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Abstract. One deciduous cultivar of Rhododendron L., Gibraltar (AZ), and two evergreen
cultivars, P.J.M. Compact (PJM) and English Roseum (ER), were grown in containers
for 1 year to determine the effects of irrigation frequency during container production on
plant performance the next spring when the plants were transplanted into the landscape.
While in the containers, each cultivar was irrigated once or twice daily, using the same
amount of water per day, and fertilized with complete nutrient solutions containing 0, 35,
70, or 140 mg·LL1 nitrogen (N). Three months after transplanting into the landscape,
nutrient uptake, growth, and flowering were evaluated. In general, the effects of
irrigation frequency in containers on performance in the landscape differed between
the deciduous cultivar and the evergreen cultivars. In AZ, less frequent irrigation in
containers had a pre-conditioning effect that resulted in greater vegetative growth in the
landscape but less reproductive growth. In contrast, less frequent irrigation reduced
vegetative growth of evergreen cultivars in the landscape and improved flowering.
Different growth responses to irrigation frequency between deciduous and evergreen
cultivars appeared to be related to differences in timing of nutrient uptake and
mobilization. In the deciduous cultivar, less frequent irrigation increased nutrient
reserves and improved the ability of the plants to absorb and use nutrients after
transplanting, but in the evergreen cultivars, it generally decreased nutrient uptake after
transplanting. Less frequent irrigation also altered plant attributes that are important to
consumers, including developing a sparser canopy in ER and a fuller canopy in PJM, and
producing more but smaller inflorescences in both cultivars. Landscape performance
was related to plant nutrition in containers; however, irrigation frequency in containers
disrupted relationships between nutrition and performance in all three cultivars. Our
results indicate that irrigation frequency during container production of Rhododendron
results in a tradeoff between vegetative and reproductive growth the next spring when
the plants are in the landscape.

Nursery practices for container-grown
perennial plants attempt to optimize plant
growth and appearance both in the containers
and after transplanting in the landscape. Nu-
merous factors influence plant performance
after transplanting, including water and nu-
trient management in the nursery (Arreola et al.,
2006; Cabrera and Devereaux, 1999; Cameron
et al., 2008; Close et al., 2004; Franco et al.,
2006; Sánchez-Blanco et al., 2004). Maintaining
available water near 100% container capacity in

the growing substrate may optimize plant
growth (Beeson, 1992; Fare et al., 1994;
Keever and Cobb, 1985; Scagel et al., 2011)
but is impracticable in commercial systems
(Beeson, 2006) and often leads to inefficient
water use and increased nutrient leaching and
runoff (Bilderback, 2002). Frequent irrigation
can increase nutrient availability and uptake
efficiency in containers and reduce the amount
of fertilizer required for optimal growth (Raviv
et al., 1999; Scagel et al., 2012).

Irrigation practices that purposefully re-
sult in plant water stress can enhance nursery
crop quality by creating plants that are
smaller and more able to withstand stressful
growing conditions such as those in retail
outlets and landscapes, a practice referred to
as pre-conditioning (Cameron et al., 2006,
2008). Deficit irrigation regimes where the
substrate was allowed to dry to 40% to 75%
of container capacity between irrigation
events can produce plants with acceptable
growth (Beeson, 2006; Koniarski and Matysiak,
2013; Welsh and Zajicek, 1993). However,
water limitations during container production
may negatively influence nutrient reserves in
the plants, which are essential for subsequent
plant performance in the landscape (Cabrera
and Devereaux, 1999; Scagel et al., 2011,
2012).

A combination of reduced irrigation vol-
ume and increased irrigation frequency can
decrease nutrient and water runoff (Fare
et al., 1994). Watering more frequently can
also reduce plant water stress when the plants
are well fertilized or nutrient deficient (Bi
et al., 2007b; Scagel et al., 2007). For
example, both high N status and N deficiency
increased apparent water stress in container-
grown Rhododendron (Scagel et al., 2011)
and altering irrigation frequency changed the
ability of Rhododendron to absorb nutrients
(Scagel et al., 2011, 2012). The effects of
irrigation frequency on nutrient uptake in con-
tainers therefore have the potential to alter plant
performance in the landscape.

Knowledge of the potential for irrigation
management practices to pre-condition plants
in the nursery for future performance is
important for managing end-product quality.
Nursery plants with a greater ability to func-
tion in adverse conditions will have a greater
chance of survival and growth after trans-
planting (Franco et al., 2006; Sánchez-Blanco
et al., 2004). Improved irrigation control and
monitoring strategies for nursery crops will
increase the efficiency of water use in pro-
duction settings (Lea-Cox et al., 2013). How-
ever, more information on how changes
in irrigation alter end-product qualities of
container-grown nursery plants is needed to
implement effective water management. The
objective of this study was to determine the
effects of irrigation frequency during con-
tainer production on spring growth, flower-
ing, and nutrient uptake in deciduous and
evergreen cultivars of Rhododendron after
the plants were transplanted into a landscape.

Materials and Methods

Two evergreen cultivars of Rhododen-
dron, PJM and ER, and one deciduous
cultivar, AZ, were obtained from a commer-
cial nursery as 1-year-old liner stock of
clonally propagated plants (�7 cm · 7-cm
cell size). Plants were transplanted on 25 Apr.
2005 into 3.8-L (#1) containers filled with
a substrate of bark, sphagnum peatmoss, per-
lite, vermiculite, dolomitic lime, and gypsum
(SB-300; Sun Gro Horticulture, Bellevue,
WA) and were grown outdoors in Corvallis,
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OR (lat. 45�59#04$ N, long. 123�27#22$ W).
Information on nutrient uptake, stomatal
conductance, growth, and biomass allocation
while the plants were in the containers during
the first year (2005) is available in Scagel
et al. (2011, 2012).

2005 container production. Plants were
fertilized twice a week from 29 Apr. to 2
Sept. 2005 with nutrient solutions containing
250 mL of N-free fertilizer (1.06 mg·mL–1,
Cornell No N Eq. 0-6-27; Greencare Fertilizers,
Kankakee, IL) or the N-free fertilizer plus
35, 70, or 140 mg·L–1 N from NH4NO3. Drip
irrigation was applied daily from 2 May to 30
Sept. 2005. Each treatment was either 1) irri-
gated to 100% container capacity (based on
weekly measurements of plants fertilized
with 70 mg·L–1 N) at 0800 HR (W100); or 2)
irrigated with the same amount of water each
day as plants in the W100 treatment but in two
equal-volume applications at 0800 HR and
1430 HR (W50). Each treatment was replicated
10 times for a total of 240 plants (three
cultivars · four N rates · two 2 irrigation
frequencies · 10 replicates).

2006 landscape site. In Mar. 2006, plants
were removed from the containers and trans-
planted 0.90 m apart in an untilled landscape
site with a sandy loam soil (Willamette Silt
Loam; fine-silty, mixed, superactive mesic
Pachic Ultic Argixerolls). Based on a com-
posite of five random samples collected to
a 12-cm depth, the soil had a pH of 6.3,
a cation exchange capacity of 20 meq/100 g,
and contained�4 mg·kg–1 NH4-N, 2 mg·kg–1

NO3-N, 11 mg·kg–1 phosphorus (P), 200
mg·kg–1 potassium (K), 550 mg·kg–1 calcium
(Ca), 75 mg·kg–1 magnesium (Mg), 60 mg·kg–1

iron (Fe), 13 mg·kg–1 manganese (Mn), 0.50
mg·kg–1 boron (B), 0.75 mg·kg–1 zinc (Zn),
and 0.9 mg·kg–1 copper (Cu) (Central Ana-
lytical Laboratory, Oregon State University,
Corvallis, OR). The soil surface was mulched
with 6 cm of partially decomposed Douglas
fir [Pseudotsuga menziesii (Mirb.) Franco]
bark chips. After transplanting, plants were
not irrigated or fertilized. The site was in
partial shade after �1300 HR.

Measurements. Flowering data, recorded
daily from 1 Mar. to 1 June 2006, included
time of flowering (date when the first flower
was fully expanded) and the total number

of flowers and inflorescences produced by 1
June 2006. Plants were harvested destruc-
tively on 19 June 2006. Shoots were cut at the
soil surface, separated into leaves and stems,
and divided into 1-, 2-, and 3-year-old struc-
tures. Root systems were excavated using
shovels to remove a 45 cm · 45-cm area
around each plant to a depth of 30 cm (soil
and mulch). Roots were washed from the
excavated soil and mulch over a 50-mesh
screen. After 3 months in the landscape,
vegetative buds in each cultivar had opened,
and leaves had emerged, but very few roots
extended beyond the root ball. At harvest, all
of the leaves in evergreen cultivars appeared
to be fully expanded, and most leaves in AZ
were fully expanded except �7% of the
leaves on the shoot apexes. Container-grown
AZ can produce new leaves into August (Bi
et al., 2007b; Scagel et al., 2007). Leaves,
stems, and roots were dried at 65 �C in
a forced-air oven (Model 1380FM; Sheldon
Manufacturing, Cornelius, OR), weighed,
ground to pass through a 40-mesh screen
using a Wiley mill (Thomas Scientific, Swe-
desboro, NJ), and stored in airtight containers
until analyzed for nutrients.

Nutrient analyses. Dried plant samples
were analyzed for carbon and N using a com-
bustion analyzer (TruSpec CN; Leco Corp.,
St. Joseph, MI) (Bi et al., 2007a) and for other
macro- and micronutrients using an induc-
tively coupled plasma–optical emission spec-
trophotometer (Optima 3000DV; Perkin Elmer,
Wellesley, MA) after dried samples were
digested in nitric acid (Scagel et al., 2008).
Reference standard apple leaves (#151, Na-
tional Institute of Standards and Technology)
were analyzed with experimental samples for
all procedures.

Calculations. Total plant biomass was
calculated as the sum of dry weights of all
structures (e.g., roots, stems, and leaves).
Biomass allocation was calculated as the
percentage of total plant biomass in each
plant structure. Biomass allocation to new
structures (stems and leaves only) was cal-
culated as the percentage of total structure
biomass in the structures produced in 2006.
Net total biomass and nutrient accumulation
were estimated by subtracting the average
biomass or nutrient content of liners received
in May 2005 (Scagel et al., 2011, 2012) from
the biomass or nutrient content of individual
plants harvested from the landscape in June
2006. Net 2006 growth and nutrient uptake
were estimated by subtracting the average
biomass or nutrient content of each cultivar
and treatment combination in Nov. 2005
(Scagel et al., 2011, 2012) from the biomass
or nutrient content of individual plants har-
vested from the landscape in June 2006.

Statistical analyses. Plants were trans-
planted in a completely randomized design
in the landscape. All statistical analyses were
performed using Statistica� software (Stat-
soft, Inc., Tulsa, OK). Data were tested for
homogeneity of variance using Levene’s test
and for normality using the Kolmogorov-
Smirnov test. Allocation data were arcsin-
transformed before analyses and presented as

back-transformed means. Differences among
irrigation treatments within a cultivar in
growth, biomass allocation, and nutrient up-
take were assessed using separate slopes
analysis of covariance (ANCOVA) in a com-
plete factorial design with irrigation fre-
quency as a main effect and 2005 N status
(mean N accumulation in 2005 for each
cultivar · irrigation treatment · N application
rate; Scagel et al., 2011) as a covariate. Based
on significant ANCOVA results (P # 0.05),
adjusted means (X) are presented for each
cultivar and irrigation treatment and regres-
sion coefficients (b) are presented for relation-
ships between 2005 N uptake and response
variables. Adjusted treatment means from
ANCOVA were compared using Tukey’s
honestly significant difference test at P #
0.05 (HSD0.05). In all regression analyses, the
influence of irrigation frequency on relation-
ships between predictor and response vari-
ables was assessed using best subsets
regression with Mallow’s CP technique as
the criterion for choosing the best subset of
predictor effects from linear and quadratic
models (Mallows, 1973). Differences in b
between irrigation treatments were compared
using Z-tests (Paternoster et al., 1998). Flow-
ering data were analyzed by cultivar using the
Kruskal-Wallis analysis of variance and me-
dian test and means were separated at P #
0.05 (Kruskal-Wallis0.05). Relationships be-
tween 2005 N uptake and flowering variables
were assessed using Spearman rank order
correlation (R) at P # 0.05.

Results

Plant growth and biomass allocation. The
effects of irrigation frequency during con-
tainer production on the final plant size after 3
months in the landscape differed among
cultivars (Table 1). More frequent irrigation
(W50) increased total plant biomass and new
growth in the evergreen cultivars, ER and
PJM, but resulted in less biomass and growth
in the deciduous cultivar, AZ. More frequent
irrigation also increased the relative amount
of biomass allocated to leaves in ER and
stems in PJM but decreased the amount of
biomass allocated to roots and new stems in
ER and leaves in PJM (Table 1). Irrigation
frequency had no influence on biomass allo-
cation in AZ.

In each cultivar, new plant growth in the
landscape was positively correlated to total N
content (net 2005 N uptake) of the plants
before transplanting (Table 1). Each cultivar
also allocated more biomass to stems and less
to roots when plants contained more N in
2005, but only the evergreen cultivars allo-
cated more biomass to leaves with more N,
whereas the deciduous cultivar allocated less
biomass to leaves (Table 1).

Flowering. More frequent irrigation dur-
ing container production promoted earlier
flowering, a greater percentage of plants with
flowers, and more flowers per plant in the
landscape in the deciduous cultivar, AZ
(Table 2). It also promoted earlier flowering
(in ER only) and more flowers per inflorescence
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in the evergreen cultivars but reduced the
percentage of plants with flowers as well as
the average number of inflorescences and
flowers on each plant in both cultivars. When
the plants were irrigated only once a day in
the containers, there was no correlation be-
tween their total N content before transplant-
ing and flowering in the landscape (Table 2).
However, when the plants were irrigated
twice a day, flowering was earlier and more
abundant with increasing amounts of N in
each cultivar.

Nutrient uptake. The effects of irrigation
frequency on nutrient uptake differed among
cultivars (Table 3). More frequent irrigation
1) decreased total nutrient uptake in AZ; 2)
increased total uptake of N, K, Ca, and Mg
[as well as 2006 P, sulfur (S), and B uptake]
and reduced total uptake of Fe, Mn, Cu, and
Zn in ER; and (3) increased total uptake of N,
Ca, Mg, Fe, and Zn (as well as 2006 P, S, Mn,
and B uptake) and reduced uptake of Cu in
PJM. When irrigation frequency had opposite
effects on 2005 and 2006 uptake in evergreen
cultivars, there was no influence of irrigation
frequency on total uptake of these nutrients
(e.g., P, S, and B in ER; N, P, S, Mn, and B in
PJM).

Uptake of each element was positively
correlated with total plant N content before
transplanting in each cultivar (Table 4). The
relationship was stronger with less frequent
irrigation in AZ. In AZ, N content had more
influence on total uptake of nutrients and
uptake in the landscape when plants were
irrigated once a day in the containers rather
than twice a day. In contrast, when evergreen
cultivars were irrigated less frequently, plants
with a similar amount of N before trans-
planting accumulated less N, K, S, Ca, Mg,
Mn, and B after transplanting. The relation-
ship between plant N content before trans-
planting and Fe uptake in the landscape
differed markedly between the evergreen
cultivars.

Discussion

Plant growth and biomass allocation. In-
creasing the frequency of irrigation from
once a day to twice a day had no effect on
plant biomass in Rhododendron while the
plants were still in containers (Scagel et al.,
2011), but it had a marked effect on growth
the next spring after the plants were trans-
planted into the landscape. More frequent
irrigation in containers reduced growth in the
landscape in the deciduous cultivar and in-
creased growth in the two evergreen cultivars.
Increasing irrigation frequency in containers
decreased water stress in containers (Scagel
et al., 2011) and altered nutrient uptake in
containers (Scagel et al., 2012). The effects of
irrigation frequency in containers on growth in
the landscape may be related to nutrient
uptake in containers.

Our results indicated that growth after
transplanting was not solely a function of
plant size the previous fall and may be related
to how irrigation frequency in containers
affects other qualities in plants (e.g., nutrient

Table 1. Plant growth and allocation of biomass in one deciduous Rhododendron cultivar, Gibraltar (AZ),
and two evergreen cultivars, English Roseum (ER) and P.J.M. (PJM).z

Response variablesy

X and bNU05 by cultivar and irrigation treatmentx

AZ ER PJM

W100 W50 W100 W50 W100 W50

Total DW
g per plant 32 b 23 a 83 a 88 b 58 a 63 b
g per g N 95 b 66 a 124 a 184 b 132 a 186 b

Net growth after transplanting
g per plant 12 b 6 a 37 a 46 b 32 a 39 b
g per g N 35 b 2 a 57 a 93 b 81 a 122 b

Biomass allocation
Roots

Percent total plant 49 a 48 a 35 b05 31 a 33 a05 34 a
Percent total plant per g N –3 a –4 a –1 b –4 a –3 a –3 a

All stems
Percent total plant 28 a05 29 a 21 a 20 a05 28 a 33 b
Percent total plant per g N 3 a 5 a 1 a 3 b 2 a 1 a

New stems
Percent all stems 24 a 26 a 25 b 21 a 30 a 28 a
Percent all stems per g N 2.1 b 0.2 a 2.1 a 4.2 b 0.8 a 0.2 a

All leaves
Percent total plant 22 a 22 a05 45 a 49 b 39 b 33 a05

Percent total plant per g N –1 a –1 a 1 a 2 a 1 a 1 a
New leaves

Percent all leaves — — 36 a 38 a 73 b 68 a05

Percent all leaves per g N — — 0.2 a 0.9 a –0.7 b –2.1 a
zPlants were grown in containers in 2005, transplanted into the landscape in Mar. 2006, and destructively
harvested in June 2006. Irrigation was applied either once (W100) or twice (W50) a day while plants were
in containers using the same amount of water in both treatments each day.
yTotal DW: dry weight of all roots, stems, and leaves combined in June 2006. New growth after
transplanting: change in total DW between Nov. 2005 and June 2006. Biomass allocation: percentage of
total DW in structures within a plant (roots, all stems, and all leaves) and percentage of structure DW
produced in 2006 (new stems, new leaves). Parameters are means (X) for biomass and allocation (n = 20)
and regression coefficients for relationships between plant nitrogen (N) status before transplanting and
response variables (bNU05). Allocation data were arcsin-transformed before analyses and back-transformed
means are presented.
xSignificant differences (P # 0.05) in X and bNU05 between irrigation treatments within cultivars denoted
by different lower case letters within a row and cultivar. Superscript indicates significantly greater in 2005
(05) compared with other irrigation treatment within a cultivar (Scagel et al., 2011, 2012).

Table 2. Flowering responses in one deciduous Rhododendron cultivar, Gibraltar (AZ), and two evergreen
cultivars, English Roseum (ER) and P.J.M. (PJM).z

Response variables
and parametersy

X and RNU05 by cultivar and irrigation treatmentx

AZ ER PJM

W100 W50 W100 W50 W100 W50

Time of flowering (date in 2006)
X 8 May b 2 May a 10 May b 2 May a 10 Mar. a 8 Mar. a
RNU05 NS –0.463 NS –0.721 NS –0.554

Flowering (percent of plants)
X 50 a 65 b 70 b 60 a 85 b 60 a
RNU05 NS NS NS 0.456 NS 0.456

Inflorescences (no. per plant)
X 2 a 2 a 13 b 2 a 12 b 1 a
RNU05 NS 0.819 NS 0.680 NS 0.466

Flowers (no. per plant)
X 10 a 17 b 35 b 19 a 33 b 11 a
RNU05 NS 0.920 NS 0.824 NS 0.790

Inflorescence size (flowers per inflorescence)
X 7 a 6 a 3 a 8 b 3 a 10 b
RNU05 NS 0.848 NS 0.794 NS 0.834

zPlants were grown in containers in 2005, transplanted into the landscape in Mar. 2006, and destructively
harvested in June 2006. Irrigation was applied either once (W100) or twice (W50) a day while plants were
in containers using the same amount of water in both treatments each day.
yFlowering: proportion of plants with flowers by 1 June 2006. Time of flowering: date in May when first
flower is fully expanded. Flowers and inflorescences: total number of flower and inflorescences produced
per plant in 2006. Inflorescence size: average number of flowers in each inflorescence. Parameters are
arithmetic means (X) (n = 20) and Spearman rank order correlation (RNU05) from relationships between
2005 nitrogen (N) uptake and response variables.
xSignificant differences (P # 0.05; Kruskal-Wallis analysis of variance and media test) in X between
irrigation treatments within cultivars denoted by different lower case letters within a row and cultivar.
Significant (P # 0.05) relationships between 2005 N uptake and response variable denoted by RNU05 values
and non-significant relationships denoted by NS.
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uptake and use, biomass allocation, and
carbohydrate reserves) (Scagel et al., 2011).
Growth after transplanting is an important
quality characteristic for nursery stock. There
are reports of positive, negative, and no
relationship between initial plant size and
subsequent performance in the landscape;
other factors such as plant form and compo-
sition may play a stronger role than plant size
in predicting post-transplant success (Folk
and Grossnickle, 1997; Miguel et al., 2010;
Wright et al., 2007).

Less frequent irrigation in containers
caused transient increases in water stress in
AZ (Scagel et al., 2011), which may explain
why the plants irrigated once a day had earlier
spring growth in the landscape than those
irrigated twice a day. Conversely, more fre-
quent irrigation could have decreased growth
in AZ because it delayed nutrient mobiliza-
tion to storage. Low levels of water stress in

containers can promote early nutrient mobi-
lization in the fall and spring (Sanz-Pérez
et al., 2009). Delayed nutrient mobilization
could also reduce cold-hardiness and result in
tissue damage and loss of biomass over the
winter (Colombo et al., 2003; Scagel et al.,
2010).

For all cultivars, more frequent irrigation
generally decreased uptake of several nutri-
ents in containers (Scagel et al., 2011, 2012),
and this could account for less growth of the
deciduous cultivar in the landscape. How-
ever, the same relationship between nutrient
uptake in containers and growth in the land-
scape was not found in evergreen cultivars,
indicating enhanced growth of evergreen
cultivars in the landscape was not a direct
result of improved nutrient uptake in con-
tainers. In each cultivar, growth was greater
in the landscape when the plants acquired
more N while in the containers. However, the

plants from the deciduous cultivar used the N
less efficiently (grams dry weight per unit N)
in the landscape when irrigated twice a day in
containers than only once a day; the opposite
effect occurred in evergreen cultivars. This
suggests that more frequent irrigation reduces
the ability of deciduous cultivars such as AZ to
use N reserves for new growth and increases
that ability of evergreen cultivars such as ER
and PJM.

There is a strong link between nutrient
reserves and growth in woody perennials, but
nutrients absorbed early in the growing sea-
son are stored and mobilized differently than
nutrients absorbed later in the growing sea-
son (Dong et al., 2005; Millard and Grelet,
2010). The majority of nutrient uptake by
container-grown deciduous Rhododendron
cultivars occurs earlier in the growing season
than nutrient uptake by evergreen cultivars
(Bi et al., 2007b; Scagel et al., 2007, 2008).
More frequent irrigation in containers can
decrease early-season nutrient availability in
containers or the ability of plants to accumu-
late nutrients early in the growing season
(Scagel et al., 2011, 2012). Differences in
growth responses to irrigation frequency be-
tween AZ and the evergreen cultivars may be
related to when the cultivars absorbed nutri-
ents and whether nutrients absorbed early in
the growing season are stored and mobilized
differently than nutrients absorbed later in the
season.

Irrigation frequency in containers altered
vegetative biomass allocation of evergreen
Rhododendron cultivars after transplanting in
the landscape. Biomass allocation above ground
after transplanting can potentially influence
aspects of plant form important to perceived
quality by consumers (Miguel et al., 2010).
Less frequent irrigation in containers resulted
in more open or sparser plants (i.e., fewer
leaves with a similar proportion of stems) in
ER and more compact or full plants (i.e.,
more leaves with fewer stems) in PJM.

Flowering. Irrigation frequency in con-
tainers differentially influenced reproductive
performance in the landscape in all three
cultivars. In the deciduous cultivar, AZ, less
frequent irrigation in containers increased veg-
etative growth and decreased flower production
in the landscape, whereas in the evergreen
cultivars, ER and PJM, it decreased vegeta-
tive growth and generally increased flower
production. These results suggest that irrigation
frequency (and greater water stress) in con-
tainers results in a tradeoff between vegetative
and reproductive growth in Rhododendron the
next spring.

Irrigation frequency in containers altered
if and when Rhododendron flowered after
transplanting in the landscape. Plants that
flower after transplanting or flower earlier are
sometimes considered to be of higher quality
by growers and consumers. Floral initiation
can be inhibited by water deficits in Rhodo-
dendron (Sharp et al., 2008), whereas earlier
flowering can be promoted (Cameron et al.,
1999; Dickey et al., 1963; Sharp et al., 2008).
Earlier flowering is generally not a result of
increased floral initiation. If water stress

Table 3. Nutrient uptake in one deciduous Rhododendron cultivar, Gibraltar (AZ), and two evergreen
cultivars, English Roseum (ER) and P.J.M. (PJM).z

Nutrienty

X by cultivar and irrigation treatmentx

AZ ER PJM

W100 W50 W100 W50 W100 W50

Nitrogen (mg/plant) 293 b05,06 236 a 636 a05 743 b06 496 a05 545 b06

Phosphorus (mg/plant) 36 b05,06 27 a 61 a05 66 a06 41 a05 42 a06

Potassium (mg/plant) 129 b06 100 a 378 a05 445 b06 236 a 246 a
Sulfur (mg/plant) 20 b06 16 a 45 a05 46 a06 39 a05 38 a06

Calcium (mg/plant) 86 b06 64 a 346 a 382 b05,06 324 a 372 b05,06

Magnesium (mg/plant) 62 b06 48 a 138 a 162 b06 113 a 125 b06

Iron (mg/plant) 7.3 b05,06 4.2 a 10.1 b06 7.5 a 10.6 a 12.3 b06

Manganese (mg/plant) 8.9 b05,06 6.1 a 23.2 b05,06 19.5 a 15.7 a05 16.4 a06

Boron (mg/plant) 295 b05,06 229 a 976 a05 1056 a06 734 a05 806 a06

Copper (mg/plant) 286 b05,06 172 a 482 b05,06 381 a 507 b06 428 a
Zinc (mg/plant) 889 b05,06 594 a 2116 b05,06 1875 a 1595 a 1842 b06

zPlants were grown in containers in 2005, transplanted into the landscape in Mar. 2006, and destructively
harvested in June 2006. Irrigation was applied either once (W100) or twice (W50) a day while plants were
in containers using the same amount of water in both treatments each day.
yParameters are means (X) for total plant nutrient content (n = 20).
xSignificant differences (P # 0.05) in X and bNU05 between irrigation treatments within cultivars denoted
by different lower case letters within a row and cultivar. Superscript indicates significantly greater in 2005
(05) or 2006 (06) compared with other irrigation treatment within a cultivar (Scagel et al., 2011, 2012)

Table 4. Relationship between plant nitrogen (N) status before transplanting and net nutrient uptake in one
deciduous Rhododendron cultivar, Gibraltar (AZ), and two evergreen cultivars, English Roseum (ER)
and P.J.M. (PJM).z

Nutrienty

bNU05 by cultivar and irrigation treatmentx

AZ ER PJM

W100 W50 W100 W50 W100 W50

Nitrogen (mg per g N) 1183 b06 762 a 1074 a 1635 b06 1237 a 1612 b06

Phosphorus (mg per g N) 124 b06 74 a05 93 a 121 b 98 a 117 a
Potassium (mg per g N) 360 b06 237 a05 413 a 749 b05,06 394 a 550 b05

Sulfur (mg per g N) 69 b06 47 a05 87 a 103 b06 96 a 119 b06

Calcium (mg per g N) 322 b06 159 a05 621 a 857 b05,06 961 a 1276 b05,06

Magnesium (mg per g N) 207 b06 121 a05 231 a 334 b05,06 307 a 388 b05,06

Iron (mg per g N) 31 b06 7 a 20 b05,06 12 a 18 a 37 b05,06

Manganese (mg per g N) 14 b06 5 a05 8 a 24 b05,06 20 a 30 b05

Boron (mg per g N) 0.98 b06 0.56 a 0.88 a 1.51 b06 1.18 a 1.87 b05,06

Copper (mg per g N) 1.01 b06 0.30 a 0.70 a 0.52 a 0.87 a 1.07 a05

Zinc (mg per g N) 2.9 b06 1.3 a 3.5 a 3.3 a 3.7 a 5.1 a
zPlants were grown in containers in 2005, transplanted into the landscape in Mar. 2006, and destructively
harvested in June 2006. Irrigation was applied either once (W100) or twice (W50) a day while plants were
in containers using the same amount of water in both treatments each day.
yParameters are regression coefficients for relationships between plant N status before transplanting and
response variables (bNU05).
xSignificant differences (P # 0.05) in bNU05 between irrigation treatments within cultivars denoted by
different lower case letters within a row and cultivar. Superscript indicates significantly greater in 2005 (05)
or 2006 (06) compared with other irrigation treatment within a cultivar (Scagel et al., 2011, 2012).
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occurs before the time of initiation, fewer
vegetative nodes are formed before floral
initiation, and floral initiation occurs earlier
and may be decreased (Sharp et al., 2008).
Continued water deficits may also reduce the
chilling requirement necessary to induce an-
thesis and promote early flowering (Criley,
1985). Our results indicate that less frequent
irrigation in containers may increase the
potential for spring flowering in evergreen
cultivars of Rhododendron but may delay the
timing of flowering in both evergreen (ER)
and deciduous (AZ) cultivars.

Some woody ornamental species initiate
more flowers under water stress as a result of
resource mobilization for reproductive de-
velopment (Sharp et al., 2008). However,
Sharp et al. (2008) indicated that this strategy
did not appear to evolve in Rhododendron.
Instead Rhododendron are thought to respond
to water deficits by initiating flowers earlier
and maintaining reproductive capacity at the
expense of vegetative growth (Sharp et al.,
2008). This theory is not totally supported in
the cultivars used in our study. A mild level
of water stress imposed by less frequent
irrigation (Scagel et al., 2011) did not pro-
mote early flowering in any cultivar; how-
ever, the evergreen cultivars responded to
water deficits by maintaining reproductive
capacity at the expense of vegetative growth.
Our results may have varied from those of
Sharp et al. (2008) because the N rates we
applied increased plant water stress in con-
tainers (Scagel et al., 2011) and greater plant
N status decreased the tradeoff between re-
productive and vegetative growth in the
spring.

In the evergreen cultivars, less frequent
irrigation generally increased the number of
flowers and inflorescences and decreased
inflorescence size and plant growth. These
results suggest that smaller inflorescences
may be related to water stress (e.g., less frequent
irrigation) during floral initiation in the con-
tainers. Deficit irrigation has been reported to
improve flowering and growth characteristics
of container-grown Rhododendron (Cameron
et al., 1999; Koniarski and Matysiak, 2013;
Sharp et al., 2008). Water stress from deficit
irrigation can stimulate the development of
more flowers on each inflorescence in Rho-
dodendron when the practices occur after
plants have undergone floral initiation
(Koniarski and Matysiak, 2013; Sharp et al.,
2008). Our results indicated that transient
water stress during container production can
decrease inflorescence size in evergreen cul-
tivars, but plants produced more inflorescences
and flowers when they are transplanted the
next spring, resulting in plants that may be
considered higher quality (more compact and
floriferous).

Nutrient uptake. The effects of irrigation
frequency on nutrient uptake differed among
cultivars and among nutrients in both con-
tainers (2005) and in the landscape (2006).
Less nutrient uptake in containers coincided
with less growth in the landscape in the
deciduous cultivar (AZ) and greater growth
in the evergreen cultivars (ER and PJM).

Nitrogen reserves play a major role in driving
plant growth and associated demand and
uptake for other nutrients. There are many
reports of positive relationships between N
reserves and spring growth (Cabrera and
Devereaux, 1999; Close et al., 2004; Millard
and Grelet, 2010). In our study, greater plant
N status before transplanting was positively
correlated with total nutrient uptake in each
cultivar; however, the magnitude of these
relationships differed among the cultivars
and between irrigation treatments. Although
plant N status was related to nutrient uptake
or demand the next spring, irrigation fre-
quency in containers disrupted the relation-
ship between plant N status and uptake for
several nutrients.

Overall, more frequent irrigation of AZ in
containers decreased nutrient uptake in con-
tainers (Scagel et al., 2012), decreased nutri-
ent uptake in the landscape, and increased the
plant demand for all nutrients in the land-
scape except Ca. These results further sup-
port the theory that reduced growth with
more frequent irrigation in AZ may be related
to how irrigation frequency influenced nutri-
ent reserves.

In evergreen cultivars, more frequent
irrigation decreased total Mn, Cu, and Zn
uptake in ER and total S uptake in PJM,
primarily through its influence on nutrient
uptake in containers. These results suggest
that the effects of irrigation frequency on
uptake of these nutrients in containers did not
restrict ER and PJM performance in terms of
growth but may have decreased demand or
ability of plants to absorb these nutrients in
the landscape. The effects of irrigation fre-
quency on uptake of these nutrients in the
landscape may not impact growth until later
in the growing season. Similarly, more fre-
quent irrigation decreased total Fe uptake in
ER and total Cu uptake in PJM through its
influence on 2006 uptake. These results suggest
that lower Fe and Cu uptake in the landscape
did not alter growth early in the growing season
but may affect it later in the season.

Plant N status in containers appears to
play a role in nutrient uptake and demand by
Rhododendron in the landscape, and irriga-
tion frequency can alter the relationships
between nutrient reserves and growth the
next spring. In an unfertilized landscape,
where nutrient availability will be lower than
in containers, growth would primarily de-
pend on plant reserves until a balance be-
tween nutrients is attained within the plant as
it adjusts to the new growing environment
(Chapin et al., 1987). Our results indicate that
less frequent irrigation in containers may
have improved how efficiently the deciduous
cultivar uses reserves for growth and uptake
in the landscape but decreased how effi-
ciently the evergreen cultivars used their
reserves. In crape myrtle (Lagerstroemia
indica), the rate of N fertilizer application
altered plant uptake of N, Ca, S, and Fe in
containers but had little effect on the concen-
trations of the nutrients by 16 weeks after
transplanting into a landscape (Cabrera and
Devereaux, 1999). In our study, it is possible

that the effects of irrigation and N rate on
nutrient uptake in Rhododendron may have
been less evident in the landscape as the
growing season continued.

Transplanting performance depends on
plant morphological and physiological attri-
butes, which can be determined to a great
extent by cultivation practices in the nursery
(Cuesta et al., 2010; Van den Driessch, 1991;
Villar-Salvador et al., 2004). Some studies
report positive correlations between trans-
planting performance and plant N concentra-
tion (Van den Driessch, 1991; Villar-Salvador
et al., 2004). In our study, the influence of
irrigation frequency on relationships between
nutrient reserves and plant performance in the
landscape differed between the deciduous and
evergreen cultivars. Our results also indicate
that the influence of irrigation frequency on
plant nutrient composition in containers can
alter plant performance in the landscape through
the relationships among nutrient reserves and
growth, flowering, and the ability of plants to
absorb nutrients.

Resource competition. Competition be-
tween vegetative and reproductive growth
for resources from reserves and spring nutri-
ent uptake may play a role in plant growth
responses to irrigation frequency. In ever-
green cultivars, more frequent irrigation pro-
moted early flowering (ER) and decreased
flower production (ER and PJM). More fre-
quent irrigation may have increased growth
because evergreen cultivars preferentially allo-
cated available resources to vegetative growth.
More frequent irrigation also decreased water
stress of evergreen cultivars in containers
(Scagel et al., 2011), but the negative impact
of more frequent irrigation on the nutrition of
evergreen cultivars in containers did not carry
over to the landscape. These results indicate
that increasing water availability or decreasing
water stress in containers alters stock qualities,
which improve early-season uptake of nutri-
ents and vegetative growth of evergreen cul-
tivars in the landscape (albeit at the expense of
potential benefits to flowering).

In AZ, more frequent irrigation decreased
uptake of several nutrients in containers
(Scagel et al., 2011, 2012) and vegetative
growth in the landscape, and plant N status
before transplanting had less influence on
growth and nutrient uptake in the landscape
when the plants were irrigated less fre-
quently. Although more frequent irrigation
decreased water stress of AZ in containers
(Scagel et al., 2011), the negative impact of
more frequent irrigation on AZ nutrition in
containers appears to have had a larger effect
on vegetative growth after transplanting. Ad-
ditionally, AZ plants irrigated twice a day
were less able to absorb nutrients and grow
after transplanting than those irrigated once
a day, when the plants had a similar N status
before transplanting. Thus, irrigation frequency
in containers altered plant qualities that either
decreased the ability of plants to absorb
nutrients in the landscape or decreased their
nutrient demands.

This study describes the effects of irri-
gation frequency on plants grown for only
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1 year in containers. Environmental differ-
ences between years and cultivar variations
may provide different results in terms of the
magnitude of nutrient uptake and the specific
nutrient relationships and growth and flower-
ing characteristics that were altered by irri-
gation frequency. Although extrapolation of
these specific results from this study across
environments and cultivars is limited, this
study highlights several concepts important
to understanding how nutrient and water man-
agement in container production of perennial
nursery crops can alter plant performance in
the landscape. Post-transplant success may be
correlated with plant nutrient status at trans-
planting (Cabrera and Devereaux, 1999); how-
ever, interactions between nutrient and water
management during container production and
differences among cultivars in vegetative and
reproductive development may complicate
effective deployment of irrigation decision
tools.
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