± 2.4 mm,
respectively).

Fig. 2. Percentage of stolons at 16 weeks with only primary branching. Three strawberry (Fragaria
�ananassa) cultivars were grown in a soilless substrate for 16 weeks, and the percentage of total N
supplied as nitrate (NO�

3 ) ranged from 0% to 100%. The values are means ± standard error (n 5 6).
The regression line is for ‘Monterey’ (M).
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Canopy height increased linearly as %NO�
3

increased (P 5 0.006; r2 5 0.07; Fig. 4A).
Canopy width increased linearly in ‘Monterey’
(P< 0.0001; r2 5 0.41) and increased quadrat-
ically in ‘Albion’ (P 5 0.02; adjusted r2 5
0.13) as %NO�

3 increased from 0% to 100%
(Fig. 4B); no significant linear or quadratic
trends occurred in ‘Fronteras’ in response
to %NO�

3 . Mother plant dry mass increased
linearly in ‘Albion’ from 21 to 36 g (P 5
0.04; r2 5 0.12) and in ‘Monterey’ from 37 to
98 g (P < 0.0001; r2 5 0.45) as %NO�

3 in-
creased from 0% to 100% (Fig. 4C); no signif-
icant linear or quadratic trends occurred in
‘Fronteras’ in response to %NO�

3 .
Total cumulative aboveground dry mass

(stolons and daughter plants at weeks 8 and
16, plus mother plants at week 16) exhibited
linear increases for ‘Albion’ and ‘Fronteras’
as %NO�

3 increased (Fig. 4D). ‘Albion’ in-
creased from 63 to 99 g (P 5 0.003; r2 5
0.23), and ‘Fronteras’ increased from 62 to
92 g (P 5 0.03; r2 5 0.14) as %NO�

3 in-
creased from 0% to 100%. ‘Monterey’ dry
mass increased quadratically, from 96 g at 0%

NO�
3 to 210 g at 100% NO�

3 (P < 0.0001;
adjusted r2 5 0.89).

Cultivar differences occurred for biomass
allocation (P < 0.0001; Fig. 5). Within a cul-
tivar, Albion and Fronteras allocated the
greatest fraction of their biomass to daugh-
ter plants (43% and 61%, respectively),
whereas ‘Monterey’ allocated the greatest
fraction of its biomass to mother crowns
(43%). Across cultivars, Fronteras had the high-
est percentage of dry mass allocated to daughter
plants (61%), followed by ‘Albion’ (43%) and
‘Monterey’ (33%). ‘Monterey’ had the highest
allocation to mother crowns (43%), followed by
‘Albion’ (29%) and ‘Fronteras’ (21%).

Tissue nutrient composition for daughter
and mother plants. The primary focus of tis-
sue nutrient analyses was on whether the N
form supplied affected total %N in mother
and daughter plants. After 8 weeks of treat-
ment, %NO�

3 did not affect daughter plant
foliar N (Fig. 6A), although cultivars differ-
ences did occur (P < 0.0001). ‘Albion’ had
the highest %N (2.88% ± 0.03%). ‘Fronteras’
and ‘Monterey’ had lower but similar %N

values (2.56% ± 0.06% and 2.64% ± 0.03%,
respectively; Table 4). After 16 weeks of
treatment, daughter plant %N had a quadratic
response to increasing %NO�

3 (P 5 0.004;
adjusted r2 5 0.07; Fig. 6B). The %N
decreased to a calculated minimum at 41%
NO�

3 and then increased as %NO�
3 in-

creased to 100%. ‘Fronteras’ had a higher
%N (2.61% ± 0.05%) than ‘Albion’ and
‘Monterey’ (2.47% ± 0.04% and 2.48% ±
0.03%, respectively; P 5 0.03 for cultivar;
Table 4). In mother plants, foliar %N in all
three cultivars exhibited quadratic responses
to increasing %NO�

3 (Fig. 6C; adjusted r2 val-
ues of 0.11 to 0.31). Foliar %N decreased to a
calculated minimum at 30% NO�

3 for ‘Fronte-
ras’, 52% NO�

3 for ‘Albion’, and 61% NO�
3

for ‘Monterey’; then foliar %N increased as the
%NO�

3 supplied increased to 100% NO�
3 .

Daughter plant foliar macronutrient con-
centrations of P, K, Ca, Mg, and S were af-
fected by %NO�

3 at one or both harvests
(Supplemental Figs. 1 and 2). Despite these
responses, all daughter plants appeared healthy,
with no visual deficiency or toxicity symptoms.
One response to highlight is that %Ca in-
creased linearly as %NO�

3 increased in daugh-
ter plants at 16 weeks of treatment (r2 values of
0.17 to 0.41) and in mother plants (r2 5 0.23;
Supplemental Fig. 2B and 2C). Also, %S de-
creased linearly as %NO�

3 increased in daugh-
ter plants after 8 weeks of treatment (r2 5
0.33), and it generally decreased quadratically
in daughter plants at 16 weeks of treatment
(r2 and adjusted r2 values of 0.47 to 0.85) and
in mother plants (adjusted r2 values of 0.46 to
0.90; Supplemental Fig. 2H and 2I).

Foliar micronutrient concentrations of B,
Cu, Fe, Mn, and Zn all decreased linearly or
quadratically in response to increasing %NO�

3
in mother (Cu, Fe, Mn, and Zn) or daughter
(B, Fe, Mn, and Zn) plants (Supplemental
Figs. 3 and 4). Mo increased linearly or qua-
dratically as %NO�

3 increased in mother and
daughter plants (Supplemental Fig. 4D–F).

Substrate pH and EC. Leachates collected
at 8 and 16 weeks of treatment had quadratic
increases in pH in response to increasing
%NO�

3 (adjusted r2 values of 0.86 to 0.97;
Fig. 7A and 7B). At 8 weeks, substrate pH in-
creased from 4.01 to 6.53 in ‘Albion’, from
4.29 to 6.21 in ‘Fronteras’ and from 3.81 to
6.80 in ‘Monterey’ as %NO�

3 increased from
0% to 100% (Fig. 7A). At 16 weeks, pH in-
creased from 3.72 to 6.29 in ‘Albion’, from
3.65 to 6.13 in ‘Fronteras’, and from 3.77 to
6.25 in ‘Monterey as %NO�

3 increased from
0% to 100% (Fig. 7B). Conversely, EC at 8
and 16 weeks had quadratic responses and
generally decreased as %NO�

3 increased (ad-
justed r2 values of 0.50 to 0.88; Fig. 7C and
7D). At 8 weeks, EC peaked at calculated
maximums of 5.31 mS·cm�1 at 12% NO�

3 in
‘Albion’, 5.66 mS·cm�1 at 21% NO�

3 in
‘Fronteras’, and 4.60 mS·cm�1 at 29% NO�

3
in ‘Monterey’ and then decreased to be-
tween 1.48 and 2.33 mS·cm�1 at 100% NO�

3
(Fig. 7C). At 16 weeks, substrate solution EC
peaked at a calculated maximum of 41% NO�

3
and then declined to 2.09 mS·cm�1 at 100%
NO�

3 (Fig. 7D).

Fig. 3. Distribution of daughter crown diameters for strawberry (Fragaria �ananassa) ‘Albion’, ‘Fronteras’,
and ‘Monterey’ grown in a soilless substrate. The effect of increasing the percentage of total N
supplied as nitrate (%NO�

3 ) was not significant (P > 0.05), and the 8- and 16-week harvests were
pooled together. The crown diameter categories are defined as extra small (XS, 0 to 3.5 mm),
small (S, 3.5 to 6.0 mm), medium (M, 6.0 to 8.5 mm), large (L, 8.5 to 11.0 mm), and extra large
(XL, 11 to 20 mm).

Table 5. Cultivar differences for mother plant growth of strawberry (Fragaria �ananassa) ‘Albion’,
‘Fronteras’, and ‘Monterey’ grown in a soilless substrate for 16 weeks.

Factor Treatment
Cumulative

inflorescence (no.) Crown (no.) Crown diam (mm)
Cultivar Albion 8 ± 1 b 3 ± 0 b 39.0 ± 3.6 b

Fronteras 0 ± 0 c 2 ± 0 c 29.6 ± 2.4 b
Monterey 28 ± 2 a 7 ± 1 a 53.0 ± 6.5 a
HSD 4 1 12.9

ANOVA Block 0.16 0.01 <0.0001
Cv <0.0001 <0.0001 0.0003
NO�

3 0.19 0.67 0.66
Cv � NO�

3 0.44 0.89 0.61

The percentage of total N supplied as nitrate (NO�
3 ) ranged from 0% to 100%. Mother plants were

harvested at the end of the 16-week study. Total biomass includes the dry masses of the mother
crown plus the 8- and 16-week harvests of stolons and daughter plants. The data were analyzed by a
two-way analysis of variance (ANOVA) followed by Tukey’s honestly significant difference at a 5
0.05 for significant sources of variation (n 5 6). Within a column, means followed by different letters
are statistically different. The values are means ± standard error. Cv 5 cultivar.
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Discussion

This study focused on nutrient manage-
ment strategies to increase strawberry daughter
plant yield in CEA. These CEA-produced
daughter plants would support CEA fruit pro-
ducers looking to source actively growing,
well-rooted, “clean” starting plant material

year-round, as well as field producers seeking
to reduce asymptomatic disease carryover in
bare-root strawberries from field nurseries into
their fruit production sites. Optimization of the
CEA growing environment and crop manage-
ment practices is crucial to economically pro-
duce a high number of high-quality daughter
plants.

One key yield metric is stolon production.
In Expt. 1, stolon number in ‘Fronteras’ did
not differ in response to %NO�

3 supplied in
the nutrient solution. We attributed this to the
frequency of harvest (every 4 weeks). Al-
though a harvest interval of 4 weeks has been
used in other studies (Shi et al. 2021), it was
too frequent 1) to generate high numbers of
daughter plants and 2) to delineate treatment
effects in our study. Therefore, we extended
the harvest interval in Expt. 2 to every 8 weeks.
In Expt. 2, cumulative stolon number generally
increased as %NO�

3 increased, and maximum
stolon number was calculated to occur at 64%
NO�

3 for ‘Fronteras’ and 100% NO�
3 for

‘Albion’ and ‘Monterey’ (Fig. 1C).
‘Albion’ tended to produce a similar num-

ber of stolons at the 8- and 16-week harvests
in Expt. 2, whereas stolon production in
‘Monterey’ and ‘Fronteras’ increased from
week 8 to week 16, especially at the higher
%NO�

3 treatments (Fig. 1A and 1B). Xu and
Hern�andez (2020) observed a higher stolon
count in ‘Albion’ in the last 9 weeks of their
study relative to the first 12 weeks of treat-
ment; however, their treatments (light inten-
sity) and harvest durations differed from ours,
which may explain why they saw an increase
in stolon number over time for ‘Albion’, but
we did not. As mother plants grow over time,
plant size and branch crown number tend to
increase, which can support higher stolon
loads in later harvests.

Strawberry plants can produce either veg-
etative growth (i.e., a stolon or branch crown)
or reproductive growth (i.e., an inflorescence)
at each axillary node. Cell differentiation into
a stolon or inflorescence depends on photope-
riod and temperature (Bradford et al. 2010;
Durner et al. 1984; Hyt€onen et al. 2009;
Sønsteby and Heide 2007). Strawberry culti-
vars can be classified as short-day, long-day,
or day-neutral, depending on their photoperi-
odic flowering response (Darnell et al. 2002;
Durner et al. 1984). Albion and Monterey are
long-day cultivars, whereas Fronteras is a
short-day cultivar (Garcia and Kubota 2017;
Larson and Shaw 2015; Park et al. 2023;
Shaw and Larson 2006, 2009). To promote
vegetative growth and maintain a consistent
photoperiod duration throughout the studies
(Jul 2022 to Jun 2023), we opted to grow all
three cultivars under a 16-h photoperiod and
warm temperature (daily mean air temperature
of 22.7 �C for Expts. 1 and 2). We recognize
that this photoperiod limited flowering in
‘Fronteras’ but not in ‘Albion’ and ‘Monte-
rey’. As such, stolon number in ‘Albion’ and
‘Monterey’ may have been even higher had
they been grown under a shorter photoperiod
(12 h or less). However, other researchers
have noted that photoperiod may affect stolon
production less than it affects flower produc-
tion in ‘Albion’ (Garcia and Kubota 2017).

Due to the long-day photoperiod provided,
Albion and Monterey, the two everbearing cul-
tivars, produced both inflorescences and sto-
lons, while the short-day cultivar Fronteras
only produced stolons. Although cumulative
inflorescence number varied by cultivar, it did
not vary with %NO�

3 (Table 5). This differs

Fig. 4. Mother plant growth and morphology of three strawberry (Fragaria �ananassa) cultivars grown
in a soilless substrate for 16 weeks: height (A), width (B), dry mass (C), and total plant dry mass
(D). The percent of total N supplied as nitrate (NO�

3 ) ranged from 0% to 100%. Total plant dry
mass includes the dry masses of the mother crown plus the 8- and 16-week harvests of stolons and
daughter plants. The values are means ± standard error (n 5 18 in A because cultivar responses to
%NO�

3 were similar, and therefore, the data were pooled; n 5 6 in B–D because cultivar responses
to %NO�

3 differed). Regression lines (when significant) show ‘Albion’ (dotted), ‘Fronteras’
(dashed), and ‘Monterey’ (solid). A 5 ‘Albion’, F 5 ‘Fronteras’, M 5 ‘Monterey’.

Fig. 5. Distribution of total plant aboveground biomass for three strawberry cultivars (Fragaria
�ananassa Albion, Fronteras, and Monterey) grown in a soilless substrate. The effect of increasing the
percentage of total N supplied as nitrate (%NO�

3 ) was not significant (P > 0.05), and the data were
pooled together within each cultivar (n 5 36). Total aboveground biomass includes the mother plant at
week 16 plus stolons and daughter plants at the weeks 8 and 16 harvests. The values are means ± stan-
dard error. Mean total aboveground biomass was 81.8 g for ‘Albion’, 75.4 g for ‘Fronteras’, and 166.3 g
for ‘Monterey’.
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from the results observed by Shi et al. (2021),
in which ‘Albion’ produced more inflorescen-
ces when plants were irrigated with 80% to
100% NO�

3 , compared with plants irrigated
with #60% NO�

3 . It also contradicted our ini-
tial hypothesis, which was that decreasing
%NO�

3 would reduce inflorescence develop-
ment and promote stolon development.

Despite no change in inflorescence num-
ber in response to %NO�

3 , cumulative stolon
number increased (linearly or quadratically)

in all three cultivars in response to increased
%NO�

3 (Fig. 1C). Therefore, other physiolog-
ical attributes rather than a shift away from
inflorescence development in the axillary mer-
istems must have contributed to the increase in
stolon number. One possibility could have
been a change in crown number, which would
have increased the total number of axillary no-
des from which an inflorescence or stolon
could arise. However, crown number was not
affected by %NO�

3 , only cultivar (Table 5). A

second possibility is that the change in %NO�
3

released some axillary buds from dormancy
and they developed into stolons (Durner E,
personal communication). This may be related
to plant biomass. Mother plant size increased
in response to an increase in %NO�

3 (Fig. 4),
which would have provided a larger carbohy-
drate reserve (“source” capacity) to support
additional stolon development (“sinks”). In
this study, ‘Monterey’ had the highest crown
number, highest stolon number, and highest
mother plant biomass, despite also having the
highest inflorescence number.

In addition to stolon number, other factors
such as number, quality, and size of the
daughter plants will drive the success of this
system in generating new strawberry plants
for propagation. Maximum daughter plant
number, calculated from the regression equa-
tions, occurred at 66% NO�

3 for ‘Fronteras’,
81% NO�

3 for ‘Monterey’, and 100% NO�
3

for ‘Albion’ (Fig. 1F). These results agree
with those observed by C�ardenas-Navarro
et al. (2006), in which higher daughter plant
number occurred in strawberry ‘Aromas’ af-
ter 30 d when irrigated with 50% NO�

3 com-
pared with 0% NO�

3 .
Monterey was the highest yielding culti-

var of the three evaluated. This occurred be-
cause ‘Monterey’ had a higher cumulative
stolon number, as well as a higher number of
daughter plants per stolon (4.3 ± 0.2 for
‘Monterey’ vs. 3.7 ± 0.2 for ‘Albion’ and 2.3 ±
0.1 for ‘Fronteras’; P < 0.0001). A high num-
ber of daughter plants per stolon can occur due
to a high number of daughter plants developing
on the primary stolon (such as a longer interval
between successive harvests, like what was ob-
served between Expts. 1 and 2), a high number
of daughter plants forming on secondary (or
even tertiary) stolon branches, or a combination
of the two. Given that the treatment duration
was the same for all three cultivars in Expt. 2,
the higher daughter plant number per stolon in
‘Monterey’ occurred because of the prolificness
of daughter plant formation on secondary
branches. ‘Monterey’ produced 55% of its
daughter plants on primary stolons and 45%
of its daughter plants on secondary stolons.

Fig. 6. Foliar percent nitrogen (%N; on a dry mass basis) of three strawberry (Fragaria �ananassa) cultivars grown in a soilless substrate for 16 weeks. The
percentage of total N supplied as nitrate (NO�

3 ) ranged from 0% to 100%. Daughter plants were harvested after 8 (A) and 16 (B) weeks of treatment.
Mother plants were harvested after 16 weeks of treatment (C). The values are means ± standard error (n 5 18 for daughter plants pooled across cultivar
and n 5 6 for mother plants). Regression lines in C show ‘Albion’ (dotted), ‘Fronteras’ (dashed), and ‘Monterey’ (solid). The data in A did not have a
significant linear or quadratic regression response (P > 0.05). A 5 ‘Albion’, F 5 ‘Fronteras’, M 5 ‘Monterey’.

Fig. 7. pH (A, B) and electrical conductivity (EC; mS·cm�1) (C, D) of leachates collected using the
pour-through technique at 8 (left) and 16 weeks (right) of treatment. Three strawberry (Fragaria
�ananassa) cultivars were grown in a soilless substrate for 16 weeks, and the percentage of total N
supplied as nitrate (NO�

3 ) varied from 0% to 100%. The values are means ± standard error (n 5 6
in A–C; n 5 18 in D and pooled across cultivar). Regression lines in A–C show ‘Albion’ (dotted),
‘Fronteras’ (dashed), and ‘Monterey’ (solid). A 5 ‘Albion’, F 5 ‘Fronteras’, M 5 ‘Monterey’.
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The three cultivars had different stolon ar-
chitecture patterns. While ‘Fronteras’ had a
high percentage of stolons with secondary
branching, it produced 81% of its daughter
plants on primary stolons. The first daughter
plant that formed on the primary stolon
tended to be quite large (based on dry mass
and crown diameter), which may have sup-
pressed subsequent daughter plant develop-
ment on that stolon. ‘Albion’ produced 65%
of its daughter plants on primary stolons and
35% on secondary stolon branches, and as
noted above, ‘Monterey’ had the most-balanced
distribution of daughter plants borne on primary
(55%) vs. secondary (45%) stolons (Fig. 8).

The maximum cumulative daughter plant
yields observed for ‘Fronteras’ (34), ‘Albion’
(37), and ‘Monterey’ (87) after 16 weeks of
treatment are similar to those reported for
other cultivars produced in soilless substrates
and CEA conditions. Greenhouse-grown ‘Oso
Grande’ and ‘Sweet Charlie’ produced 84 and
80 daughter plants, respectively, after 16 weeks
of growth in a vermiculite and perlite (4/1 v/v)
substrate (Bish et al. 2001). Xu and Hern�andez
(2020) produced >100 ‘Albion’ daughter
plants over a 21-week growing period through
optimizing light intensity. Further optimization
of the growing environment, substrate, and

plant nutrition may provide additional yield
increases.

Daughter plant quality (e.g., crown diame-
ter, root count, and dry mass) was primarily
affected by cultivar rather than %NO�

3 . This
agrees with a study by Xu and Hern�andez
(2020) in which light intensity did not affect
crown size distribution of ‘Albion’ daughter
plants after 12 or 21 weeks of treatment. In-
stead, daughter plant morphology is likely re-
lated to its development age and its duration
on a stolon before harvest. Crown diameter
was correlated with root count (r 5 0.50;
P < 0.0001) and dry mass (r 5 0.83; P <
0.0001). In all cultivars, the longer a daughter
plant remained on a stolon before harvest, the
larger the crown was, with more root initials
and a larger overall biomass. However, plant
size may be more critical for grading rather
than for rooting success. A previous study in-
dicated that despite size differences, daughter
plants of all crown diameters readily rooted
during propagation (Humphrey et al. 2022).

Crown size distribution would be useful
for forecasting propagation logistics, such as
what tray cell size to use and propagation du-
ration. Daughter plants are often sorted by
size before propagation to place uniformly
sized plants in a tray or propagation block.

This uniformity would help ensure similar
mist requirements, rooting time, and cultural
management during rooting, as well as stan-
dardize a finish time and plant size at the end
of propagation. The largest and smallest
daughter plants are often culled and dis-
carded. Therefore, it was important to con-
sider not just the number but also the size
distribution of CEA-produced daughter plants.
In our study, the highest percentage of daughter
plants had M-sized crown diameters (Fig. 3).
‘Fronteras’ had a higher percentage of XL-
sized daughter plants (26%) than ‘Albion’
(8%) or ‘Monterey’ (4%). In an unpub-
lished study, XL daughter plants were too
large to propagate in a 50-count cell tray but
could successfully be rooted directly into 10-cm
pots. Additionally, while XS daughter plants did
root in 50-count cell trays, they required longer
propagation durations than the larger crown
sizes (unpublished data).

Some aspects of mother plant quality
were affected by %NO�

3 . Plant height and
dry mass increased linearly as %NO�

3 sup-
plied increased (Fig. 4). Total aboveground
dry mass (daughter plants and stolons at 8
and 16 weeks, plus mother plants) also in-
creased as %NO�

3 increased from 0% to
100%. Choi et al. (2011) likewise observed

Fig. 8. Strawberry (Fragaria �ananassa) cultivars Albion (top row), Fronteras (middle row), and Monterey (bottom row) grown in a soilless substrate. The
percentage of total N supplied as nitrate (NO�

3 ) was, from left to right, 0%, 20%, 50%, 60%, 80%, and 100%. The pictures were taken after 16 weeks of
treatment.
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an increase in biomass of greenhouse-grown
‘Seolhyang’ as %NO�

3 increased from 0% to
100% NO�

3 after 120 d of treatment. Shi
et al. (2021), however, did not observe any
difference in ‘Albion’ mother plant dry mass
(crown, leaf, and roots) after 21 weeks when
%NO�

3 increased from 50% to 100% NO�
3 .

The lack of observed differences in their
study, compared with ours, may be because
their range of %NO�

3 was narrower than ours
and did not include any treatments with
<50% NO�

3 .
Additionally, the %NO�

3 treatments did
not affect biomass allocation in our study.
‘Monterey’ allocated the greatest fraction of
its biomass to the mother crown (43% of total
biomass), whereas ‘Albion’ and ‘Fronteras’
allocated the greatest fraction of their biomass
to daughter plants (43% and 61%, respec-
tively). Biomass allocation may be inherently
conserved within cultivars. In a study by Xu
and Hern�andez (2020), biomass allocations for
‘Albion’ were similar to our study (24% to
mother crowns vs. 29% in our study), despite
evaluating lighting treatments rather than nu-
trient recipes.

While the primary focus was to evaluate
daughter plant productivity in response to
%NO�

3 , it was also important to evaluate
whether adjusting the %NO�

3 affected foliar
%N in daughter plants or mother plants. In
Expt. 2, the 16-week daughter plants and the
mother plants had quadratic responses to an
increase in %NO�

3 , in which %N decreased
initially and then increased. This response
was similar to the response reported by
Taghavi et al. (2004), in which foliar %N in
‘Selva’ was lower when plants were irri-
gated with 79% to 86% NO�

3 compared
with >93% NO�

3 . While our %N values
(2.38% to 2.63% in daughter plants) were
lower than the 3.3% to 3.4% N reported by
Taghavi et al. (2004), both studies fell
within the range of 2.1% to 4.0% N pub-
lished by Mills and Jones (1996). However,
this published range was developed by sam-
pling “healthy” field-grown strawberry plants
at the fruiting stage, and no recommended tis-
sue nutrient ranges currently exist for CEA-
grown mother plants in soilless substrates or
for daughter plants.

The %NO�
3 supplied in the nutrient solu-

tion influenced substrate pH. Despite flow-
able lime applications when substrate pH
declined to #5.5, plants supplied #60%
NO�

3 had substrate solution pH values of
<5.2 over the duration of the trial. Micronu-
trient availability (e.g., Fe, Mn, and Zn) in-
creases and Mo availability decreases in the
substrate as pH decreases (Gillespie et al.
2020; Smith et al. 2004a, 2004b). Therefore,
the decrease in substrate pH as the %NO�

3
supplied decreased likely led to the in-
creased foliar concentrations of S, Fe, Mn,
and Zn and decreased foliar concentrations
of Mo in both the mother and daughter
plants (Supplemental Figs. 2–4). Unfortu-
nately, given that substrate solution pH de-
creased as the %NO�

3 supplied decreased,
this relationship confounds our ability to
distinguish whether the negative growth

effects observed were due to low substrate
pH, high %NH1

4 , or a combination of both.
Plants irrigated with 0% NO�

3 (i.e., 100%
NH1

4 ) appeared stunted, and necrotic mar-
gins began to appear on older leaves after
10 weeks of treatment. Of 36 ‘Fronteras’
plants, 2 died, and they were from the 0%
to 20% NO�

3 treatments. Other researchers
have also observed plant growth suppres-
sion or death when strawberry plants were
supplied high fractions of NH1

4 , especially
in combination with low substrate pH or
other environmental stresses. For example,
total plant mortality occurred when straw-
berry ‘Aliso’ was grown hydroponically in
a 100% NH1

4 nutrient solution maintained
at 32 �C (Ganmore-Neumann and Kafkafi
1983). Claussen and Lenz (1999) observed
more pronounced effects of NH1

4 toxicity
in strawberry ‘Senga Sengana’ grown in
quartz sand when CaCO3 was not added to
increase pH.

Nitrogen is an abundant macronutrient in
nutrient solutions, and the ratio of NO�

3 to
NH1

4 will influence substrate pH. Unless the
substrate is adequately buffered, root NH1

4
uptake will cause substrate pH to decline;
conversely, root NO�

3 uptake will cause pH
to increase (Allen and Raven 1987; Kirkby
and Knight 1977; Neumann and R€omheld
2012). Therefore, even if strawberry plants
can tolerate a high %NH1

4 in the nutrient
solution, it would not be advisable to sup-
ply it due to the challenge in maintaining a
recommended substrate pH target of 5.5 to
6.2 for optimal nutrient solubility (Argo
and Biernbaum 1996; Handreck and Black
1994).

The three cultivars had cultivar-specific
responses to %NO�

3 for stolon number and
daughter plant number. In addition to calculat-
ing the %NO�

3 that yielded maximum stolon
or daughter plant number, these regression
models allow us to see how sensitive a cultivar
will be to a small change in %NO�

3 from the
optimum percentage. This can be important
for growers who are growing multiple culti-
vars. One of their considerations will be
whether they have the facilities and infrastruc-
ture to support custom nutrient solution rec-
ipes for each cultivar (i.e., multiple stock tanks
or injectors) or whether a “general” recipe,
while not optimal for all cultivars, would sup-
port good overall growth for most or all culti-
vars grown. As an example, we identified the
range in %NO�

3 that corresponded to a 5% or
10% decrease from maximum daughter plant
number. A 5% yield penalty corresponded to a
%NO�

3 range of 45% to 87% in ‘Fronteras’,
54% to 100% in ‘Monterey’, and 81% to
100% in ‘Albion’. The overlap in ranges
across cultivars was 81% to 87% NO�

3 . A
10% yield penalty corresponded to a %NO�

3
range of 36% to 96% in ‘Fronteras’, 43% to
100% in ‘Monterey’, and 61% to 100% in
‘Albion’. The overlap in ranges across culti-
vars was 61% to 96% NO�

3 if a yield penalty
of up to 10% was acceptable for any of the
three cultivars evaluated. This information
could guide growers 1) in selecting an accept-
able %NO�

3 target for their operation and

2) deciding whether to mix up one nutrient
recipe or multiple recipes, with each one opti-
mized to maximize daughter plant production
for each cultivar grown.

Conclusions

A harvest interval of 8 weeks, rather than
every 4 weeks, improved stolon and daughter
plant development. Cultivar-specific responses
to increasing %NO�

3 occurred. Maximum cu-
mulative daughter plant number was calcu-
lated to occur at 66% (‘Fronteras’), 81%
(‘Monterey’), or 100% NO�

3 (‘Albion’). Total
aboveground biomass increased as %NO�

3 in-
creased in all cultivars evaluated. A calculated
range in which all three cultivars overlapped
with $95% of maximum daughter plant yield
occurred between 81% to 87% NO�

3 . A straw-
berry fertilizer recipe in this target range
would allow growers the opportunity to use a
single recipe and support high daughter plant
productivity across multiple cultivars. Our re-
sults indicate that optimal strawberry daughter
plant production occurs at a lower %NO�

3
than recommended for inflorescence or fruit
production. These results will help improve
and refine nutrient management guidelines
for CEA production of strawberry daughter
plants.
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