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Abstract: Sustainable nutrient and water management are critical for optimizing the quality and
subsequent landscape performance of nursery plants. In this 2-year study, we investigated the influence
of different nitrogen (N) rates [N-free fertilizer (0 N) or N-free fertilizer plus 7 (0.5 N) or 14 (1.0 N)
mg N per day from NH4NO3] and irrigation frequencies and volumes [once daily to 50% or 100%
container capacity (CC) or twice daily with the same total amount of water as 100% CC] on plant
growth, flowering, and nutrient uptake of three rhododendron cultivars, including one deciduous
cultivar, Rhododendron ‘Gibraltar’ and two evergreen cultivar, Rhododendron ‘P.J.M.’ and Rhododendron
‘Catawbiense Album’. In each case, the plants were grown in soilless media in year 1 and transplanted
to soil in year 2. Increasing the N rate in year 1 increased plant biomass and N content in both years
and improved flowering performance the following year. Furthermore, in year 1, irrigation once daily
to 50% CC or twice daily to 100% CC enhanced the uptake of several nutrients in each cultivar and the
growth of the evergreen cultivars. Plants that were irrigated more frequently during year 1 performed
better in the landscape the following year, while those irrigated to 50% CC only performed better in the
deciduous cultivar. In the evergreen cultivars, lower irrigation volume altered nursery plant qualities,
resulting in a trade-off between flower production and growth in year 2. Our results indicate that
manipulating N rates and irrigation frequency and volume can be used to alter nursery stock qualities
and improve subsequent performance in the landscape.

Keywords: landscape performance; nursery production; plant water use

1. Introduction

Nursery production strategies that improve plant survival, growth, and productivity
after transplanting can substantially improve the value of plants targeted for specific uses,
including reforestation, restoration, row crop transplants, and orchards [1–4]. Production
practices that influence consumer preferences in ornamental crops primarily focus on
aesthetic attributes (e.g., flowering, size, color, and shape) that influence their purchases,
but few studies address the longer-term performance of the plants after transplanting [5–10].
Links between nursery practices, stock qualities, and landscape performance have not been
well defined, even though there is increased economic pressure for growers to produce
high quality plants that can be established easily and perform well after transplanting [11].

Fertilizer and water are two major inputs in the container production of nursery crops.
Sustainable nursery crop production requires optimization of these inputs to achieve grow-
ers’ economic and environmental goals and requires information on how plants respond to
the combined effects of these inputs. Relationships between nutrient availability and water
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requirements may result in an additive effect of fertilizer and irrigation management on
production costs. While high rates of water and fertilizer application might improve the
growth of nursery crops, they can also increase production costs and result in excessive
nutrient leaching into the environment [7,12–15]. Furthermore, high fertilizer rates some-
times decrease water availability and increase plant drought stress, resulting in growers
applying more water to the plants [16], while more frequent irrigation can improve plant
water availability and nutrient uptake in containers and reduce the amount of fertilizer
required for optimal growth [17–20].

Decreasing water availability during nursery production may enhance crop quality by
preconditioning plants for future performance in stressful environments, such as retail out-
lets and landscapes [21–23]. Irrigation that allows substrates to dry to 40–75% of container
capacity (CC) can produce plants of acceptable consumer quality [7,24–26]. Although with
some species, drought treatments during nursery production can increase nutrient accumu-
lation [23], others report that decreasing irrigation may negatively influence plant nutrient
reserves that are essential for growth the following year [27,28]. There is little information
on how limiting water during container production of Rhododendron alters plant nutrition
and subsequent long-term plant performance once the plants leave the nursery. This type
of information is essential to developing irrigation strategies that improve or maintain the
quality of the end product.

Results from several studies suggest that irrigation frequency may alter nutrient avail-
ability in the growing substrate or affect the ability of plants to absorb and translocate
nutrients and water. For example, high rates of N application have been shown to increase
water stress in container-grown Rhododendron, resulting in a need for more frequent irri-
gation to decrease the stress [16]. Irrigation frequency alters the uptake and transfer of
water from roots to shoots by altering biomass allocation (root-to-shoot ratios) and stem
structure (shoot xylem:leaf area ratios) [23,29]. More frequent irrigation in containers can
also improve nutrient use efficiency and net uptake of several nutrients, even when altering
irrigation has little influence on plant biomass, and can alter performance (nutrient uptake
and flowering) after the plants are transplanted into the landscape [28]; however, little
is known about how irrigation frequency alters the performance of Rhododendron after
transplanting.

Manipulating irrigation frequency and volume alters substrate moisture in nursery
production. Reduced irrigation volume combined with increased irrigation frequency
decreases drainage and nutrient leaching [30]. Soilless substrates commonly used in nursery
production generally have variable water holding capacity and rewetting characteristics
that influence how plants respond to irrigation. Porous substrates with low water holding
capacity are used in the container production of Rhododendron, necessitating growers to
commonly apply water daily during hot weather to minimize plant water stress, even
though this practice may result in less efficient use of fertilizer.

Rhododendron is a large genus with about 1000 species in the family Ericaceae. Rhodo-
dendrons, which include azaleas, are popular for their beautiful flowers and have been
extensively used in the landscape. Most of the rhododendrons grown in gardens are hy-
brids. Rhododendrons are important nursery crops and contribute significantly to the US
economy. In 2019, the total sales were over USD 38 M for rhododendron and USD 97 M
for azalea [31]. Rhododendrons are also an important component of the Oregon nursery
industry, with an annual value of over USD 9.9 M for rhododendron and USD 4.5 M for
azalea [31].

The objective of this study was to investigate how altering irrigation frequency or
volume affects the transplant performance of deciduous and evergreen cultivars of Rhodo-
dendron when grown at three different rates of N fertilizer in a commercial soilless substrate
mix. Plant responses to treatments were assessed during the first growing season, as well as
for 8 months afterward when re-transplanted into soil, to determine how irrigation and N
management practices in containers might alter future plant performance in the landscape.
We hypothesized that (1) altering N rates and irrigation volume or frequency can affect the
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growth and nutrient uptake of container-grown Rhododendron and can result in varying
plant performance in the landscape, and (2) lowering nutrient and water availability in
containers may pre-condition plants for better transplant performance.

2. Materials and Methods
2.1. Plant Materials

Two evergreen cultivars of Rhododendron, ‘P.J.M.’, ARS#874 (PJM) and ‘Catawbiense
Album’, RHS#58 (CAT), and one deciduous cultivar, ‘Gibraltar’, RHS#58 (AZ), were used
in this 2-year study. Plants were obtained from a commercial nursery as 1-year-old liners
that were clonally propagated and grown in a cell tray (≈7 cm × 7 cm cell size) filled with
soilless substrate. In Year 1, plants were transplanted on 22 May into 3.8 L containers (18 cm
D × 18 cm W × 18 cm H; GL-400; Nursery Supplies, Inc., McMinnville, OR, USA) filled
with ~520 g of a substrate mix containing bark (50% by volume), sphagnum peat moss
(20%), perlite (15%), vermiculite (15%), dolomitic lime (3.6 kg m−3), gypsum (1.2 kg m−3),
and a proprietary wetting agent (SB-300; Sun Gro Horticulture, Bellevue, WA, USA) and
were grown outdoors in Corvallis, Oregon, USA (45◦59′04′′ N, 123◦27′22′′ W).

2.2. Year 1 N Rate Treatments

Plants were fertigated daily from 22 May to 11 Sept. by injecting a nutrient solution
through a separate drip irrigation system for each N treatment with one emitter per
container (2 L h−1; Netafim USA, Fresno, CA, USA). The nutrient solution contained N-free
fertilizer (0 N treatment; Cornell No N Formula 0-6-27, Greencare Fertilizers, Kankakee,
IL) or N-free fertilizer plus 7 mg d−1 N (0.5 N; lower N rate treatment) or 14 mg d−1 N
(1.0 N; higher N rate treatment) from NH4NO3. Electrical conductivity (EC) of the solutions
was monitored using an InLab 730 conductivity probe connected to a MultiSeven meter
(Mettler Toledo, Columbus, OH, USA) and measured weekly at 25 ◦C using 35 mL samples
collected from three drip emitters in each treatment. During Year 1, EC varied by <8%, and
plants received an estimated 0, 766, and 1566 mg N in each treatment, respectively, over the
entire growing season.

2.3. Year 1 Irrigation Treatments

In addition to fertigation, the plants were also irrigated with municipal water using
separate drip lines and emitters than the ones used for fertilizer applications. Treatments
included irrigation to 100% CC (W1 treatment) or 50% CC (W2 treatment) at 0800 HR daily
or irrigation with the same amount of water as the W1 treatment but in equal volumes
split between 0800 and 1500 HR daily (W3 treatment). The water holding capacity of the
substrates was 49% of the container volume and averaged 1370 mL of water at 100% CC.
Total irrigation volumes (water and fertigation) were corrected weekly by gravimetric
determination in three reference W1 plants per cultivar in the 1.0 N treatment. Based
on these measurements, W1 was dried to an average 56–65% CC between irrigations.
Daily target volumes in each irrigation treatment accounted for the water from fertigation.
Irrigation was monitored weekly by measuring the volume of water and nutrient solution
discharged from three fertigation and three irrigation emitters in each treatment. In Year 1,
a total of 484–604 mL, 251–319 mL, or 515–637 mL of water was applied per day in W1, W2,
and W3, respectively. Pans were placed below containers, and any leachate in the pans was
added back into containers. By July, this procedure was seldom necessary in W1 and was
never needed in the other irrigation treatments.

2.4. Year 2 Experimental Conditions

On 28 May in Year 2, plants were transplanted into 21 L containers (35 cm D × 35 cm
W × 25 cm H; GL-2800S; Nursery Supplies, Inc., McMinnville, OR, USA) filled with a
Willamette silt loam soil. The soil had a pH of 6.0, a CEC of 22 meq/100 g, and ~4 mg kg−1

NH4-N, 6 mg kg−1 NO3-N, 8 mg kg−1 P, 201 mg kg−1 K, 397 mg kg−1 Ca, 80 mg kg−1 Mg,
52 mg kg−1 Fe, 36 mg kg−1 Mn, 0.61 mg kg−1 B, 1.01 mg kg−1 Zn, and 0.8 mg kg−1 Cu
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(Central Analytical Lab., Oregon State University, Corvallis, OR, USA). The soil surface
was covered with a 6-cm-deep layer of partially decomposed Douglas fir bark chips. At
this point, the plants in each treatment were fertilized by hand with N-free fertilizer plus
20 mg N per week until 25 June and irrigated to 100% CC at 0800 HR every 2 d from 28 May
to 4 September.

2.5. Plant Growth and Flowering Measurements

Five plants per treatment were harvested destructively on 22 May (prior to treatment)
and 11 Dec. (Year 1) and on 4 June, 4 September, and 5 December (Year 2). The harvests
in December occurred after leaf fall in AZ; the harvest in June occurred after each cultivar
flowered and the leaves had emerged; the harvest in September occurred when the leaves
on the AZ plants began to senesce and change color. At each harvest, shoots were cut off
at the soil surface, separated into leaves and stems, and, when applicable, were divided
into 1-, 2-, and 3-year-old structures. Roots were washed from the growing substrate over
a 50-mesh screen, blotted dry with a paper towel, and weighed. The remaining plant
samples were dried at 65 ◦C in a forced-air oven (Model 1380FM, Sheldon Manufacturing,
Cornelius, OR, USA), weighed and ground to pass through a 40-mesh screen using a Wiley
Mill (Thomas Scientific, Swedesboro, NJ, USA), and stored in airtight containers until
analyzed for nutrients. The date when the first flower was fully expanded on the plants
and the number of flowers and inflorescences produced per plant was recorded daily from
5 Mar. to 29 May in Year 2. Spent flowers were collected before 4 June and processed for
dry weight (dw) and nutrient analyses.

2.6. Nutrient Analyses

Dried tissue samples were analyzed for P, K, Ca, Mg, S, B, Cu, Fe, Mn, and Zn using
an inductively coupled plasma optical emission spectrometer (Optima 8300; PerkinElmer,
Inc., Waltham, MA, USA) after digesting them in a microwave (Multiwave Pro; Anton-Paar,
Graz, Austria) with 70% (v/v) nitric acid [32,33]. Apple leaf reference standards (SRM 1515,
NIST; Gaithersburg, MD, USA) were included with each analysis to ensure the accuracy
of the spectrometry and digestion procedures. Carbon and N in each sample were also
measured using a combustion analyzer (Leco Corp., St. Joseph, MI, USA).

2.7. Substrate EC and Moisture

Substrate EC was measured directly using soil probes (FieldScout; Spectrum Technolo-
gies, Inc., Aurora, IL, USA) inserted at 2.54 cm and 7.62 cm depths at randomly chosen
locations ~2.54 cm from the sidewall of the containers. The measurements were taken
at midday (1030 HR and 1430 HR) every 2 weeks from June through September in five
containers per treatment. Values were standardized to those obtained using a pour-through
method on a fresh substrate [34]. Volumetric water content was measured using moisture
sensors (Wet-2; Delta-T Devices, Cambridge, UK) inserted to a depth of 68 mm at three
random locations ~2.54 cm from the side wall of the containers and averaged for each
container. The measurements were taken once per week at midday in five containers
per treatment. Wet sensor output was calibrated to CC for fresh substrate, and data are
expressed as %CC.

2.8. Leaf Stomatal Conductance

Stomatal conductance (gs) was measured periodically at midday on new fully ex-
panded leaves from five plants per treatment using a steady-state porometer (LI-1600;
LI-COR, Lincoln, NE, USA) [16]. These were the same plants used for substrate moisture
measurements.

2.9. Calculations

Nutrient content was calculated for each plant structure by multiplying the dw of
the given structure by its concentration. Total plant nutrient content was calculated as the
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sum of each nutrient in all plant parts [35]. Total plant biomass and nutrient content were
calculated as the sum of all structures (roots, stems, leaves, and flowers, if present). Total
nutrient concentration was calculated by dividing total nutrient content by total biomass
for each plant. Nitrogen and biomass allocation were calculated as the percentage of total
N and biomass in each plant structure. In year 1, the effects of irrigation on nutrient uptake
were calculated relative to the W1 treatment within each N rate (to adjust for any treatment
effects on plant size) and expressed as relative uptake. In year 2, percent change in growth
and nutrient uptake was calculated as the differences between the total dw or nutrient
content at two sequential harvest dates.

2.10. Data Analyses

Containers were arranged in a completely randomized design for each cultivar. Each
combination of treatments (3 N treatments× 3 irrigation treatments) was replicated 20 times
for a total of 180 plants per cultivar. All statistical analyses were performed using Statistica®

software (Statsoft, Inc., Tulsa, OK, USA). The data were checked for normality using
the Kolmogorov–Smirnov test at p ≤ 0.01 and tested for homogeneity of variance using
Levene’s test. Allocation data were arcsin-transformed prior to analyses and presented as
back-transformed means. Data were analyzed separately for each cultivar. Accumulation
and allocation of nutrients and biomass were assessed by ANOVA in a complete factorial
design with irrigation treatment and N rate as the main effects, while substrate EC, substrate
moisture, and gs were analyzed by ANOVA in complete factorial designs with date or depth
as a repeated measure, when appropriate. Where applicable, means were compared using
Tukey’s honest significant difference test at p ≤ 0.05 (Tukey HSD0.05). When there was no
significant interaction between effects, only the main effects are presented. The effects of
irrigation treatment and N treatment on flowering data were assessed using the Kruskal–
Wallis ANOVA and means were separated at p ≤ 0.05 (K-W0.05). Correlations between N
uptake in Year 1 and response variables were assessed using Pearson product–moment
correlation (r) at p ≤ 0.05.

3. Results
3.1. Effects of Different Nitrogen Rates on Plant Growth and Nutrient Uptake

A higher rate of N application in Year 1 increased the total plant dw and N content
of each cultivar at each harvest (Figure 1). Net dw and N accumulation was negligible
during the experiment when plants were grown with 0 N. On the other hand, plants treated
with 0.5 and 1.0 N accumulated more dw and less N, on average, in Year 2 than in Year 1.
Biomass accumulated by the end of Year 1 (December) accounted for 35% to 48% of dw in
Year 2 in 0.5 N and 1.0 N plants, while N accumulated in Year 1 accounted for more than
79% of the N accumulated in Year 2. In December, there was a positive linear relationship
between N rate and biomass in Year 1 (r > 0.8299; p < 0.0001) and Year 2 (r > 0.8537;
p < 0.0001). On average, for every g of N applied, AZ, CAT, and PJM accumulated 9, 11,
and 17 g dw, respectively, by December in Year 1 and accumulated 25, 43, and 38 g dw,
respectively, by December in Year 2.

Applying N at a higher rate enhanced uptake and concentration of several nutrients
in Year 1, including P, Ca, and B in each cultivar, Zn in AZ, Mg and Fe in CAT, and K,
S, Fe, and Zn in PJM (Figure S1). Similar to N, uptake of other nutrients showed minor
changes when plants were grown without N (data not shown). A higher N rate increased
N content in each cultivar in Year 2 (Figure 1); however, N concentrations were similar
among the N treatments. In December, there was a positive linear relationship between
N uptake and biomass in Year 1 (r > 0.9795; p < 0.0001) and Year 2 (r > 0.7968; p < 0.0001).
On average, for every g of N uptake, AZ, CAT, and PJM accumulated 81, 97, and 80 g dw,
respectively, by December in Year 1 and accumulated 184, 319, and 167 g dw, respectively, by
December in Year 2.
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Figure 1. Total biomass (dry weight; dw) and N content of ‘Gibraltar’ (AZ) (A,D), ‘Catawbiense 
Album’ (CAT) (B,E), and ‘P.J.M.’ (PJM) Rhododendron (C,F). In Year 1, plants were grown in soilless 
media with N-free fertilizer (0 N) or N-free fertilizer plus 7 (0.5 N) or 14 (1.0 N) mg N per day from 
NH4NO3 and irrigated once daily to 100% (W1) or 50% (W2) container capacity or twice daily to 
100% container capacity (W3). In year 2, the plants were transplanted into soil. Data are pooled 
across irrigation treatments, and error bars represent least significant differences at p ≤ 0.05. 
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by December in Year 2. 

The effects of the N rate on nutrient uptake varied between the higher N treatments 
in Year 2 (Figure S2). In general, 0.5 N plants accumulated similar or more biomass and 
nutrients than 1.0 N plants in late winter and spring (January to June) and less biomass 
and nutrients in the summer (June to September). In addition, 0.5 N plants of AZ retained 
more biomass and nutrients in autumn and early winter (September to December) than 
1.0 N plants of AZ. Nitrogen application had a similar influence on the content of most 
nutrients in the plants by December of Year 2, where the higher N rate increased nutrient 
content but had no effect on nutrient concentrations (data not shown). 

3.2. Effects of Irrigation Volume and Frequency on Plant Growth and Nutrient Uptake 
The irrigation treatments had no significant effect on growth or nutrient uptake in 

the 0 N plants (Figure 2). In contrast, when plants were fertilized with 0.5 and 1.0 N, less 
irrigation (W2 vs. W1) and more frequent water applications (W3 vs. W1) increased bio-
mass in the evergreen cultivars and increased N content in each cultivar. 
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Figure 1. Total biomass (dry weight; dw) and N content of ‘Gibraltar’ (AZ) (A,D), ‘Catawbiense
Album’ (CAT) (B,E), and ‘P.J.M.’ (PJM) Rhododendron (C,F). In Year 1, plants were grown in soilless
media with N-free fertilizer (0 N) or N-free fertilizer plus 7 (0.5 N) or 14 (1.0 N) mg N per day from
NH4NO3 and irrigated once daily to 100% (W1) or 50% (W2) container capacity or twice daily to
100% container capacity (W3). In year 2, the plants were transplanted into soil. Data are pooled across
irrigation treatments, and error bars represent least significant differences at p ≤ 0.05.

The effects of the N rate on nutrient uptake varied between the higher N treatments
in Year 2 (Figure S2). In general, 0.5 N plants accumulated similar or more biomass and
nutrients than 1.0 N plants in late winter and spring (January to June) and less biomass and
nutrients in the summer (June to September). In addition, 0.5 N plants of AZ retained more
biomass and nutrients in autumn and early winter (September to December) than 1.0 N
plants of AZ. Nitrogen application had a similar influence on the content of most nutrients
in the plants by December of Year 2, where the higher N rate increased nutrient content but
had no effect on nutrient concentrations (data not shown).

3.2. Effects of Irrigation Volume and Frequency on Plant Growth and Nutrient Uptake

The irrigation treatments had no significant effect on growth or nutrient uptake in
the 0 N plants (Figure 2). In contrast, when plants were fertilized with 0.5 and 1.0 N,
less irrigation (W2 vs. W1) and more frequent water applications (W3 vs. W1) increased
biomass in the evergreen cultivars and increased N content in each cultivar.

Compared to the W1 treatment, the W2 and W3 treatments also enhanced uptake of
certain nutrients by the 0.5 N and 1.0 N plants during Year 1 (Figure S1). For example,
less irrigation in W2 enhanced N uptake in each cultivar, while more frequent irrigation in
W3 enhanced N uptake by AZ. With some exceptions, enhanced uptake of nutrients other
than N by AZ and CAT primarily occurred at the higher N rate. In PJM, enhanced nutrient
uptake generally occurred at both the 0.5 N and 1.0 N rates. Compared to PJM, irrigation
volume had a greater influence on nutrient uptake by AZ and CAT. Less irrigation enhanced
uptake of K, Fe, Mn, and B by AZ and CAT, as well as uptake of P by PJM and uptake
of P and S by CAT. Irrigation frequency, on the other hand, had a greater influence on
nutrient uptake by AZ and PJM than by CAT. Specifically, more frequent water applications
in W3 enhanced uptake of Mg, B, and Zn by AZ and PJM, uptake of P, K, and Mn by AZ,
uptake of S, Ca, and Cu by PJM, and uptake of Ca and Mg by CAT.
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Compared to the W1 treatment, the W2 and W3 treatments also enhanced uptake of 
certain nutrients by the 0.5 N and 1.0 N plants during Year 1 (Figure S1). For example, less 
irrigation in W2 enhanced N uptake in each cultivar, while more frequent irrigation in W3 
enhanced N uptake by AZ. With some exceptions, enhanced uptake of nutrients other 
than N by AZ and CAT primarily occurred at the higher N rate. In PJM, enhanced nutrient 
uptake generally occurred at both the 0.5 N and 1.0 N rates. Compared to PJM, irrigation 
volume had a greater influence on nutrient uptake by AZ and CAT. Less irrigation en-
hanced uptake of K, Fe, Mn, and B by AZ and CAT, as well as uptake of P by PJM and 
uptake of P and S by CAT. Irrigation frequency, on the other hand, had a greater influence 
on nutrient uptake by AZ and PJM than by CAT. Specifically, more frequent water appli-
cations in W3 enhanced uptake of Mg, B, and Zn by AZ and PJM, uptake of P, K, and Mn 
by AZ, uptake of S, Ca, and Cu by PJM, and uptake of Ca and Mg by CAT. 

During Year 2, irrigation treatments generally had a similar or greater effect on 
growth and N uptake of 1.0 N plants than they did on 0.5 N plants. The effects of irrigation 
treatments on growth and nutrient uptake also occurred at different times in Year 2 (Fig-
ure 3). Less irrigation (W2) and more frequent water applications (W3) in Year 1 reduced 
growth and nutrient uptake in each cultivar the following spring but had different effects 
on growth and nutrient uptake by the following summer and autumn. 

B
io

m
as

s 
(g

 d
w

)
20

40

60

80

100

120

Year 1
Year 2

A. AZ B. CAT

**

C. PJM

*

*

***

*

***

*

***

****
***

***

***

*
*

***

*

***
*

***

*

_____________    _____________
         0.5 N                   1.0 N       
W1 W2 W3 W1 W2 W3 

N
itr

og
en

 C
on

te
nt

 (m
g)

-200

-100

0

100

200

300

400

500 Year 1
Year 2

D. AZ

_____________    _____________
         0.5 N                   1.0 N       

Year 1 N Rate and Irrigation Treatment

W1 W2 W3 W1 W2 W3 

E. CAT

_____________    _____________
         0.5 N                   1.0 N       
W1 W2 W3 W1 W2 W3 

F. PJM

*
****

**
**
*

** ***
**

*

***

*

* ***

* *

*

***
*

*
* *

* *

Figure 2. Total biomass (dry weight; dw) and N content of ‘Gibraltar’ (AZ) (A,D), ‘Catawbiense
Album’ (CAT) (B,E), and ‘P.J.M.’ (PJM) Rhododendron (C,F). In Year 1, plants were grown in soilless
media with N-free fertilizer (0 N) or N-free fertilizer plus 7 (0.5 N) or 14 (1.0 N) mg N per day from
NH4NO3 and irrigated once daily to 100% (W1) or 50% (W2) container capacity or twice daily to
100% container capacity (W3). In year 2, the plants were transplanted into soil. Segments within each
column represent net biomass or N content in December of Year 1 and Year 2. Net biomass and N
content within a year and N rate denoted by a single asterisk (*) are significantly different from W1
(p < 0.05). Whole columns within an N rate denoted by two asterisks (**) are significantly different
from W1 (p < 0.05).

During Year 2, irrigation treatments generally had a similar or greater effect on growth
and N uptake of 1.0 N plants than they did on 0.5 N plants. The effects of irrigation treat-
ments on growth and nutrient uptake also occurred at different times in Year 2 (Figure 3).
Less irrigation (W2) and more frequent water applications (W3) in Year 1 reduced growth
and nutrient uptake in each cultivar the following spring but had different effects on growth
and nutrient uptake by the following summer and autumn.

By December in Year 2, more frequent water application (W3) increased biomass and
N content in all cultivars because of increased growth and N uptake during the summer
(all cultivars) and more biomass (AZ and PJM) and N retention (PJM) in the plants in the
autumn (Figures 2 and 3). Similar to N, more frequent watering in W3 also increased the
content of several other nutrients, even though W3 plants accumulated fewer nutrients than
W1 plants during the spring. However, by summer, more frequent irrigation increased the
uptake of other nutrients in each cultivar. Furthermore, W3 plants retained more nutrients
in the autumn, particularly in evergreen cultivars. Overall, between May of Year 1 and
December of Year 2, more frequent irrigation enhanced the uptake of N, P, and K in AZ
and the uptake P, Ca, Mg, B, and Cu in the evergreen cultivars.

Irrigation volume differentially altered biomass and nutrient accumulation of each
cultivar during Year 2 (Figure 3). By December, less irrigation (W2) in the previous year
increased biomass and accumulation of several nutrients in AZ because it increased growth
and nutrient uptake the following summer and resulted in greater biomass retention in
the autumn. In CAT, the W2 plants had similar growth and nutrient accumulation over
the spring and summer as the W1 plants. Therefore, the effects of irrigation volume on
biomass and nutrient accumulation in CAT were primarily due to its effects on growth and
nutrient uptake in Year 1. In PJM, less irrigation in W2 decreased biomass and nutrient
accumulation by the end of Year 2 because the W1 plants grew more and accumulated
more nutrients than the W2 plants. In both evergreen cultivars, the W2 plants had similar
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or lower content of most nutrients by December of Year 2 than the W1 plants, even though
they generally retained more nutrients in the autumn than the W1 plants.
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Figure 3. Change in biomass (dry weight; DW) and nutrient content of ‘Gibraltar’ (AZ) (A–C), ‘Cataw-
biense Album’ (CAT) (D–F), and ‘P.J.M.’ (PJM) (G–I) Rhododendron in the spring, summer, and autumn
after transplanting them to soil in Year 2. The previous year, plants from each cultivar were grown in
soilless media with N-free fertilizer (0 N) or N-free fertilizer plus 7 (0.5 N) or 14 (1.0 N) mg N per day
from NH4NO3 and irrigated once daily to 100% (W1) or 50% (W2) container capacity or twice daily to
100% container capacity (W3). Data are pooled across N treatments, and asterisks indicate the change
in biomass or nutrient content was significantly increased or decreased by the W2 or W3 irrigation
treatment when compared to the W1 treatment (p ≤ 0.05).

Compared to AZ, irrigation volume had less influence on nutrient uptake in the
evergreen cultivars. Overall, between May of Year 1 and December of Year 2, less irrigation
in W2 enhanced the uptake of all nutrients by AZ, except Mg. It also enhanced the uptake
of P, K, Ca, Mn, and B in CAT but had little influence on any nutrient other than N in PJM.

3.3. Allocation of Plant N and Biomass

Allocation of N and biomass in the plants responded similarly to treatments through-
out the experiment (Table 1; biomass allocation not shown). Generally, greater N reduced
allocation belowground in each cultivar by December of Year 1 and by spring of Year 2,
after which the effects of N rate on allocation varied among the cultivars. By Year 2, the
effects of the N rate on allocation by AZ and CAT were similar in September and December
(Table 1). In general, greater N reduced allocation to roots in AZ and CAT and increased
allocation to the stems. In PJM, greater N increased allocation to roots and stems and
decreased allocation to leaves.
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Table 1. Nitrogen (N) allocation in ‘Gibraltar’ (AZ), ‘Catawbiense Album’ (CAT), and ‘P.J.M.’ (PJM)
Rhododendron. In Year 1, plants from each cultivar were grown in soilless media with N-free fertilizer
(0 N) or N-free fertilizer plus 7 (0.5 N) or 14 (1.0 N) mg N per day from NH4NO3 and irrigated once
daily to 100% (W1) or 50% (W2) container capacity or twice daily to 100% container capacity (W3). In
year 2, the plants were transplanted into soil.

Cultivar, Time, and Structure

Allocation (% Total Plant)

N Treatment Irrigation Treatment

0 N 0.5 N 1.0 N W1 W2 W3

AZ
December Year 1

Roots 70 a 1 71 a 58 b 67 a 65 a 61 b
Stems 30 b 29 b 42 a 33 b 35 b 39 a

December Year 2
Roots 69 a 58 b 50 c 58 a 54 b 52 b
Stems 31 c 42 b 50 a 42 b 46 a 48 a

CAT

December Year 1
Roots 32 a 25 b 21 c 24 a 23 a 24 a
Stems 11 b 13 ab 14 a 13 a 14 a 15 a
Leaves 56 b 62 a 65 a 63 a 63 a 61 a

December Year 2
Roots 48 a 42 b 40 b 41 a 41 a 40 a
Stems 8 b 17 a 19 a 16 b 20 a 18 b
Leaves 43 a 41 a 41 a 43 a 39 b 42 a

PJM

December Year 1
Roots 34 a 28 b 26 b 27 a 26 a 27 a
Stems 28 a 23 b 23 b 24 a 25 a 22 a
Leaves 38 b 49 a 51 a 49 a 49 a 52 a

December Year 2
Roots 34 b 38 a 38 a 41 a 31 b 40 a
Stems 19 c 29 b 35 a 35 a 30 a 33 a
Leaves 47 a 33 b 27 c 24 b 39 a 27 b

1 Means followed by the same letter within a row and response variable are not significantly different at p ≤ 0.05.

Irrigation treatments had similar effects on the allocation of N and biomass when
the plants were fertilized with 0.5 N and 1.0 N but had no effect on allocation when
they were grown with 0 N (data not shown). By the end of Year 1 (Dec.), more frequent
irrigation in W3 reduced the allocation below ground in AZ (Table 1). During Year 2,
irrigation treatments had a similar or greater influence on allocation in 1.0 N plants than
0.5 N plants (data not shown). By June, both reduced irrigation (W2) and more frequent
irrigation (W3) increased allocation to roots and decreased allocation to leaves in AZ,
and both treatments had opposite effects on allocation later in the year. In the evergreen
cultivars, only irrigation volume altered allocation. In September and December of Year
2, less irrigation in W2 increased allocation to stems, reduced allocation to leaves in CAT,
decreased allocation to roots and stems, and increased allocation to leaves in PJM.

3.4. Flowering

The treatments applied in Year 1 had no effect on the timing of flowering the following
spring. Plants flowered within 3 d of 1 May, 10 May, and 12 May in AZ, CAT, and PJM,
respectively. More N increased the percentage of plants that flowered on average as well
as the number and biomass of flowers produced on the plants (Table 2). In AZ, higher N
did not influence the number of inflorescences produced; however, it increased the size
of the inflorescences. In contrast, higher N increased the number of inflorescences in the
evergreen cultivars, as well as the size of the inflorescences in CAT. When plants produced
flowers in Year 2, the biomass of the inflorescences accounted for <7% of the total biomass
of the plants in June that year, while the N content of the inflorescences accounted for <5%
of total N in the plants during December of the previous year.
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Table 2. Effects of N and irrigation treatments on flowering of ‘Gibraltar’ (AZ), ‘Catawbiense Album’
(CAT), and ‘P.J.M.’ (PJM) Rhododendron. In Year 1, plants were grown in soilless media with N-free
fertilizer (0 N) or N-free fertilizer plus 7 (0.5 N) or 14 (1.0 N) mg N per day from NH4NO3 and
irrigated once daily to 100% (W1) or 50% (W2) container capacity or twice daily to 100% container
capacity (W3). In year 2, the plants were transplanted into soil.

Cultivar Variable
N treatment Irrigation Treatment

0 N 0.5 N 1.0 N W1 W2 W3

AZ

Plants with flowers (%) 21 c 1 56 b 86 a 59 b 72 a 84 a
Flowers/plant 6 c 13 b 30 a 17 b 23 a 25 a

Flower dry wt (mg) 13 b 17 b 31 a 19 a 16 a 20 a
Inflorescences/plant 1 a 1 a 3 a 2 a 2 a 2 a

Flowers/inflorescence 5 b 11 a 10 a 9 b 12 a 12 a

CAT

Plants with flowers (%) 0 c 39 b 86 a 67 a 67 a 55 a
Flowers/plant 0 c 10 b 25 a 10 b 19 a 24 a

Flower dry wt (mg) 0 c 86 b 99 a 91 b 122 a 65 b
Inflorescences/plant 0 b 2 a 5 a 2 a 3 a 3 a

Flowers/inflorescence 0 b 7 a 5 a 6 a 7 a 7 a

PJM

Plants with flowers (%) 9 b 97 a 95 a 96 a 92 a 100 a
Flowers/plant 3 b 4 b 18 a 12 b 23 a 12 b

Flower dry wt (mg) 38 c 54 b 93 a 38 b 77 a 61 a
Inflorescences/plant 1 b 2 b 6 a 6 a 5a 6 a

Flowers/inflorescence 3 a 2 a 3 a 2 a 4a 2 a
1 Means followed by the same letter within a row and treatment (N or irrigation) are not significantly different at
p ≤ 0.05.

In Year 2, reduced irrigation (W2) and more frequent water applications (W3) during
the previous year caused similar responses in measured flowering variables in plants
fertilized with 0.5 N and 1.0 N in Year 1; however, neither of these treatments had any effect
on flowering of the plants treated with 0 N (data not shown). These treatments also had
less effect on flowering in the evergreen cultivars than in the deciduous cultivar (Table 2).
On average, both treatments enhanced flower production in AZ by increasing the number
of plants that flowered, the number of flowers produced, and the size of inflorescences.
Both treatments also affected flower production in the evergreen cultivars but had no effect
on inflorescence size or the number of plants that flowered in these cultivars. In evergreen
cultivars, reduced irrigation in W2 increased the number of flowers produced and flower
biomass, while more frequent water applications in W3 increased flower biomass, but only
increased the number of flowers produced in CAT.

3.5. Electrical Conductivity and Moisture Content of the Substrate

In Year 1, the vertical distribution of EC in the growing substrate was non-uniform
and fluctuated over the growing season. On average, salts accumulated deeper in the
containers during June and closer to the surface of the substrate during August (Table 3).
The greatest differences in substrate EC occurred in August among the N treatments and in
June and August among the irrigation treatments. For most of the year, EC was lowest in
plants grown with 0 N but was higher in plants fertilized with 0.5 N than with 1.0 N (at
least until July, after which EC was similar or lower with 0.5 N than with 1.0 N).

The irrigation treatments had little influence on substrate EC in 0 N plants but, in
general, irrigation to 50% CC (W2) increased EC when plants were fertilized with 0.5 N
or 1.0 N. In contrast, more frequent irrigation in W3 increased EC at a depth of 2.54 cm in
AZ and at depths of 2.54 cm and 7.62 cm in CAT. More frequent irrigation also increased
substrate EC in PJM when the plants were fertilized with 1.0 N.

Neither N nor irrigation treatments influenced moisture readings in the substrate until
August (Table 3). At that point, plants grown with 0 N or 0.5 N had greater substrate
moisture than those grown with 1.0 N. Furthermore, reducing irrigation to 50% CC resulted
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in lower substrate moisture readings in AZ and PJM, but it had no influence on moisture
readings in CAT. On average, more frequent water applications (W3) increased substrate
moisture during August and had the greatest influence on substrate moisture when AZ
and CAT were fertilized with 1.0 N. In contrast, irrigation frequency had no influence on
substrate moisture when PJM was fertilized at a higher N rate.

Table 3. Substrate moisture and electric conductivity (EC) in ‘Gibraltar’ (AZ), ‘Catawbiense Album’
(CAT), and ‘P.J.M.’ (PJM) Rhododendron. In Year 1, plants from each cultivar were grown in soilless
media with N-free fertilizer (0 N) or N-free fertilizer plus 7 (0.5 N) or 14 (1.0 N) mg N per day from
NH4NO3 and irrigated once daily to 100% (W1) or 50% (W2) container capacity or twice daily to
100% container capacity (W3). In year 2, the plants were transplanted into soil. EC measured at
2.54 cm and 7.62 cm.

Variable and Irrigation
Treatment

AZ CAT PJM

0 N 0.5 N 1.0 N 0 N 0.5 N 1.0 N 0 N 0.5 N 1.0 N

Substrate Moisture (%CC)

Early August
W1 69 a 1 70 a 65 b 69 a 65 ab 61 b 75 a 73 a 64 b
W2 66 ab 68 a 63 b 71 a 67 a 62 b 74 a 71 a 62 b
W3 71 ab 74 a * 68 b * 72 a 72 a * 68 b * 77 a * 74 a 65 b

Late August
W1 63 a 64 a 62 a 65 a 62 a 64 a 68 a 66 a 60 b
W2 57 a * 54 a * 55 a * 66 a 65 a 64 a 62 a * 60 b * 58 c
W3 76 a * 73 a * 68 b * 73 a * 75 a * 73 a * 76 a * 71 b * 64 c

Substrate EC (µS cm−1)

2.54 × 10−2 m
W1 600 b 536 b 853 a 587 b 608 b 833 a 538 b 542 b 864 a
W2 702 c 1013 b * 1327 a * 645 b 1189 a * 1243 a * 633 c 865 b * 1682 a *
W3 620 b 865 a * 1068 a * 682 c 854 b * 1139 a * 591 b 718 b 1038 a *

7.62 × 10−2 m
W1 862 c 1331 a 1165 b 1042 b 1147 b 1344 a 765 c 1112 b 1645 a
W2 889 b 1321 a 1483 a * 1027 c 1854 b * 2335 a * 907 c 1348 b * 2188 a *
W3 927 b 1154 a * 1180 a 1013 b 1644 a * 1748 a * 882 c 1194 b 1941 a *

1 Means followed by the same letter within a row and cultivar are not significantly different at p ≤ 0.05, and
asterisks (*) indicate that means of W2 or W3 irrigation treatment within a column and response variable are
significantly different from W1 at p ≤ 0.05.

3.6. Stomatal Conductance

In each cultivar, plants grown with 0 N had the lowest rates of gs and were unaffected
by the irrigation treatments (Table 4). However, there was no difference in gs between
plants fertilized with 0.5 N and 1.0 N until August, when gs with 0.5 N was similar to or
higher on average than with 1.0 N. Irrigation to 50% CC (W2) increased gs by mid-July in
AZ and CAT and by August in PJM. Irrigation twice daily to 100% CC (W3) also increased
gs on several dates, and this occurred more frequently in CAT than in AZ and PJM. In this
case, more frequent irrigation increased gs of CAT on nearly every measurement date but
only increased gs of AZ and PJM during August. In late August, the effects of irrigation
frequency and volume on gs were similar between plants fertilized with 0.5 N and 1.0 N in
AZ and CAT and with 1.0 N in PJM.

By Year 2, the effect of the N rate on gs in AZ was similar among the irrigation
treatments (Table 4). In this case, plants fertilized with 1.0 N had higher gs by July that year
than those grown with 0 N, while those fertilized with 0.5 N had the lowest gs among the
N treatments by August. In contrast to AZ, the effect of the N rate on gs in the evergreen
cultivars differed among the irrigation treatments in July and August. During both months,
higher N generally increased gs when CAT was irrigated daily to 50% to 100% CC (W1 and
W2) but reduced gs when the cultivar was irrigated twice daily to 100% CC (W3). In
contrast, higher N generally reduced gs of PJM in each irrigation treatment during July and
August. In July, less irrigation (W2) and more frequent water applications (W3) increased
gs in plants grown with 0 N but had little influence on gs at other N rates. However, by
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August, less irrigation reduced gs in the evergreen cultivars at nearly every N rate, while
more frequent water application increased gs in plants grown with 0 N and reduced gs
when CAT or PJM were fertilized with 0.5 N and/or 1.0 N.

Table 4. Stomatal conductance (gs) in ‘Gibraltar’ (AZ), ‘Catawbiense Album’ (CAT), and ‘P.J.M.’ (PJM)
Rhododendron. In Year 1, plants from each cultivar were grown in soilless media with N-free fertilizer
(0 N) or N-free fertilizer plus 7 (0.5 N) or 14 (1.0 N) mg N per day from NH4NO3 and irrigated once
daily to 100% (W1) or 50% (W2) container capacity or twice daily to 100% container capacity (W3). In
year 2, the plants were transplanted into soil.

Time and Irrigation
Treatment 1

gs (mmol m−2 s−1)

AZ CATy PJMy

0 N 0.5 N 1.0 N 0 N 0.5 N 1.0 N 0 N 0.5 N 1.0 N

Early August Year 1

W1 69 b 1 143 a 144 a 173 b 284 a 252 a 161 b 334 a 309 a
W2 75 c 246 a * 199 b 198 b 342 a * 312 a * 172 b 337 a 374 a *
W3 95 c 210 a * 204 b 196 b 351 a * 304 a * 188 b 380 a * 401 a *

Late August Year 1

W1 65 b 147 a 157 a 184 b 276 a 232 ab 173 b 270 a 281 a
W2 70 c 252 a * 219 b * 212 c 332 a * 288 b * 190 c 279 b 326 a *
W3 97 b 216 a * 207 a * 210 b 319 a * 297 a * 185 c 259 b 350 a *

July Year 2

W1 106 b 112 ab 128 a 116 b 263 a 246 a 152 a 161 a 86 b
W2 109 b 130 a 134 a 193 c * 247 b 244 a 270 a * 129 b 101 b
W3 102 b 129 ab 142 a 241 a * 260 a 184 b * 238 a * 143 b 110 c

August Year 2

W1 122 a 95 b 121 a 189 c 369 a 297 b 222 a 180 b 101 c
W2 102 a 74 b 106 a 120 b * 216 a * 187 a * 173 a * 97 b * 92 b
W3 115 a 69 b 134 a 396 a * 245 b * 214 b * 324 a * 139 b * 118 b

1 Means followed by the same letter within a row and cultivar are not significantly different at p ≤ 0.05, and
asterisks (*) indicate that means of W2 or W3 irrigation treatment within a column and response variable are
significantly different from W1 at p ≤ 0.05.

4. Discussion
4.1. Rate of N Application

A higher rate of N application in soilless media improved the performance (total
biomass, nutrient content, and flowering) of container-grown Rhododendron the following
year when the plants were transplanted into soil. Therefore, increasing the rate of N
application improves the qualities of the plants that are important for promoting their
growth and survival in the landscape.

A higher N rate also enhanced the nutrient status of 1-year-old container-grown Rhodo-
dendron. This was expected since N is generally considered the primary driving force for plant
growth [36], thus enhancing the demand for nutrients. Improved growth in the first year was
also associated with greater concentrations of several nutrients other than N, indicating that
better N status in container production enhances the ability of plants to absorb other nutrients.
Similar results were found in previous studies on Rhododendron [20,28]. In the current study,
the effects of the N rate on plant nutrient status in containers were positively correlated with
plant growth and nutrient uptake the following year, suggesting that nutrient status was a
primary driver of improved plant performance after transplanting.

Seasonal changes in substrate EC suggested that there was differential uptake of
nutrients among the cultivars in the present study. For example, in AZ, substrate EC
was similar until August, at which point readings were greater when the plants were
fertigated at a higher N rate (1.0 N) than at a lower rate (0.5 N). This suggests that the
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plants may have benefited from a high N rate initially, but by late summer, the amount of N
supplied at the higher rate was greater than the plant’s demand for the nutrient. In contrast,
substrate EC differed between N rates throughout summer in the evergreen cultivars.
This suggests that in evergreen cultivars, the fertilizer rates provided were greater than
plant demand while the plants were in the substrate. However, since evergreen cultivars
absorbed more N than the deciduous cultivar, evergreen cultivars were either more efficient
at N uptake than the deciduous cultivar or N uptake occurred for a longer period of time
during the growing season. In the deciduous cultivar, nutrient uptake was low by August
compared to the evergreen cultivars, which continued to take up N into winter [37]. These
results indicate that, compared to deciduous cultivars, factors that limit nutrient uptake
during the summer (e.g., limited water and nutrient availability) may have less impact on
nutrient resources required for growth the following year in evergreen cultivars than in
deciduous cultivars.

The plant’s N status altered the allocation of resources among structures within the
plants. In this case, a higher N rate decreased the allocation of resources to roots during the
first year of growth. One method of assessing the effect of the growing environment on
plant growth is to analyze the allocation of biomass and nutrients to different structures [38].
Plants commonly allocate more N and biomass to roots when they are under nutrient or
water stress [39]. In our study, N fertilization increased gs in two of the cultivars (AZ and
CAT), at least until August, after which time plants fertilized with N showed signs of water
stress, including lower gs, in some of the irrigation treatments; however, higher N levels
did not appear to have a negative effect on gs in PJM. These results indicate that greater N
can increase water stress and that differences in allocation in response to N is a function of
water and nutrient availability in certain cultivars. Resource allocation during container
production alters the esthetic qualities of the plants, as well as intrinsic qualities that may
alter plant performance in the landscape (e.g., root-to-shoot balance, storage locations for
nutrients, etc.). While growing plants without N fertilizer is not practiced in commercial
nurseries, some studies have shown that lowering N may improve plant performance after
transplanting, particularly if the plants have a larger root system as a result and are storing
a larger proportion of their reserves in their roots or other belowground structures [27].

Increased allocation to roots during container production was not associated with
plant performance after transplanting in the present study. Less N restricted both plant
growth and nutrient uptake of Rhododendron after transplanting to soil the following year,
indicating that greater resource allocation to roots at lower N rates did not improve plant
performance the following year. Similarly, although lowering the N rate increased the
allocation of biomass and N to roots of Mediterranean oak (Quercus ilex) grown in containers,
plants grown with more N performed better than those with less N once the plants were
transplanted into the field [40]. In our study, plants flowered just prior to transplanting,
which may have affected subsequent root production by depleting reserves in the plants.
This suggests that when lower N rates are used in container production of Rhododendron,
plants may require higher rates of fertilizer after transplanting to minimize the impacts of
flowering on reserves.

Limiting N during container production does not appear to pre-condition Rhododendron
for better performance after transplanting into soil. Under our study conditions, lowering
N rates during the first growing season had no pre-conditioning effect on growth or N
uptake of any cultivar during the second growing season. Plants grown at the highest
N rate in Year 1 grew the most and absorbed the most N the following year. In contrast,
plants grown at a lower N rate (0.5 N) generally retained more N (and a higher percentage
of total N) by autumn of the second year than those that were grown at a higher N rate
(1.0 N), suggesting moderate amounts of N may provide longer-term benefits to transplant
performance than higher rates in terms of nutrient retention. Others have shown that
lowering fertilizer rates in nursery production can reduce the growth and survival of plants
after transplanting into less-than-optimal growing conditions [41,42].
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4.2. Irrigation Frequency

Much like higher N rates, more frequent water applications in soilless media improved
the performance of container-grown Rhododendron the following year when the plants were
transplanted into soil. These results indicate that altering the frequency of water application
on a daily basis during nursery production can improve plant qualities important to
transplant success, without increasing daily water application rates.

More frequent irrigation may improve transplant performance by increasing plant
nutrient reserves during the previous growing season. Indeed, more frequent irrigation in
the year prior to transplanting increased the growth of evergreen cultivars and enhanced
nutrient uptake in all cultivars in the present study. Plants with greater nutrient reserves
have greater potential for growth after they are transplanted into nutrient-poor environ-
ments [40,41]. Irrigation frequency alters nutrient availability in the growing substrate,
thereby affecting nutrient uptake by the plants [16,20,24,43]. Applying more water in a sin-
gle application each day moves nutrients further down in the container than more frequent
irrigations with the same amount of water. Even if there was no appreciable amount of
leaching, the nutrients may not be readily available for uptake because the roots of young
plants do not have access to nutrients located near the bottom of the containers. Substrate
EC is frequently used to assess nutrient availability in container substrates [34]. In our case,
more frequent irrigation increased substrate EC, particularly closer to the substrate surface.
This suggests that greater nutrient availability may be responsible for the improved plant
nutrient status observed with more frequent irrigation. In this study, we did not determine
EC at depths lower than 7.62 cm from the substrate surface. Further studies are needed to
determine if less frequent irrigation also increases EC near the bottom of the containers.

More frequent irrigation improved plant uptake of certain nutrients during container
production of the deciduous cultivar, AZ, even though the irrigation treatments had no
influence on its growth. In contrast, increased irrigation frequency had no influence on
growth and little influence on nutrient uptake during container production of ‘Gibraltar’
Rhododendron [20]. Compared to the previous study, liners were transplanted into containers
later in the growing season in the present study than in the previous study and, therefore,
had less time to grow roots into the substrate. A large proportion of nutrient uptake by
deciduous Rhododendron occurs before July [44]. It is possible that more frequent irrigation
provided AZ with greater access to nutrients when the root systems of the plants were
small. Thus, altering irrigation frequency on a daily basis during container production of
Rhododendron may be a useful management strategy to improve plant access to nutrients in
the growing substrate.

In evergreen cultivars, more frequent irrigation enhanced the uptake of several nu-
trients in containers, including Ca. More frequent irrigation was previously reported to
increase Ca uptake for two other evergreen Rhododendron cultivars and was thought to
be a result of enhanced water relations, which improves transpiration and mass flow of
Ca in plants [20]. In the present study, this idea was supported by the fact that gs was
greater when twice rather than once daily using the same amount of water. Therefore,
even without appreciable leaching losses, altering irrigation frequency on a daily basis can
change either the availability or distribution of nutrients in the growing substrate or the
ability of roots to absorb the nutrients.

Irrigation frequency altered water availability in the growing substrate both temporally
and spatially, which may influence nutrient uptake. Container capacity (CC) is frequently
used to manage irrigation and water availability in container substrates even though CC
can be influenced greatly by container size and substrate rewetting characteristics [45,46].
In our study, more frequent irrigation increased substrate moisture, particularly during
August. Evergreen cultivars of container-grown Rhododendron can absorb a large proportion
of their annual nutrient uptake in July and August, while the peak nutrient uptake by
deciduous cultivars is usually earlier in the growing season [44]. This suggests that greater
substrate moisture during peak times for nutrient uptake may be responsible for improved
plant nutrient status resulting from more frequent irrigation, at least in evergreen cultivars.
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The effect of water availability in the growing substrate on plant growth can also
indirectly influence nutrient uptake through its effects on nutrient demand. Stomatal
conductance is strongly related to plant metabolism and carbon (C) gain [47]. In our
study, more frequent irrigation increased gs in each cultivar, suggesting that irrigating
more frequently improved photosynthesis and C gain in the plants during the first year of
production. Increased gs from more frequent irrigation resulted in more plant growth in
the evergreen cultivars and greater nutrient uptake in each cultivar. Others have reported
that more frequent irrigation can cause transient increases in gs that improved nutrient
uptake without significantly influencing growth [16,48,49]. On the other hand, high N
rates can increase plant water stress in containers when ambient temperature and rates
of evapotranspiration are high, while lower N rates may limit photosynthesis through its
effects on gs. Our results indicate that both the N rate and irrigation treatments can alter gs
in Rhododendron. In a previous study with Rhododendron, we reported that a greater rate of
N fertilizer application increased gs early in the season but decreased it late in the season
when temperatures were higher and the plants were larger [16]. Similar to the current study,
more frequent irrigation in the previous study decreased water stress in plants grown at
higher N rates and had little impact on alleviating water stress of N-deficient plants.

Increasing the frequency of irrigation during container production may be a useful
strategy for pre-conditioning Rhododendron for better performance in the landscape. Under
our study conditions, increasing the frequency of water applied during the first growing
season improved the growth and nutrient uptake of all cultivars during the summer of
the second growing season when the plants were transplanted to soil. In addition, more
frequent irrigation in substrate improved N retention in the evergreen cultivars once they
were transplanted to soil. This pre-conditioning effect may be partially explained by the
effects of irrigation treatments on plant nutrient status during container production, as well
as resource allocation after transplanting.

4.3. Irrigation Volume

Reduced irrigation improved the performance of the deciduous cultivar of Rhodo-
dendron after transplanting the following year but had the opposite effect on the growth
and nutrient uptake of the evergreen cultivars. These results indicate that plant qualities
important after transplanting may be negatively impacted by deficit irrigation of ever-
green cultivars in the nursery, even though plants may grow similarly or better than those
provided with more water.

Decreased irrigation volume in the year prior to transplanting may have improved the
transplant performance of the deciduous cultivar AZ by increasing nutrient reserves during
the previous growing season. In AZ, less irrigation increased substrate EC and enhanced
nutrient uptake, even though it had no effect on the growth or allocation of biomass and
nutrients in the cultivar. Leaf abscission began in late September of Year 1 in AZ, and some
plants retained their leaves into late November, particularly when they were irrigated at
50% CC or were fertilized at the higher N rate. This suggests that reducing irrigation may
have enhanced N uptake by AZ later in the season. This hypothesis is partially supported
by the fact that decreased irrigation volume increased N content and N concentration in
December without influencing plant biomass in the cultivar.

Others have reported that reducing irrigation in containers has little impact on the
plant growth of certain species [48,49]. In situations where reduced irrigation increased
growth, the benefit was attributed to greater nutrient availability as a result of less nutrient
leaching [30,48,50]. While some studies have reported that deficit irrigation can improve
drought tolerance in the plants after transplanting [40], our results showed that, for AZ,
irrigation volume had little influence on gs after transplanting. This suggests that decreas-
ing irrigation volume during nursery production improves the performance of AZ the
following year primarily by improving the nutrient status of the plants.
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In evergreen cultivars, even though decreased irrigation volume improved the growth
and nutrient status of plants prior to transplanting, these qualities did not translate into
improved performance the following growing season. Decreased irrigation volume the
previous year decreased growth and nutrient uptake of both evergreen cultivars in the
spring and one of the two evergreen cultivars in the summer after transplanting. As with
the N rate, flowering in the second growing season before transplanting may account for the
poor growth of the W2 plants of evergreen cultivars compared to the W1 plants. Flowering
may have depleted reserves in plants and thereby had a greater influence on transplant
performance when plants were irrigated with less water during the previous growing
season. Water stress was also more frequently observed in W2 plants of evergreen after
transplanting. Decreased irrigation increased plant size but did not influence allocation in
year 1 by evergreen cultivars, yet these larger plants received the same amount of water as
smaller W1 plants after transplanting. Others showed that increased N concentrations of
trees in the nursery decrease drought stress tolerance in the landscape [7]. While decreased
irrigation volume increased plant N status prior to transplanting, this quality may have also
predisposed it to greater drought stress in the landscape. Our results suggest that, at least
for evergreen cultivars, when less water is used in container production of Rhododendron,
plants may require higher rates of fertilizer and water after transplanting to minimize the
impacts of flowering on reserves and plant size on water requirements.

5. Conclusions

A higher rate of N application in Year 1 improved the performance (total biomass,
nutrient content, and flowering) of container-grown Rhododendron in the following year
when the plants were transplanted into soil. In contrast, limiting N in Year 1 did not
pre-condition the plants for better performance the following year. Less irrigation or more
frequent water applications in Year 1 improved the growth of the evergreen cultivars and
enhanced the uptake of several nutrients in each cultivar. More frequent water applications
also improved the performance of each cultivar in the following year, indicating that
altering the frequency of water application on a daily basis can improve plant qualities
important to transplant success without increasing water use. Likewise, reduced irrigation
volume in Year 1 improved the growth and nutrient uptake of the deciduous cultivar the
following year, but it had the opposite effect on the growth and nutrient uptake of the
evergreen cultivars. In evergreen cultivars, irrigation volume altered nursery plant qualities
resulting in a trade-off between flower production and growth during the second year.
Results from this study indicate that manipulating N rates and irrigation frequency and
volume during nursery production can be used to alter plant qualities and subsequent
landscape performance. Further research on optimal fertilizer rates and irrigation volumes
and frequencies will help develop sustainable production practices to optimize nursery
stock quality and improve plant survival and performance in the landscape while reducing
fertilizer and water inputs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae8070647/s1, Figure S1: Relative nutrient uptake in
Year 1 by ‘Gibraltar’ (AZ) (A), ‘Catawbiense Album’ (CAT) (B), and ‘P.J.M.’ (PJM) (C) Rhododendron.;
Figure S2: Change in biomass (dry weight; DW) and nutrient content of ‘Gibraltar’ (AZ) (A–C),
‘Catawbiense Album’ (CAT) (D–F), and ‘P.J.M.’ (PJM) (G–I) Rhododendron in the spring, summer, and
autumn after transplanting them to soil in Year 2.
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