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Abstract: Ever-bearing (EB) strawberries are long-day cultivars that show perpetual flowering be-
havior. Compared to June-bearing short-day cultivars, EB cultivars can initiate flowers with less
dependency on light and temperature levels. This leads to a more consistent flowering and fruiting
pattern, making EB cultivars favorable for areas with long growing seasons. However, this flowering
pattern also brings significant challenges to open-field strawberry nurseries. Consistent flower
development in EB cultivars frequently leads to increased labor cost for manual flower removal on
nursery ground. The alteration of flowering behavior via fertilizer regimes could be a cost-effective
tool for strawberry nurseries. However, while it is known that the source of nitrogen (N) impacts
strawberry flowering, its effect on strawberry propagation rates needs further investigation. The
objective of this study was to investigate the impact of nitrate (NO3

−) to ammonium (NH4
+) ratio on

flower and daughter plant production in the EB strawberry cultivar ‘Albion’ (Fragaria × ananassa
c.v. ‘Albion’). Strawberry plants were grown in a completely randomized design under green-
house conditions (26.6 ◦C, 16 h photoperiod). Four treatments of NO3

−:NH4
+ were implemented:

(1) 100%:0%; (2) 80%:20%; (3) 60%:40%; (4) 50%:50%. Strawberry plants fertilized with a 60%:40%
NO3

−:NH4
+ ratio produced 17–31% fewer inflorescences than those fertilized with 100%:0%

(8.8 ± 1.19) and 80%:20% (10.3 ± 1.85) ratios. The production of daughter plants remained similar
in all four treatments. Our results show that increased ratios of ammonium in combination with
decreased ratios of nitrate reduce flowering of EB strawberry cultivars, while propagation rates
remain consistent. These results could potentially lead to the development of fertilizer regimes for
strawberry nurseries to reduce flower production in EB cultivars.

Keywords: strawberry propagation; ever-bearing; fertilizer

1. Introduction

Strawberries (Fragaria spec.) are herbaceous perennials belonging to the family
Rosaceae. The commercial strawberry plant (Fragaria × ananassa) is an octoploid hybrid
and mostly grown in annual systems for fruit production. The total US production value of
strawberries was approximately 2.5 billion USD in 2019 [1]. Strawberry nurseries created
an additional value of approximately 166 million USD [2]. While strawberry production
systems are annualized, open-field strawberry nurseries are multiyear and multilocation
operations in which plants are reproduced asexually. This reproduction process is called
‘runnering’, referring to the development of aerial stolons with a sympodial unit that is
composed of two internodes and a daughter plant. Daughter plants are new leaf rosettes,
genetically identical to the mother plant and with the ability to develop into a complete
strawberry plant [3].

Strawberry cultivars are often classified on the basis of their flowering behavior: sea-
sonal flowering, also referred to as short-day (SD) or June-bearing cultivars, and perpetual
flowering, often referred to as ever-bearing (EB) or long-day cultivars. SD strawberry
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cultivars have the feature of one flush of flowering and fruiting in spring and early sum-
mer [4,5]. Flowers in SD cultivars are initiated during colder temperatures and shorter
photoperiods, and runnering is induced during warm temperatures and longer photoperi-
ods. Open-field strawberry nurseries are in environments that promote runnering in SD
cultivars. However, EB cultivars are specifically bred to target long season production,
especially in central and south California [6–8]. While EB cultivars such as ‘Monterey’
or ‘Fronteras’ are the backbone of the current California strawberry industry, they bring
significant challenges to the strawberry nursery industry. One of those challenges is the
production of flowers in propagation fields, leading to additional disease attraction. Since
the introduction of EB cultivars, manual flower removal has become common practice in
strawberry nurseries in the US, leading to a significant increase in labor cost. While it is
known that flowering responses of EB strawberry cultivars can be induced by nitrogen
(N) treatments during field establishment [9–14], whereby higher nitrogen input improved
flowering and yield overall [10], the impact of N sources on vegetative reproduction re-
mains unclear. Optimized fertilizer protocols have the potential to improve nursery flower
management. However, questions remain as to whether N sources can effectively lead to
reduced flowering and/or increase propagation rates. It has been reported in the Orchid
hybrid (Phalaenopsis Blume × Taisuco Kochdian) that the number of flowers declined
when decreasing the nitrate percentage from 75% to 0% [15]. Therefore, a greenhouse study
was conducted to investigate the effect of four nitrate-to-ammonium ratios on inflorescence
and daughter plant production rate of the EB strawberry ‘Albion’. The hypothesis is
that increasing the ammonium percentage, i.e., decreasing the nitrate-to-ammonium ratio,
reduces flowering production while maintaining similar vegetative growth (runnering).

2. Materials and Methods
2.1. Experimental Design

The experiment was conducted in a greenhouse on 40 strawberry plants (Fragaria × ananassa
‘Albion’) in a completely randomized block design. Four treatments of nutrient solu-
tions with different nitrate to ammonium ratios (v/v) were established: (1) 100%:0%;
(2) 80%:20%; (3) 60%:40%; (4) 50%:50% (NO3

−:NH4
+). The total concentration of N in

the nutrient solution was 6 mmoL/L per treatment (Table 1). Nitrate sources were from
potassium nitrate, calcium nitrate, and ammonium nitrate. Ammonium sources were from
ammonium nitrate, ammonium dihydrogen phosphate, and ammonium sulfate. Potas-
sium (K), phosphorus (P), and magnesium (Mg) were consistent across treatments (Table 1).
Chemicals were weighed (Mettler Toledo PL3030, Mettler-Toledo International Inc., Colum-
bus, OH, USA) and dissolved in DI water. All nutrient solutions were delivered to plants
by submersible pumps (Little Giant 500203 Lubricated pump, 1-A 170 GPH, Franklin
Electric Co., Inc., Fort Wayne, IN, USA) through a drip irrigation system. Nutrient solu-
tions were remade and refilled once per week over the course of the experiment.

In summer 2019, strawberry plug plants with a single crown were transplanted into
3.6 L planting pots and started to be fertilized according to the treatments. The experiment
was conducted from 27 May to 19 August. The substrate filled in the planting pots was a
mixing substrate with 50%:50% coconut coir/perlite (v/v) (Mother Earth Coco + Perlite
Mix®, Hawthorne Gardening Co., Vancouver, WA, USA; 16,504 Horticultural Perlite, 17 L,
Hoffman®, San Jose, CA, USA). Strawberry plants were growing at 26.2 ◦C on average in
a 16 h photoperiod with 80 µmoL·m−2·s−1 of LED supplemental light (KingPlus 1500 W
Full Spectrum, Shenzhen King Lighting Co., Shenzhen, China). Light was supplemented
daily from 6:00 to 8:00 a.m. and again from 4:00 to 10:00 p.m. Previous studies have shown
that long photoperiods lead to increased daughter plant production in ‘Albion’ [16]. The
irrigation occurred twice a day at 9:00 a.m. and 3:00 p.m. with 250 mL input per pot. Feed
and drain volume were monitored daily. Feed and drain from each treatment were collected
to monitor the volume, pH, and EC, as well as to calculate the drainage percentage. The
pH and EC were tested using a pH/EC meter (AI423 PC400S Portable Multi-Parameter
Meter Kit, Apera Instruments. LLC, Columbus, OH, USA). Input and output nutrient
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solutions from each treatment were collected at 2 week intervals and analyzed for nutrient
composition by the Agronomic Services at the North Carolina Department of Agriculture
& Consumer Services, Raleigh, NC, USA (Table 2).

Table 1. The chemical composition of feed nutrient solutions of the four treatments. The micronutrients were consistent
among the treatments, as well as the amounts of potassium, phosphate, magnesium, and total nitrogen. The numbers are
the concentration measured in mmoL/L except when indicated in the table.

Chemical
Treatment

100% NO3−: 0%NH4
+ 80%:20% 60%:40% 50%:50%

KH2PO4 1 0 0 0
(NH4)2SO4 0 0 0.4 1
NH4H2PO4 0 1 1 1

MgSO4 0.5 0.5 0.5 0.5
KNO3 2 3 3 3

NH4NO3 0 0.2 0.6 0
Ca(NO3)2 2 0.8 0 0

CaCl2 0 1.2 1.2 1.2
Na2FeEDTA 30 mg

MnSO4 0.01
ZnSO4 0.0008
CuSO4 0.0005

(NH4)6Mo7O24 0.000085
H3BO3 0.05

Table 2. Feed and drain of four fertilizer treatments. The concentration of each nutrient is presented in mmoL/L. The EC is
presented in dS/cm. Data is presented as the mean ± standard deviation (n = 6).

Nutrients
Feed Drain

100%:0% 80%:20% 60%:40% 50%:50% 100%:0% 80%:20% 60%:40% 50%:50%

N-NO3
− 5.9 ± 0.24 4.6 ± 0.15 3.7 ± 0.19 2.6 ± 1.25 6.3 ± 0.70 5.1 ± 0.51 4.3 ± 0.61 2.9 ± 1.44

N-NH4
+ 0.1 ± 0.03 1.3 ± 0.04 2.5 ± 0.05 3.0 ± 0.08 0.1 ± 0.04 0.9 ± 0.19 2.2 ± 0.09 2.9 ± 0.15

P 1.0 ± 0.07 1.0 ± 0.03 1.1 ± 0.03 1.1 ± 0.03 1.2 ± 0.04 1.2 ± 0.07 1.3 ± 0.20 1.3 ± 0.19
K 3.0 ± 0.11 2.9 ± 0.08 3.1 ± 0.14 2.6 ± 1.22 3.3 ± 0.43 3.1 ± 0.26 3.4 ± 0.53 2.8 ± 1.42
Ca 2.1 ± 0.1 2 ± 0.01 1.3 ± 0.02 1.3 ± 0.04 2.3 ± 0.23 2.4 ± 0.40 1.8 ± 0.59 1.8 ± 0.57
Mg 0.3 ± 0.02 0.3 ± 0.01 0.3 ± 0.02 0.3 ± 0.09 0.3 ± 0.01 0.3 ± 0.03 0.4 ± 0.02 0.3 ± 0.1
S 0.7 ± 0.04 0.7 ± 0.04 1.2 ± 0.06 1.8 ± 0.11 0.9 ± 0.12 0.8 ± 0.05 1.5 ± 0.23 2.2 ± 0.40

pH 6.6 ± 0.13 6.6 ± 0.07 6.5 ± 0.08 6.4 ± 0.09 6.4 ± 0.08 5.3 ± 1.10 5.1 ± 0.99 5.0 ± 0.99
EC 1.1 ± 0.03 1.3 ± 0.02 1.3 ± 0.04 1.3 ± 0.18 1.2 ± 0.14 1.4 ± 0.16 1.5 ± 0.26 1.4 ± 0.37

2.2. Plant Material Preparation

The daughter plants used in this experiment were harvested from ‘Albion’ strawberry
stock plants that were fertilized with commercial fertilizer (N–P–K 20–10–20) in the green-
house. To obtain plant materials to start this experiment, the daughter plants were rooted
in 50-cell flats of growing media mix (Miracle-Gro Moisture Control Potting Mix, The Scotts
Company LLC, Marysville, OH, USA) after being stored in the fridge at 4 ◦C for 1 week.
The rooting of daughter plants took 2 weeks under a misting system and a subsequent
4 weeks under a sprinkler system until the plug plants were developed. No fertilizer was
applied during rooting. The misting system automatically works in 10 s periods at 5 min
intervals during the daytime. The sprinkler system was set to six times per day with 1 min
duration. Plug plants with a fully developed root ball, a crown diameter of 1–1.5 mm, and
2–3 fully expanded leaves were transplanted into 4 L planting pots for the experiment.
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2.3. Plant Traits and Data Analysis
2.3.1. Inflorescences

Inflorescences were counted on a weekly basis when the inflorescence stalk and flower
buds were visible. If there were primary flowers visible on the stalk, the inflorescence
stalks were removed from the crowns after counting (Figure 1).
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Figure 1. The inflorescence structure and daughter plant of strawberry plant ‘Albion’. (a) An inflorescence to be counted
with visible stalk and flower bud. The arrow points to the flower bud. (b) An inflorescence to be removed with visible
primary flower and elongated stalk. (c) A strawberry (‘Albion’) daughter plant (runner tip) with three fully expanded
leaves and visible rootlets [3].

2.3.2. Daughter Plant

Daughter plants were harvested in 2 week intervals when the rootlets of the daughter
plants were visible and at least two leaves were fully expanded. Before harvest, the number
of stolons attached to the mother plant was counted, and the total length of the first and
second internode of a sympodial unit on a stolon was measured from the beginning of the
first internode to the crown of corresponding daughter plant.

All harvested daughter plants were assessed for crown diameter, number of fully
expanded leaves, number of visible roots, and dry mass. Crown diameter was measured
on the widest diameter of the crown. Visible roots were counted. During each harvest, all
daughter plants harvested from the same mother plant were placed into one paper bag
and dried in a drying oven (Isotemp® Incubator Model 630D, Fisher Scientific Co. L.L.C.
Pittsburgh, PA, USA) with air circulation at 80 °C for at least 48 h. Dry mass of the daughter
plant was weighed individually using a precision balance (Mettler Toledo PL1502E, Mettler-
Toledo International Inc., Columbus, OH, USA).

2.3.3. Mother Plant Growth and Tissue Nutrient Analysis

Mother plants from each treatment were sampled for tissue nutrient analysis twice
during the experiment. Ten plants were sampled in each treatment. The mostly matured
young leaf, including trifoliate blade and petiole, was cut off at the bottom of the plant
and rinsed. Air-dried leaves were sent to the NCDA lab (North Carolina Department of
Agriculture & Consumer Services, Raleigh, NC, USA) for tissue nutrient analysis. Upon
termination of this experiment, all 10 strawberry mother plants were measured for crown
diameter and dry mass. The crown diameter was measured at narrow and wide length.
Dry mass was determined using the same procedure described above.
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2.3.4. Data Analysis

Statistical data analysis was completed using SAS version 9.4 (SAS Institute Inc.,
Cary, NC, USA). To compare the effects of different NO3

−:NH4
+ ratios on each parameter,

an overall comparison of one-way ANOVA was conducted by using PROC GLM procedure
of SAS, using a completely randomized design. The mean separation was subsequently
determined using the Fisher protected LSD test to compare the treatment effects one by
one, if there was a significantly overall difference. The significance level α = 0.05 was used
to identify the difference between the treatments.

The cumulative number of inflorescences and daughter plants was calculated at each
timepoint of data collection. The weekly cumulative inflorescence number was fitted in
a quadratic linear regression model (cumulative inflorescence vs. week) using the PROC
REG procedure of SAS. The cumulative daughter plant number was recorded biweekly
due to the 2 week harvest interval. The cumulative daughter plant number per week was
fitted into single linear regression model using the PROC REG procedure of SAS.

3. Results
3.1. Inflorescence and Daughter Plant Production

The inflorescence number of EB strawberry cultivar ‘Albion’ responded in a quadratic
manner to the increasing percentage of NH4

+ (Figure 2a). It increased when the percentage
of NH4

+ increased from 0% to 20% and dropped as it increased from 20% to 50%. The
average number of inflorescences was 10.3 ± 1.85 stems per plant in the 80%:20% treatment,
while it was 5.7 ± 1.24 per plant in the 50%:50%, and 7.1 ± 1.18 in the 60%:40% treatments.
On the other hand, 8.8 ± 1.19 inflorescences were produced in the 100%:0% treatment.
However, the production of daughter plants was not influenced by the percentage of NH4

+

(Figure 2b). The dry mass of daughter plants, as well as the crown diameter of daughter
plants, did not differ among treatments on any of the harvest days (Figure 3).
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Figure 2. Average number of inflorescences and daughter plants under increasing percentage of NH4
+ (the remainder

being NO3
−). (a) Average number of inflorescences (Infl) produced under increasing percentage of NH4

+. Shown are the
mean and standard error (n = 10). Data were analyzed with regression analysis and fitted in a quadratic regression line:
Infl = 12.16 − 0.09 NH4 − 0.005 NH4

2 (p-value = 0.05). Letters indicate the mean separation between treatments (Tukey
HSD, α = 0.05, p-value = 0.05). (b) Average number of daughter plants harvested under increasing percentages of NH4

+.
Shown are the mean and standard error (n = 10). No significant differences were found.
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Figure 3. Average crown diameter and dry mass of daughter plants over five harvest days across the four treatments.
(a) Average crown diameter (cm) of daughter plants harvested in all treatments. Shown are the mean and standard error.
No significant difference was found. (b) Average dry mass (g) over five harvest days across the four treatments. Shown are
the mean and standard error. No significant differences were found.

3.2. Mother Plant Growth

The macronutrient content of leaf tissue samples of the mother plant did not signif-
icantly differ between the treatments (Table 3), nor did the total dry mass of the mother
plant or crown diameter (Table 4).

Table 3. Macronutrient content (shown in %) in leaf tissue sample of strawberry plants of four treatments. The leaf sample
was taken from the youngest mature leaf twice during the experiment. Ten plants of each treatment were sampled at each
sampling timepoint. Data are presented as the mean ± standard deviation (n = 2). No statistical differences were observed
between treatments.

Treatments Nitrogen
(N)

Phosphorus
(P)

Potassium
(K)

Calcium
(Ca)

Sulphur
(S)

Magnesium
(Mg)

100%:0% 2.9 ± 0.23 0.59 ± 0.06 2.72 ± 0.59 1.71 ± 0.28 0.15 ± 0.00 0.27 ± 0.00
80%:20% 2.9 ± 0.18 0.55 ± 0.04 2.68 ± 0.38 1.60 ± 0.14 0.18 ± 0.04 0.32 ± 0.01
60%:40% 3.0 ± 0.08 0.49 ± 0.04 2.58 ± 0.06 0.94 ± 0.04 0.21 ± 0.06 0.28 ± 0.01
50%:50% 3.2 ± 0.25 0.50 ± 0.01 2.73 ± 0.11 1.03 ± 0.37 0.27 ± 0.08 0.28 ± 0.05

Table 4. Total dry mass and crown diameter of mother plants of four treatments. The mother plants were measured at the
end of the experiment. Crown diameter is presented as the average of narrow and wide measurements. Data are presented
as the mean ± standard deviation (n = 10). No significant differences were detected between treatments.

Treatments Dry Mass
(g)

Crown Diameter
(cm)

100%:0% 22.81 ± 10.94 3.54 ± 1.35
80%:20% 18.38 ± 8.61 3.30 ± 0.98
60%:40% 16.63 ± 5.62 3.19 ± 1.03
50%:50% 19.63 ± 6.07 3.31 ± 0.71
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4. Discussion
4.1. Nitrate–Ammonium Ratio Affects the Number of Inflorescences

A decreased amount of nitrate and an increased amount of ammonium decreased
inflorescence production in the EB strawberry ‘Albion’, while maintaining daughter plant
production at similar rates. The total number of inflorescences was the highest in the
80%:20% treatment, compared to all other treatments. It has previously been shown
that higher nitrogen rates enhance flowering in strawberry [9–14]. However, the effects
of different nitrogen sources on strawberry reproductive traits have not been very well
understood. According to Yamasaki et al. (2002), higher nitrate levels could stimulate
flower production, while a further increase in ammonium is believed to inhibit flower
initiation [17]. Yamazaki et al. (2002) showed this potential relationship in ‘Toyonoka’
strawberry, expressing reduced flower initiation under higher ammonium dosages [17].
Our treatments were selected on the basis of those findings, covering a range of 100% nitrate
to 50% nitrate and 50% ammonium. Total nitrogen, including both forms of nitrate and
ammonium, was constant at 6 mmoL/L across all treatments. While research in strawberry
is limited, ammonium was found to significantly inhibit the uptake of nitrate, as compared
to that observed with nitrate alone in barley [18,19] and Arabidopsis [20]. We were also
able to show reduced flowering under higher ammonium levels. The 80%:20% treatment
had more accessible nitrogen than the 100%:0% treatment due to high accessibility of
NH4

+ to plants. Treatments of 60%:40% and 50%:50% with elevated NH4
+ levels showed

reduced flowering. It is possible that the uptake of nitrate could be reduced by the higher
percentage of NH4

+ in our treatments of 60%:40% and 50%:50% [18–20]. It has also been
shown that flowering can be regulated by nitrate in Arabidopsis. [21]. Flowering under
different nitrogen rates was demonstrated as a U-shaped curve in the study of Lin and
Tsay (2017) [21]. Flowering time (number of days after seed stratification) was reduced by
increasing the nitrate content from 0.1 to 1.0 mmoL/L and increased after increasing the
nitrate content from 1.0 to 2.0 mmoL/L in Arabidopsis thaliana [21]. Albeit in a different
system, we could also observe a similar U-shaped curve under different nitrate levels in
strawberry. However, it is important to emphasize the limitations of our study, which was
based strictly on the assessment of morphological data. While we were able to indicate
important effects of nitrogen fertilizer ratios on flowering in strawberry, more research will
have to be conducted to understand the mechanisms behind those findings.

In our experiment, no symptoms of ammonium toxicity were observed, despite
the reports of strawberry cultivars being sensitive to ammonium [22]. Claussen and Lenz
(1999) revealed the sensitivity of strawberry by comparing the photosynthesis of strawberry
plants fed with solely ammonium, solely nitrate, or solely ammonium with CaCO3 at a total
nitrogen level of 6 mmoL/L. The 6 mmoL/L of solely ammonium severely impaired the
photosynthesis rate of strawberry [22]. However, the highest rate of ammonium used in this
experiment was 3 mmoL/L, which might have been below the toxic dose for strawberry
plants. Cárdenas-Navarro et al. (2006) treated strawberry plants with ammonium alone at
a nitrogen level of 4 mmoL/L, revealing the same fresh mass as those treated with nitrate
alone [23]. In our experiment, ammonium ratios were most likely below the threshold
where visible ammonium toxicity symptoms would have been observed [24]. We did
not observe any differences between treatments for daughter plant number, dry mass, or
crown diameter.

4.2. Nitrate-to-Ammonium Ratio Has No Effect on Daughter Plant Production

Overall, propagation rates and daughter plant characteristics were not influenced
by the different nitrate-to-ammonium ratio treatments. No statistical differences were
observed between treatments in the total dry mass of mother plants (including leaves,
crowns, and roots) or macronutrient content in leaf tissue. According to Brown and
Wareign (1965), flowering and asexual production are controlled by different genetic loci in
the wild strawberry (F. vesca) [25], although the two physiological processes seem to be
antagonistic with regard to plant responses to temperature and photoperiod [26–28]. This



Horticulturae 2021, 7, 571 8 of 9

almost mutually exclusive control of flowering induction and stolon formation (asexual
reproduction) was also confirmed by Konsin et al. (2001) [29] and Heide and Sønsteby
(2007) [30]. The exclusive control could explain why the flower production, but not
daughter plant production was affected by different ratios of nitrate to ammonium. In
addition, previous research showed that a mechanism allows the shoot meristem to quickly
adapt to rapid changes of nitrate concentration in Arabidopsis [31]. It is possible that
the daughter plant production was similar although the nitrogen supply status varied,
resulting from the resilience of the shoot meristem of strawberry plants.

5. Conclusions

The results of this experiment are a further step in the direction of optimized fertilizer
use in strawberry nurseries in the future. We showed that higher ammonium ratios in fertil-
izer solutions significantly decrease flower production in the long-day strawberry cultivar
‘Albion’, while maintaining daughter plant production. However, this study was con-
ducted in a greenhouse container system under the consideration of strictly morphological
traits. Further research is needed to understand the mechanisms behind our observations,
eventually leading to optimized fertilizer management in strawberry nurseries.
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