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Abstract. The influence of nitrogen (N) fertilizer application on plant allocation, uptake,
and demand for other essential nutrients was evaluated from May 2005 to Feb. 2006
in evergreen Rhododendron ‘P.J.M. Compact’ (PJM) and ‘English Roseum’ (ER) and
deciduous Rhododendron ‘Gibraltar’ (AZ) grown in containers filled with soilless sub-
strate. Net nutrient uptake and losses were calculated using piecewise regression and
uptake efficiency, root absorption capacity, aboveground demand, nutrient use efficiency,
and uptake ratios between N and other nutrients (N ratios) were calculated using net
uptake between harvest dates. Nitrogen application increased uptake rate of all nutrients,
enhanced late-season uptake of many nutrients, and increased the rate of nutrient loss
during the winter. Nutrient uptake often occurred as late as November in plants grown
with N but was usually undetectable after September in plants grown without additional N
fertilizer. Nutrient losses during the winter were not always associated with biomass loss
and were related to differences in preferential nutrient allocation to different structures
and the plant’s ability to export nutrients before biomass loss. Plants with a greater
potential for rapid growth were more capable of later-season nutrient uptake than plants
with slower growth rates. Nitrogen availability altered N ratios indicating that when
adding N to container-grown Rhododendron, fertilizers with higher ratios of N/phosphorus
(PJM, AZ), N/calcium (PJM, ER), N/boron (PJM AZ), N/copper (PJM, ER), and N/iron
(PJM, ER) and lower ratios of N/potassium (PJM, ER, AZ), N/sodium (PJM, ER, AZ), N/
calcium (AZ), N/boron (ER), N/manganese (AZ), and N/zinc (ER) may be needed to
optimize growth and minimize nutrient inputs. Increasing N availability altered uptake
efficiency, root absorption capacity, aboveground demand, and nutrient use efficiency for
several nutrients, indicating that changes in N management practices need to consider how
altering N application rates may influence the plant’s ability to take up and use other
nutrients. This information can be used to develop fertilizer formulations to minimize
excess application of nutrients and to evaluate the potential effects of altering N man-
agement practices on use of production resources. Our results indicate that nutrient
management strategies for perennial crops such as Rhododendron need to take into
consideration not only the nutrient demand for current growth, but also how to optimize
nutrient availability for uptake that contributes to future growth potential and end-
product quality.

Container-grown nursery plants commonly
exhibit low recovery of nutrients from fertil-
izer, suggesting nutrient management practices
can be improved by understanding when and
how plants most efficiently take up nutrients
(Colangelo and Brand, 2001). Nutrient changes
in bareroot nursery trees and container pro-

duction of forest trees have been studied
extensively; however, similar information is
limited for container-grown landscape nursery
plants (Ristvey et al., 2004). Nutrient dynamics
vary greatly between plant species and grow-
ing environments (Marschner, 1995). This
complicates the direct extension of knowledge

from bareroot and forest tree nursery pro-
duction systems to production of container-
grown ornamental nursery plants.

Research on nutrient uptake by container-
grown nursery plants has primarily focused on
N because it is the most important nutrient for
plant growth (Millard, 1996); and losses from
productionsystems impactenvironmentalqual-
ity (Alt, 1998). Plants require other nutrients
in addition to N for vegetative and reproductive
growth (Marschner, 1995). The balance be-
tween nutrients is almost as important as nu-
trient availability in limiting crop productivity
or quality (Ingestad, 1991). Plant growth is re-
stricted when not enough or too much of one or
more nutrients is present, and excess applica-
tions of certain nutrients are potential sources
of pollution to the environment (Huett, 1997).
Changing the availability of one nutrient can
affect plant uptake, transport, and demand for
other nutrients (Epstein and Bloom, 2005;
Scagel et al., 2008a, 2008b), and plants usually
maintain a restricted balance among nutrients
(Bazzaz, 1997; Chapin et al., 1987).

Fertilizer use in container nursery produc-
tion can be decreased without sacrificing growth
(Cabrera, 2004; Struve and Rose, 1998). One
way to optimize nutrient management practices
is to determine how N uptake by container-
grown nursery plants is related to uptake of
other nutrients. Understanding the relationships
between uptake of different nutrients will aid in
the development of fertilizer management strat-
egies that increase fertilizer efficiency by syn-
chronizing nutrient availability with nutrient
demand and maintain stable internal nutrient
ratios. This information is needed to assess the
physiological consequences of plant nutrient
composition and to determine what extent nu-
trient management practices and fertilizer for-
mulation can be altered to balance acquisition
and allocation of nutrients (Rytter et al., 2003).

Rhododendron cultivars have variable
growth rates, morphological attributes, and
growth habits (e.g., deciduous versus ever-
green, lepidote versus elipidotes) that influence
how they use N and other nutrients (Grelet
et al., 2001; Scagel et al., 2008a, 2008b).
Literature on N use in Rhododendron has
focused on growth responses of bareroot nurs-
ery plants to different fertilizers (Witt, 1994)
and N dynamics in natural systems (Lamaze
et al., 2003; Pasche et al., 2002). Recent
research has indicated that fall N uptake in
1-year-old container-grown Rhododendron
balances N losses as a result of leaf abscission,
root turnover, and dormant season maintenance
functions (Bi et al., 2007a; Scagel et al., 2007).
Additionally, although increasing N fertilizer
application rate does not require a proportional
increase in other nutrients to impact biomass of
container-grown Rhododendron (Scagel et al.,
2008a), lowering N rates can decrease the
plant’s ability to take up other nutrients.

Nitrogen uptake by container-grown Rho-
dodendron can occur in the fall and loss of
biomass by container-grown Rhododendron in
the fall and winter can result in N loss (Bi et al.,
2007a; Scagel et al., 2007). Scagel et al.
(2008a) only described the relationship be-
tween N uptake and uptake of other nutrients

296 HORTSCIENCE VOL. 46(2) FEBRUARY 2011



between May and September by container-
grown Rhododendron. The goal of the current
study was to assess the effects of N availability
on changes in nutrients other than N during the
fall and winter in container-grown Rhodo-
dendron. Our objectives were to determine
whether N availability alters 1) the uptake of
other nutrients; 2) allocation of other nutrients
among different plant structures; 3) ratios of
N uptake to uptake of other nutrients (N uptake
ratios); and 4) nutrient losses during the fall
and winter. To address these objectives, nutri-
ent uptake and allocation in one deciduous and
two evergreen cultivars of Rhododendron
grown with different amounts of N were as-
sessed from May through February.

Materials and Methods

The methods used in the present study are
based on Scagel et al. (2007). Plants used in this
experiment were 1-year-old liners of two ever-
green cultivars, Rhododendron P.J.M. Com-
pact [ARS#874 (PJM)] and Rhododendron
English Roseum [RHS#58 (ER)], and one
deciduous cultivar, Rhododendron Gibraltar
[RHS#58 (AZ)]. Plants were obtained from
a commercial nursery as liner (112-cm3 root-
ing volume) stock of clonally propagated
tissue-cultured plants.

Plant culture, treatments, and harvests.
Plants were transplanted on 25 Apr. 2005 into
3.8-L (1 gal) containers (GL-400; Nursery
Supplies, Inc., McMinnville, OR) filled with a
substrate of Douglas-fir bark, sphagnum peat-
moss, perlite, vermiculite, dolomitic lime, gyp-
sum (SB-300; Sun Gro Horticulture, Bellevue,
WA) and were grown outdoors in Corvallis,
OR (long. 45�59#04$ N, lat. 123�27#22$ W).
Forty plants of each cultivar were randomly as-
signed to one of two groups and fertilized
twice a week from 29 Apr. to 2 Sept. 2005. At
each application, one group (0N treatment)
received 250 mL of N-free fertilizer (1.06
mg�mL–1, Cornell No N Eq. 0-6-27; Greencare
Fertilizers, Kankakee, IL), whereas the other
(+N treatment) received 250 mL of the N-free
fertilizer plus 140 mg�L–1 of N (NH4NO3;
Sigma Aldrich, St. Louis, MO). Plants were
watered to container capacity twice a day
(0800 HR and 1530 HR) from 2 May to 30 Sept.
2005 using one drip emitter (2 L�h–1 flow rate;

Netafim Co., Valley Stream, NY) per container.
Concentrations of nitrate and ammonium in
irrigation water were less than 28 mg�L–1 NO3

and 10 mg�L–1 NH4. Irrigation requirements
were corrected weekly based on gravimetric
determination of container capacity from +N
plants of each cultivar. Five plants were har-
vested at transplanting for initial estimates of
biomass and nutrient composition and approx-
imately every 4 weeks from 18 July 2005 to 1
Feb. 2006. Shoots were cut at the soil surface,
separated into leaves and stems, and divided
into 1-year-old and 2-year-old structures, when
applicable. Roots were removed from con-
tainers and washed of the substrate. Leaves,
stems, and roots were dried at 65 �C in a forced-
air oven, weighed, ground, and analyzed for
nutrient composition.

Nutrient analyses. Plant samples taken for
nutrient analyses were analyzed for concentra-
tions of N as described in Scagel et al. (2007)
and concentrations of other macro- and micro-
nutrients using inductively coupled plasma–
optical emission spectroscopy after digestion
of a dried sample in nitric acid as described in
Scagel et al. (2008a). Reference standard apple
leaves (#151, National Institute of Standards
and Technology, Gaithersburg, MD) were run
with samples for all procedures to ensure ac-
curacy of results with ± 3% cv. Nutrient content
of each structure was calculated by multiplying
the concentration in each structure by the dry
weight of each structure. Total plant content of
each nutrient was calculated as the sum overall
structures. Samples of the growing substrate
were taken at the beginning of the experiment
and analyzed for nutrient composition by
standard methods (Berg and Gardner, 1979).

Statistical analyses. Containers were
arranged in a completely randomized design
with two rates of N fertilizer (0N, +N), three
cultivars (PJM, ER, AZ), eight harvest dates,
and five replicates per treatment. All analyses
were performed using the Statistica� statistical
package (Statsoft, Inc., Tulsa, OK). Data were
tested for homogeneity of variance (Levene’s
test) and normality (Kolmogorov-Smirnov
test) and transformed if necessary. When trans-
formation was necessary, back-transformed
means and arithmetic SEs are presented in
tables. Variables that required transformation
are indicated in subsequent text. Biomass and
N data from this study have previously been
reported (Scagel et al., 2007) and are summa-
rized in the ‘‘Results’’ section to show relation-
ships to changes in nutrients other than N.

Allocation of biomass and nutrients to
different structures was estimated by calculat-
ing the proportion of total plant biomass and
total nutrient content in different structures.
Nutrient uptake efficiency was estimated by
calculating maximum net uptake of a specific
nutrient as a proportion of total nutrients avail-
able from the growing substrate and fertilizer.
The influence of N availability on nutrient
uptake efficiency and allocation of biomass
and nutrients to each structure was assessed by
analysis of variance using a complete factorial
design with cultivar and N treatment at spe-
cific harvests [time (d) after transplanting] as
main effects. Differences in nutrient uptake

efficiency and allocation were determined using
Tukey’s honestly significant difference at P <
0.05 and changes in allocation between dif-
ferent harvest dates were assessed using poly-
nomial contrasts at P < 0.05. Allocation data
were arcsine-transformed before analyses and
data for boron (B), copper (Cu), and zinc (Zn)
uptake efficiency were log transformed before
analyses. Back-transformed data are presented
in tables.

The influence of N availability on rates of
net biomass and nutrient accumulation was
assessed using piecewise regression. In exam-
ining relationships between the independent
variable (time) and a dependent variable (nu-
trient content or biomass), it was often appar-
ent that a simple linear function was not
appropriate for the entire range of values, but
a nonlinear function might not fit best either.
Over short ranges, a linear function can ap-
proximate any process (Guthrie et al., 2005;
Toms and Lesperance, 2003); therefore, use of
piecewise regression models was justified to
define phases of whole plant nutrient dynamics
using easy to interpret multiple linear func-
tions. A two-function piecewise model with
one breakpoint (c) was used to determine the
most appropriate model for each nutrient over
time as described by Shuai et al. (2003): y =
m1 + b1*x for x # c and y = m2 + b2*x for
x > c; where m1 = shared y-intercept between
N treatments, b1 and b2 = slopes of the linear
segments of the relationship before (b1) and
after the breakpoint (b2), m2 = y-intercept for
the breakpoint, and c is the breakpoint. Proce-
dures described by Schabenberger and Pierce
(2002) were used for nonlinear model selec-
tion and comparison. Linear, curvilinear, and
piecewise regression functions were compared
using the lack-of-fit test to determine the most
appropriate model with the smallest mean
square error. Differences in regression coeffi-
cients between cultivars and N treatments were
evaluated at P < 0.05 and differences between
breakpoints were evaluated and selected as in
Piepho and Ogutu (2003).

Net biomass growth (mg�d–1) and nutrient
uptake (mg�d–1) between specific harvests was
calculated as the difference in total plant bio-
mass and nutrient content, respectively, be-
tween harvests (Scagel et al., 2008a). These
between-harvest rates were used to estimate
uptake ratios (N ratios; mg�d–1 N uptake per
mg�d–1 nutrient uptake; Scagel et al., 2008a),
nutrient use efficiency (mg�d–1 biomass per
mg�d–1 nutrient; Marschner, 1995; Milla et al.,
2005), root absorption capacity (mg�d–1 nutri-
ent uptake per g root dry weight; Chapin,
1980), and aboveground demand (mg�d–1 nu-
trient uptake per g aboveground dry weight;
Chapin, 1980) for each plant. The influence of
N availability on N uptake ratios, nutrient use
efficiency, root absorption capacity, and above-
ground demand was evaluated by polynomial
regression as described in Scagel et al. (2008a).
Mallow’s CP was used as the criterion for
choosing the best subset of predictor effects
and comparing parameters from regression
functions of nutrient uptake versus N uptake
(N ratios), biomass growth versus nutrient up-
take (nutrient use efficiency), root biomass
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versus nutrient uptake (root absorption capac-
ity), and aboveground biomass versus nutrient
uptake (aboveground demand).

When making inferences from any of our
data we were conscious of our data being a
snapshot in time showing only net accumula-
tion or uptake and we regard our data as being
a relative estimate of the parameters measured.

Results and Discussion

Biomass and nutrient accumulation in
summer and fall. Nitrogen-fertilized plants
(+N plants) accumulated more biomass and
nutrients and continued to grow and accumu-
late nutrients longer into the fall and winter
than plants grown without additional N in the
growing substrate (0N or N-deficient plants)
(Table 1). When plant growth is limited by N
availability, demand for and uptake of other
nutrients is expected to decline accordingly
(Marschner, 1995), although not always in
the same proportion (Scagel et al., 2008a).

Nitrogen application enhanced late-season
uptake of most nutrients (Table 1). Late-season

uptake of nutrients during the previous year
can potentially increase nutrient reserves nec-
essary for early new growth the next year.
Perennial plants such as Rhododendron are
highly dependent on N from reserves for initial
new growth (Bi et al., 2007b; Grelet et al.,
2003; Lamaze et al., 2003; Millard, 1996;
Pasche et al., 2002). Nutrients other than N
are also required for new growth and these nu-
trients may either come from reserves or from
current season uptake. Nutrient uptake early in
the growing season is often inefficient as a re-
sult of environmental factors such as low soil
temperature or limited soil moisture (Karlsson,
1994; Lamaze et al., 2003; Pasche et al., 2002).
Only late-season uptake of phosphorus (P) by
ER and AZ was unaffected by N application in
the present study, indicating factors other than
N may influence the extent of P uptake (e.g.,
factors affecting availability of P in the grow-
ing substrate, root function, or mycorrhizal
development) by these cultivars.

Plants in the different N treatments did not
attain maximum net content of all nutrients at
a similar time (Table 1). Differences in the

timing of maximum content between nutrients
may be related to seasonal changes in nutrient
demand for specific plant functions. For ex-
ample, N application did not influence calcium
(Ca) until September. Plant accumulation of
cations such as Ca commonly occurs in fall
as a part of the process for developing cold-
hardiness (Raese and Curry, 2009). Plant de-
mand for Ca may therefore be greatest in fall,
in which case effects of N availability on Ca
uptake may be more obvious in the fall and
winter months. Similarly, the influence of N
availability on manganese (Mn) uptake by PJM
and ER was not observed until late fall or
early winter. Manganese has essential roles
in carbon and NO3 assimilation from photo-
synthesis and in protecting plants from oxida-
tive stresses (Alscher et al., 2002; Marschner,
1995). Given the importance of Mn to leaf
function, it is not surprising that N availability
altered Mn uptake earlier in the deciduous
cultivar AZ than the evergreen cultivars. Many
evergreen plants photosynthesize during the
winter when environmental conditions are
conducive (Miyazawa and Kikuzawa, 2005).

Table 1. Net accumulation rate of biomass and nutrients, maximum biomass and content of nutrients, and timing when maximum biomass and nutrient content was
attained by container-grown Rhododendron cultivars grown with (+N) or without (0N) additional nitrogen fertilizer.

Variable
and treatment

Variable and cultivarz

Net accumulation ratey Maximum contenty Time (month)y

PJM ER AZ PJM ER AZ PJM ER AZ

Biomass -------------------------- mg�d–1-------------------------- ---------------------------- g ---------------------------
0N 86 aA 127 aB 77 aA 8.3 aA 23.6 aC 17.4 aB Jul aA Sep aB Sep aB
+N 223 bB 406 bC 154 bA 56.7 bA 140.4 bB 58.4 bA Oct bA Nov bB Oct bA

Nitrogen -------------------------- mg�d–1 -------------------------- ---------------------------mg --------------------------
0N 0.36 aA 0.66 aB 0.29 aA 73 aA 107 aC 86 aB Jul aA Aug aA Aug aA
+N 2.65 bB 3.67 bC 1.66 bA 525 bB 919 bC 462 bA Oct bB Nov bC Sep bA

Phosphorus -------------------------- mg�d–1 -------------------------- ---------------------------mg --------------------------
0N 0.06 aAy 0.12 aB 0.09 aAB 13 aA 32 aC 21 aB Aug aA Sep aA Sep aA
+N 0.25 bA 0.46 bB 0.22 bA 70 bA 139 bC 56 bB Oct bB Sep aA Sep aA

Potassium -------------------------- mg�d–1 -------------------------- ---------------------------mg --------------------------
0N 0.64 aB 0.99 aC 0.35 aA 81 aA 137 aB 84 aA Jul aA Aug aA Aug aA
+N 1.84 bB 3.48 bC 1.05 bA 442 bB 929 bC 351 bA Sep bA Oct bB Sep bA

Sulfur -------------------------- mg�d–1 -------------------------- ---------------------------mg --------------------------
0N 0.06 aA 0.07 aA 0.05 aA 10 aA 16 aB 10 aA Jul aA Aug aA Jul aA
+N 0.30 bB 0.38 bB 0.18 bA 59 bA 99 bB 52 bA Sep bA Oct bB Sep bA

Calcium -------------------------- mg�d–1 -------------------------- ---------------------------mg --------------------------
0N 0.38 aB 0.62 aC 0.23 aA 65 aA 142 aB 66 aA Aug aA Sep aB Aug aA
+N 1.19 bB 2.14 bC 0.60 bA 288 bA 659 bB 253 bA Oct bA Nov bB Oct

Magnesium -------------------------- mg�d–1 -------------------------- ---------------------------mg --------------------------
0N 0.170 aB 0.244 aC 0.135 aA 19 aA 54 aC aB Jul aA Sep aB Aug aB
+N 0.495 bB 0.901 bC 0.295 bA 113 bA 274 bC 127 bB Oct bA Nov bB Oct bA

Boron -------------------------- mg�d–1 -------------------------- --------------------------- mg---------------------------
0N 1.84 aB 2.31 aC 1.22 aA 321 aA 512 aB 281 aA Jul aA Sep aB Aug aA
+N 5.16 bB 9.54 bC 2.97 bA 1174 bB 2688 bC 841 bA Sep bA Oct bB Sep bA

Copper -------------------------- mg�d–1 -------------------------- --------------------------- mg---------------------------
0N 1.1 aB 0.9 aA 0.6 aA 227 aA 178 aA 290 aA Aug aA Aug aA Sep aB
+N 5.2 bB 2.2 bC 1.7 bA 1174 bB 656 bA 502 bA Oct bA Oct bA Oct bA

Iron -------------------------- mg�d–1 -------------------------- ---------------------------mg --------------------------
0N 29.1 aA 39.8 aB 32.7 aA 5.10 aA 13.60 aC 8.24 aB Aug aA Sep aB Sep aB
+N 65.7 bB 92.1 bC 56.4 bA 9.78 bA 28.08 bC 19.5 bB Sep bA Nov bC Oct bB

Manganese -------------------------- mg�d–1 -------------------------- ---------------------------mg --------------------------
0N 36.2 aB 63.2 aC 11.2 aA 5.4 aA 10.7 aB 3.3 aA Aug aA Sep aB Aug aA
+N 96.2 bB 186.3 bC 78.3 bA 22.3 bA 56.5 bB 19.9 bA Sep bA Nov bB Sep bA

Zinc -------------------------- mg�d–1 -------------------------- --------------------------- mg---------------------------
0N 1.80 aA 3.43 aB 1.61 aA 422 aA 846 aB 482 aA Aug aA Sep aB Aug aA
+N 8.16 bB 10.82 bC 4.58 bA 1638 bA 2541 bB 1813 bA Oct bA Oct bA Oct bA

zPJM = Rhododendron ‘P.J.M. compact’; ER = Rhododendron ‘English Roseum’; and AZ = Rhododendron ‘Gibraltar’. Coefficients from two-parameter
piecewise regression of biomass and content on time. Net accumulation rate estimated by the first slope (b1) between May 2005 and breakpoint when estimated
maximum content was attained. Maximum content estimated by the Y-intercept for breakpoint. Time estimated by the X-intercept for breakpoint.
yValues followed by different lower case letters within a column and variable denote significant (P < 0.05) differences in coefficients between nitrogen (N)
treatments within cultivars. Values followed by the different upper case letters within a row and variable denote significant differences in coefficients between
cultivars within N treatments.
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Some Mn-containing enzymes are also asso-
ciated with improved plant cold tolerance
(Park and Chen, 2006); therefore, the effects
of N availability on Mn uptake during the fall
and winter may also influence the ability of
plants to tolerate cold temperatures.

Differences in the rate and timing of net
nutrient and biomass accumulation among
cultivars (Table 1) may also be a result of dif-
ferences in growth rate and leaf retention.
Growth rate is one of the primary driving
factors for nutrient uptake (Marschner, 1995)
and can result in differences in demand for
specific nutrients. For example, ER had greater
rates of biomass accumulation and nutrient
uptake and accumulated many of the nutrients
later in the year than AZ and PJM, which
resulted in higher content of most nutrients in
ER than PJM and AZ. Likewise, when N was
applied, PJM accumulated biomass and nutri-
ents more rapidly than AZ. In our study, nu-
trient accumulation by only one of the two
evergreen cultivars (ER) occurred later into
fall than it did in the deciduous cultivar. Reten-
tion of photosynthetic structures may result in

evergreen plants being more capable of nutri-
ent uptake later in the year than deciduous
plants (Kummerow, 1983). Considering poten-
tial nutrient losses from leaf senescence and
root turnover, it is possible that nutrient uptake
occurred later in the year than presented.

Synchronization between biomass and
nutrient accumulation in summer and fall.
Maximum net biomass was achieved before, in
conjunction with, or after maximum net nutri-
ent content was attained (Table 1). Maximum
growth and content of N and magnesium (Mg)
in PJM; Ca, Mg, iron (Fe), and Mn in ER; and
Cu and Fe in AZ occurred concurrently in both
N treatments. In N-fertilized plants, maximum
growth and uptake of P, Ca, Cu, and Zn in
PJM; N in ER; and Ca, Mg, and Zn in AZ also
occurred concurrently. Synchronized timing
of maximum biomass and nutrient content
indicates a strong interrelationship between
growth and nutrient uptake and potential reg-
ulation by similar factors, e.g., temperature ef-
fects on plant growth, nutrient availability in
the growing substrate, and root physiological
processes. Nutrient management strategies for

these specific nutrients can be derived relative
to nutrient demands for growth.

Nitrogen application altered the synchroni-
zation between growth (biomass) and nutrient
uptake (content) of all nutrients except N and
Mg in PJM; K, sulfur (S), Ca, Mg, B, Cu, Fe,
and Mn in ER; and N, potassium (K), S, B, Cu,
Fe, and Mn in AZ (Table 1). For certain nu-
trients N deficiency prolonged uptake of nutri-
ents other than N after maximum net biomass
was attained. For example N-deficient PJM
accumulated P, Ca, Cu, and Zn after maximum
biomass was attained, whereas maximum bio-
mass occurred in conjunction with maximum
content of these nutrients in N-fertilized PJM.
Any nutrient uptake that occurs after maxi-
mum biomass is attained indicates passive up-
take, luxury consumption, or increased storage
in support of next season’s growth. When
plants take up nutrients after net growth has
stopped, nutrient management strategies for
these specific nutrients need to consider nutri-
ent demand based on growth and storage.

Supplying plants with adequate N re-
sulted in net biomass accumulation after net

Table 2. Nitrogen (N) uptake ratios, nutrient uptake efficiency, and net loss of nutrients by container-grown Rhododendron cultivars grown with (+N) or without
(0N) additional nitrogen fertilizer between May 2005 and Feb. 2006.

Variable and
N treatment

Variable and cultivarz

N uptake ratioy Uptake efficiency (% total)y Net lossy

PJM ER AZ PJM ER AZ PJM ER AZ

Biomass --------------------------mg�d–1 -------------------------
0N — — — — — — –1.0 aA –22.5 aB –32.8 aC
+N — — — — — — –69.8 bA –248.0 bC –157.0 bB

Nitrogen --------------------------mg�d–1 -------------------------
0N — — — 2.0 aA 3.1 aA 1.4 aA –0.008 aA –0.210 aB –0.002 aA
+N — — — 11.9 bB 16.2 bC 6.6 bA –0.407 bA –1.312 bC –1.101 bB

Phosphorus --------------------- mg�mg–1--------------------- --------------------------mg�d–1 -------------------------
0N 6.4 aB 4.5 aA 4.5 aA 3.9 aA 7.9 aA 4.7 aA –0.020 aA –0.066 aC –0.031 aB
+N 7.9 bC 4.2 aA 6.5 bB 19.7 bB 33.8 bC 12.8 bA –0.109 bA –0.309 bC –0.124 bB

Potassium --------------------- mg�mg–1--------------------- --------------------------mg�d–1 -------------------------
0N 0.79 bA 0.74 bB 0.99 bC 4.8 aA 9.5 aA 3.7 aA –0.20 aA –0.15 aA –0.23 aA
+N 0.70 aC 0.63 aB 0.55 aA 25.2 bB 51.4 bC 14.4 bA –1.02 bA –1.75 bB –1.09 bA

Sulfur --------------------- mg�mg–1--------------------- --------------------------mg�d–1 -------------------------
0N 5.3 bA 5.3 bA 5.0 bA 1.4 aA 2.5 aA 1.5 aA –0.012 aA –0.019 aA –0.010 aA
+N 4.9 aB 2.7 aA 4.5 aB 10.3 bA 17.4 bB 6.0 bA –0.074 bA –0.186 bC –0.135 bB

Calcium --------------------- mg�mg–1--------------------- --------------------------mg�d–1 -------------------------
0N 0.92 aB 0.73 aA 1.27 bC 3.1 aA 8.8 aA 3.0 aA –0.118 aA –0.223 aB –0.193 aB
+N 1.30 bB 1.11 bA 1.05 aA 18.7 bB 37.3 bC 9.7 bA –0.484 bB –0.186 bA –0.845 bC

Magnesium --------------------- mg�mg–1--------------------- --------------------------mg�d–1 -------------------------
0N 2.9 aA 1.9 aA 2.9 aA 4.1 aA 9.4 aA 4.1 aA –0.012 aA –0.079 aB –0.067 aB
+N 3.3 aA 2.8 aA 3.1 aA 21.7 bB 43.4 bC 12.9 bA –0.158 bA –0.454 bC –0.388 bB

Boron --------------------- mg�mg–1--------------------- -------------------------- mg�d–1 -------------------------
0N 203 aB 157 bA 260 aC 7.5 aA 16.5 aA 4.8 aA –0.73 aA –0.92 aA –0.80 aA
+N 268 bB 82 aA 308 bC 36.2 bB 84.3 bC 18.3 bA –1.90 bA –5.84 bC –2.61 bB

Copper --------------------- mg�mg–1--------------------- -------------------------- mg�d–1 -------------------------
0N 159 aA 214 aB 292 aC 18.9 aA 25.7 aA 16.2 aA –0.4 aA –0.1 aA –0.7 aB
+N 344 bB 274 bA 279 aA 86.8 bC 62.8 bB 43.2 bA –1.9 bB –1.0 bA –1.2 bA

Iron --------------------- mg�mg–1--------------------- -------------------------- mg�d–1 -------------------------
0N 8.3 aC 2.4 aA 6.1 aB 0.8 aA 1.8 aA 0.9 aA –7.8 aA –31.4 aC –18.6 aB
+N 11.0 bC 8.8 bB 6.3 aA 2.9 bA 3.8 aA 2.4 aA –3.0 aA –55.2 bB –58.6 bB

Manganese --------------------- mg�mg–1--------------------- -------------------------- mg�d–1 -------------------------
0N 11.1 aB 7.6 aA 8.8 bA 6.6 aA 11.0 aA 8.1 aA –5.8 aA –6.5 aA –1.6 aA
+N 12.8 aC 5.8 aB 3.5 aA 25.0 bB 16.7 bA 17.2 bA –41.3 bA –108.1 bC –59.7 bB

Zinc --------------------- mg�mg–1--------------------- -------------------------- mg�d–1 -------------------------
0N 164 aB 129 bA 208 aC 14.9 aA 21.5 aA 11.5 aA –0.4 aA –1.4 aB –1.0 aB
+N 189 aB 94 aA 197 aB 81.6 bB 96.1 bB 43.0 bA –0.2 aA –2.6 bB –5.1 bC

zPJM = Rhododendron ‘P.J.M. compact’; ER = Rhododendron ‘English Roseum’; and AZ = Rhododendron ‘Gibraltar’. N uptake ratio: coefficients from linear
regression of N uptake on uptake of nutrients other than N estimating the N uptake ratio from the slope (b). Uptake efficiency: maximum net uptake as a proportion
of total nutrients available from growing substrate and fertilizer. Net loss: coefficients from two-parameter piecewise regression of biomass and content on time
estimating the rate of nutrient loss from the second slope (b2) between the breakpoint when estimated maximum content was attained and Feb. 2006.
yValues followed by different lower case letters within a column and variable denote significant (P < 0.05) differences in intercepts and coefficients between N
treatments within cultivars. Values followed by the different upper case letters within a row and variable denote significant differences in intercepts and
coefficients between cultivars within N treatments.
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accumulation of certain nutrients was attained
(Table 1). For example, N-fertilized PJM accu-
mulated biomass after maximum K, S, B, Fe,
and Mn content was attained; ER accumulated
biomass after maximum P, K, S, B, Cu, and Zn
content was attained, and AZ accumulated
biomass after maximum N, P, K, S, B, and
Mn content was attained. When maximum
biomass was attained after maximum nutrient
content, nutrient uptake and growth in the fall
may be interrelated but might not be regulated
by similar factors. When plants cease net nu-
trient accumulation before net biomass accu-
mulation, nutrient management strategies for
these specific nutrients need to consider nutri-
ent demand based on factors other than just
growth.

Strong positive relationships between
plant growth and nutrient uptake are com-
monly reported for annual plants (Rodgers and
Barneix, 2006). These strong relationships
allow for nutrient management strategies for
production of annual crops to be derived re-
lative to a nutrient demand based on growth
rate. The relationships between nutrient up-
take and growth in woody plants are compli-
cated by their perennial growth habit and their
need to conserve nutrients between growing

seasons (Aerts and Chapin, 2000). Addition-
ally, pulses of nutrient availability characterize
many seasonal environments and can result in
strong asynchrony between nutrient uptake and
plant demand (Chapin et al., 1990). Our results
indicate that nutrient management strategies
for Rhododendron should consider the nutrient
demand for the current season’s growth and
optimize nutrients for uptake that contributes to
future growth and end-product quality.

Nitrogen ratios. Cultivars evaluated had
similar N ratios for certain nutrients when N
was not limiting to growth (Table 2). For ex-
ample, when N was not limiting to growth, N/
S, N/Ca, N/Mg, N/Cu, and N/Zn uptake ratios
were similar between at least two of the three
cultivars. This indicates that fertilizers with
similar availability ratios for these nutrients in
relationship to N will meet requirements of
these different cultivars. In contrast, there
were differences in N ratios among cultivars
for certain nutrients. These differences indi-
cate that fertilizer availability ratios for these
nutrients, in relationship to N, could be altered
for optimal growth of each cultivar. For ex-
ample, regardless of N availability, optimum
growth of ER may require fertilizer that main-
tains a lower ratio of N to most other nutrients

in the growing substrate than either PJM or
AZ. However, when N is not limiting, PJM
may require fertilizer that maintains higher N/
P, N/K, N/Ca, N/Cu, N/Fe, and N/Mn avail-
ability ratios than AZ.

Nitrogen application increased, decreased,
or had no influence on N ratios (Table 2). The
N ratios reflect the range in nutrient demand for
plants grown in N-deficient and N-sufficient
conditions (Scagel et al., 2008a). The uptake
ratios of N/Mg, N/Mn, and N/Zn for PJM; N/P,
N/Mg, and N/Mn for ER; and N/Mg, N/Cu,
N/Fe, and N/Zn for AZ were relatively stable
regardless of N availability. This indicates that
fertilizer formulations for these nutrients prob-
ably do not need to be altered with increasing
or decreasing N application rates. Nitrogen
application increased N/P, N/Ca, N/B, N/Cu,
and N/Fe uptake ratios in PJM; N/Ca, N/Cu,
and N/Fe uptake ratios in ER; and N/P and N/
B uptake ratios in AZ. This indicates that
increased N rates may require fertilizer formu-
lations with more of these nutrients, in relation-
ship to N, to optimize growth. In contrast, N
application decreased N/K and N/S uptake
ratios in PJM; N/K, N/S, N/B, and N/Zn
uptake ratios in ER; and N/K, N/S, N/Ca, and
N/Mn uptake ratios in AZ. This indicates that

Table 3. Root absorption capacity, whole plant nutrient use efficiency, and aboveground nutrient demand of container-grown Rhododendron cultivars grown with
(+N) or without (0N) additional nitrogen (N) fertilizer between May 2005 and when plants attained maximum nutrient content.

Nutrient and
N treatment

Variable and cultivarz

Root absorption capacityy Use efficiencyy Aboveground demandy

PJM ER AZ PJM ER AZ PJM ER AZ

Nitrogen ----------------mg�d–1 per g root --------------- -------------------- mg�mg–1 N -------------------- -----------g�d–1 per g stems and leaves ----------
0N 101.6 aC 79.7 aB 46.9 aA 157 bA 212 bB 240 bC 51.7 aA 52.1 aA 79.7 aB
+N 562.2 bC 347.6 bB 245.0 bA 135 aA 131 aB 229 aC 149.3 bB 91.4 bA 165.6 bC

Phosphorus ----------------mg�d–1 per g root --------------- ---------------------mg�mg–1 P -------------------- ---------- mg�d–1 per g stems and leaves ---------
0N 19.1 aA 16.8 aA 18.6 aA 882 bA 871 aA 1278 aB 11.5 aA 11.3 aA 26.9 bB
+N 55.2 bB 51.0 bB 30.1 bA 756 aA 834 aB 1997 bC 14.8 bA 15.4 bA 21.2 aB

Potassium ----------------mg�d–1 per g root --------------- -------------------- mg�mg–1 K -------------------- ---------- mg�d–1 per g stems and leaves ---------
0N 99.6 aB 96.1 aB 67.3 aA 238 aB 161 aA 292 bC 40.7 aA 54.5 aA 85.2 aB
+N 498.9 bB 499.9 bB 197.4 bA 404 bC 172 aB 120 aA 123.7 bA 130.0 bA 128.0 bA

Sulfur ----------------mg�d–1 per g root --------------- ---------------------mg�mg–1 S -------------------- ---------- mg�d–1 per g stems and leaves ---------
0N 13.2 aA 9.5 aA 7.9 aA 553 aA 860 aB 1252 aC 7.7 aA 5.9 aA 12.4 aB
+N 72.7 bC 56.8 bB 25.4 bA 775 bA 1161 bB 3009 bC 15.0 bA 14.8 bA 18.2 bA

Calcium ----------------mg�d–1 per g root --------------- --------------------mg�mg–1 Ca-------------------- ---------- mg�d–1 per g stems and leaves ---------
0N 45.5 aA 86.2 aB 57.1 aA 139 aA 157 aA 225 aB 19.9 aA 58.8 aB 82.0 bC
+N 301.1 bC 258.8 bB 100.8 bA 301 bB 322 bB 274 bA 82.4 bB 67.5 bA 68.2 aA

Magnesium ----------------mg�d–1 per g root --------------- ------------------- mg�mg–1 Mg ------------------- ---------- mg�d–1 per g stems and leaves ---------
0N 25.6 aA 35.5 aA 29.3 aA 487 aA 515 aB 555 aC 15.5 aA 24.5 aB 44.5 bC
+N 128.7 bC 94.6 bB 40.3 bA 522 bA 559 bB 647 bC 35.4 bB 24.6 aA 28.1 aA

Boron ----------------mg�d–1 per g root --------------- ----------------------g�mg–1 B --------------------- ---------- mg�d–1 per g stems and leaves ---------
0N 0.4 aA 0.3 aA 0.2 aA 117 bC 51 aA 82 bB 0.2 aA 0.2 aA 0.3 aA
+N 1.3 bB 1.5 bB 0.5 aA 65 aA 45 aA 38 aA 0.3 aA 0.4 bA 0.3 aA

Copper ----------------mg�d–1 per g root --------------- ---------------------g�mg–1 Cu--------------------- ---------- mg�d–1 per g stems and leaves ---------
0N 0.3 aA 0.2 aA 0.1 aA 79 aA 197 aC 135 aB 0.2 aA 0.1 aA 0.2 aA
+N 0.6 bB 0.3 aA 0.2 aA 94 bA 329 bC 173 bB 0.1 aA 0.1 aA 0.2 aA

Iron ----------------mg�d–1 per g root --------------- ------------------- mg�mg –1 Fe ------------------- ---------- mg�d–1 per g stems and leaves ---------
0N 7.2 aA 12.0 aA 5.0 aA 4.2 aA 4.6 aA 4.5 aA 6.2 bB 3.7 aA 8.1 aB
+N 10.1 bA 10.3 aA 9.1 bA 6.4 bB 5.0 aA 4.3 aA 3.3 aA 2.8 aA 7.3 aB

Manganese ----------------mg�d–1 per g root --------------- -------------------- g�mg –1 Mn -------------------- ---------- mg�d–1 per g stems and leaves ---------
0N 7.3 aA 10.4 aA 9.6 aA 1.7 aA 1.8 aA 0.7 aA 5.0 aA 7.0 aA 13.5 bB
+N 23.5 bB 23.0 bB 14.4 bA 14.5 bC 3.6 bB 1.6 aA 6.6 aA 6.1 aA 9.9 aB

Zinc ----------------mg�d–1 per g root --------------- ---------------------g�mg–1 Zn--------------------- ---------- mg�d–1 per g stems and leaves ---------
0N 0.4 aA 0.4 aA 0.3 aA 37 aA 57 bB 51 aB 0.3 aA 0.3 aA 0.4 aA
+N 1.8 bB 1.5 bB 0.7 bA 29 aA 41 aB 52 aC 0.5 aA 0.4 aA 0.5 aA

zPJM = Rhododendron ‘P.J.M. compact’; ER = Rhododendron ‘English Roseum’; and AZ = Rhododendron ‘Gibraltar’. Root absorption capacity: slope (b) from
linear regression of nutrient uptake rate on dry weight of roots. Use efficiency: slope (b) from linear regression rate of biomass accumulation on nutrient uptake
rate. Aboveground demand: slope (b) from linear regression of nutrient uptake rate on dry weight of stems and leaves.
yValues followed by different lower case letters within a column and variable denote significant (P < 0.05) differences in intercepts and coefficients between N
treatments within cultivars. Values followed by the different upper case letters within a row and variable denote significant differences in coefficients between
cultivars within N treatments.
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increased N rates may therefore reduce need for
these nutrients, in relationship to N, and their
potential production and environmental costs.

Information on plant response to different
nutrient ratios in fertilizers can be found for
many species; however, our current under-
standing of how this relates to variation in nu-
trient composition is limited (Ingestad, 1991;
Ohlson and Staaland, 2001). This is primarily
because nutrient ratios in fertilizers do not
readily translate into nutrient availability in
the growing substrate, particularly when con-
trolled-release fertilizers are used. For common
species produced in nurseries, including Rho-
dodendron, little published information exists
about how nutrient ratios in a plant change
through time as a result of variation in uptake
between different nutrients (Méndez and
Karlsson, 2004). Our previous research (Scagel
et al., 2008a) reported that increases in N
uptake were not always associated with pro-
portional increases in uptake of other nutrients
between May and September by container-
grown Rhododendron. The results from our
present study indicate N ratios may also change
during the fall and winter and may be useful for
developing guidelines that improve fertilizer
efficiency for all nutrients.

Nutrient uptake efficiency. Nitrogen applica-
tion increased uptake efficiency of most nutri-
ents (Table 2). This suggests that decreasing N
availability in the growing substrate may reduce
a plant’s ability to take up nutrients other than N
and has the potential to cause deficiencies in
these nutrients. Nitrogen deficiency has been as-
sociated with P, K, S, Ca, Mg, and Mn defi-
ciency in Rhododendron (Scagel et al., 2008a).

There was no difference in uptake effi-
ciency between cultivars when no N was
applied (Table 2). However, when N was ap-
plied, ER had similar or higher uptake effi-
ciency than PJM for all nutrients except Cu and
Mn. Additionally, AZ had similar or lower
uptake efficiency than PJM and ER for all
nutrients. Nutrient uptake efficiency can be
used to understand the potential for different
cultivars to fully use the nutrients available to
them during production and help in selection
of cultivar-specific fertilizer formulations that
minimize excess application of nutrients. For
example, when N is not limiting growth, ER
may be more efficient at using fertilizers con-
taining less N, P, K, S, Ca, Mg, B, and Zn than
both PJM and AZ, and PJM may be able to
grow with fertilizers containing less Cu and Mn
than ER or AZ.

Root absorption capacity. Nitrogen appli-
cation increased root absorption capacity for all
nutrients in PJM, all nutrients except Cu and Fe
in ER, and all nutrients except B and Cu in AZ
(Table 3). Nitrogen deficiency decreased both
uptake efficiency and root absorption capacity
for N, P, K, S, Ca, Mg, Mn, and Zn for all
cultivars. Decreased uptake efficiency and root
absorption capacity indicates that N availabil-
ity directly influenced root function in relation-
ship to uptake of these nutrients. In contrast, N
deficiency decreased the efficiency of B and Cu
uptake in AZ and Cu uptake in ER and had no
influence on root absorption capacity for these
nutrients. This suggests the effects of N avail-
ability on uptake of these nutrients are not
directly related to the ability of roots to absorb
these nutrients but instead may be related to
other factors such as root system size or nu-
trient availability in the growing substrate.

The rate of nutrient absorption by a root
depends on nutrient supply to the root surface
and the ability of the root to take up the nu-
trient (Chapin, 1980). Nitrogen-fertilized AZ
generally had both lower root absorption
capacity and lower nutrient uptake efficiency
than PJM and ER (Table 3). If nutrient uptake
efficiency is regulated by the capacity of roots

Table 4. Allocation (percentage of total) of biomass and nutrients to roots in Oct. 2005, Nov. 2005, and Feb. 2006 by three cultivars of container-grown
Rhododendron grown with (+N) or without (0N) additional nitrogen (N) fertilizer between May 2005 and Feb. 2006.

Variable and
N treatment

Cultivarz and time (months)

PJMx ERx AZx Contrastsy

Oct. Nov. Feb. Oct. Nov. Feb. Oct. Nov. Feb. PJM ER AZ

Biomass
0N 53 b 57 b 49 a 48 b 59 b 46 b 65 b 79 b 80 b NS Q L
+N 28 a 33 a 43 a 19 a 24 a 22 a 48 a 55 a 66 a L NS L

Nitrogen
0N 43 b 46 b 40 a 37 b 47 b 34 b 50 b 73 b 76 b NS Q L
+N 22 a 25 a 35 a 14 a 17 a 16 a 37 a 42 a 62 a L NS L

Phosphorus
0N 53 b 55 b 50 a 49 b 63 b 53 b 68 b 82 b 83 b NS Q L
+N 31 a 30 a 43 a 18 a 23 a 29 a 55 a 56 a 65 a L NS L

Potassium
0N 32 b 46 b 41 e 29 b 42 b 30 b 44 b 72 b 79 b L,Q Q L
+N 12 a 15 a 25 a 10 a 13 a 12 a 33 a 30 a 63 a L NS L

Sulfur
0N 60 b 51 b 54 b 50 b 61 b 43 b 63 b 77 b 89 b NS L,Q L
+N 32 a 29 a 43 a 15 a 29 a 23 a 54 a 59 a 77 a L L,Q L

Calcium
0N 37 b 42 b 34 b 33 b 37 b 23 b 45 b 65 b 73 b Q L,Q L
+N 18 a 19 a 23 a 11 a 12 a 11 a 33 a 30 a 50 a L NS L

Magnesium
0N 47 b 51 b 47 b 40 b 47 b 33 b 59 b 74 b 80 b NS L,Q L
+N 24 a 28 a 37 a 14 a 16 a 16 a 43 a 44 a 62 a L NS L

Boron
0N 23 b 26 b 22 a 23 b 26 b 16 b 37 b 64 b 62 b NS L L
+N 11 a 14 a 21 a 6 a 9 a 9 a 30 a 30 a 46 a L NS L

Copper
0N 83 b 81 b 82 a 82 b 85 b 88 b 85 b 90 b 90 b NS NS NS

+N 69 a 70 a 81 a 44 a 62 a 67 a 77 a 74 a 80 a L L NS

Iron
0N 85 b 88 b 87 b 87 b 82 b 81 b 88 b 93 b 94 b NS NS NS

+N 67 a 77 a 77 a 65 a 68 a 68 a 79 a 81 a 84 a L NS NS

Manganese
0N 34 b 36 b 35 a 36 b 37 b 29 b 49 b 58 b 62 b NS L L
+N 16 a 22 a 36 a 11 a 11 a 13 a 37 a 23 a 40 a L NS Q

Zinc
0N 76 b 78 b 78 b 63 b 68 b 55 a 68 b 76 b 74 b NS L,Q L
+N 53 a 58 a 67 a 43 a 50 a 53 a 60 a 59 a 53 a L L L

zPJM = Rhododendron ‘P.J.M. compact’; ER = Rhododendron ‘English Roseum’, and AZ = Rhododendron ‘Gibraltar’.
yNon-significant (NS) and significant (P < 0.05) linear (L) and quadratic (Q) response of allocation between dates for each cultivar within an N treatment.
xValues in columns followed by the same lower case letter within a nutrient denote significant (P < 0.05) differences in allocation between N treatments within a cultivar.
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to take up nutrients, then plants with the lowest
values of root absorption capacity will have
the lowest nutrient uptake efficiency. Thus,
nutrient uptake efficiency of AZ may be reg-
ulated primarily by root absorption capacity,
and loss of roots or root function on AZ may
have a greater impact on nutrient uptake of AZ
than PJM and ER. In comparison, N-fertilized
ER had lower absorption capacity for N, S, Ca,
and Mg than PJM but had higher uptake effi-
ciency for these nutrients than PJM. Uptake effi-
ciency for these nutrients by ER is, therefore,
not fully accounted for by root absorption ca-
pacity, and uptake efficiency may be more influ-
enced by factors affecting root growth and root
function (e.g., root damage, pruning) than PJM.

Aboveground environmental conditions
leading to rapid biomass accumulation can
result in a high root absorption capacity
(Chapin, 1980). In our study, root absorption
capacity was not always a function of rate of
biomass accumulation. Plants of AZ accu-
mulated biomass more slowly than PJM and
ER; therefore, it was not surprising that AZ
had the lowest root absorption capacity. How-
ever, ER accumulated biomass more rapidly
than PJM, and ER had a lower root absorption
capacity than PJM. Plants of ER had much
larger root systems than PJM (Scagel et al.,
2007). Taken together, these results indicate
differences in nutrient uptake between PJM
and ER are related to both root system size
(total root biomass) and function (per unit
root biomass).

Aboveground nutrient demand. Nitrogen
application increased aboveground demand
for N, K, and S in all cultivars; increased
aboveground demand for P, Ca, and Mg in
PJM; increased aboveground demand for P,
Ca, and B in ER; and decreased aboveground
demand for P, Ca, Mg, and Mn in AZ (Table 3).
Nitrogen application increased both above-
ground demand and root absorption capacity
for N, P, K, S, Ca, and Mn in PJM and N, P, K,
S, Ca, and B in ER. Increased aboveground
demand and root absorption capacity indicates
that aboveground growth and function was a
primary driver for root uptake of these nu-
trients. In contrast, N application decreased
aboveground demand and increased root ab-
sorption capacity for Fe in PJM and P, Ca, Mg,
and Mn in AZ. This suggests that N deficiency
increases the aboveground demand for these
nutrients; additionally, it indicates that when
plants are grown with adequate N, they are
more efficient at using these nutrients for
aboveground growth but then require more of
these nutrients for root function. The above-
ground demand for B, Cu, Mn, and Zn in PJM
and Mg, Mn, and Zn in ER was not influenced
by N application although N application in-
creased root absorption capacity for these
nutrients. This suggests the effect of N appli-
cation on uptake of these nutrients contributes
to luxury consumption and storage and is driven
by root demand.

There was no difference in aboveground
demand between cultivars for K, S, B, Cu, and
Zn when N was applied (Table 3). If differ-
ences between cultivars exist for uptake of
these nutrients, the differences do not appear to

be a result of aboveground demand. Nitrogen-
fertilized AZ and ER had lower root absorption
capacity and aboveground demand for Ca and
Mg than PJM. If root absorption capacity is
primarily driven by aboveground demand for
nutrients, then plants with the lowest nutrient
demands would have the lowest root absorp-
tion capacity. Thus, root absorption capacity
for Ca and Mg is strongly linked with above-
ground demand. Aboveground growth of PJM
may be more sensitive to Ca and Mg avail-
ability than either ER or AZ. In comparison,
N-fertilized ER had higher root absorption ca-
pacity and lower aboveground demand for N
than AZ and N-fertilized PJM had higher root
absorption capacity and lower aboveground
demand for N, P, and Mn than AZ. Therefore,
N limitation in the growing substrate has
greater impact on aboveground growth of AZ
than ER and N, P, and Mn limitation in the
growing substrate has greater impact on above-
ground growth of AZ than PJM.

Nutrient use efficiency. Nitrogen applica-
tion increased the efficiency in which plants

used P (AZ), K (PJM), S (PJM, ER, AZ), Ca
(PJM, ER, AZ), Mg (PJM, ER, AZ), Cu (PJM,
ER), Fe (PJM), and Mn (PJM, ER). This
suggests that improved plant N status may
decrease plant requirements for these nutri-
ents. In contrast, N application decreased the
nutrient use efficiency or increased luxury con-
sumption or storage of N (PJM, ER, AZ), P
(PJM), K (AZ), B (PJM, AZ), and Zn (ER).
This suggests that improved plant N status
may increase plant requirements for these
nutrients. The influence of N application on
plant growth and function did not influence
how efficiently plants used P (ER), K (ER), B
(ER), Fe (AZ, ER), Mn (AZ), and Zn (PJM,
AZ). This indicates altering N availability in
the growing substrate does not alter a plant’s
ability to use these nutrients.

There was no difference in B use efficiency
between cultivars when N was applied and no
difference in Fe and Mn use efficiency be-
tween cultivars when N was limiting to growth
(Table 3). Plants of AZ were generally more
efficient at using N, P, S, Mg, and Zn than PJM

Table 5. Allocation (percentage of total) of biomass and nutrients to 2005 leaves in Oct. 2005 (Oct), Nov.
2005 (Nov), and Feb. 2006 (Feb) by three cultivars of container-grown Rhododendron grown with
(+N) or without (0N) additional nitrogen (N) fertilizer between May 2005 and Feb. 2006.

Variable
and treatment

Cultivar and time (months)z

PJMx ERx AZx Contrastsy

Oct. Nov. Feb. Oct. Nov. Feb. Oct. Nov. Feb. PJM ER AZ

Biomass
0N 16 a 18 a 21 a 23 a 18 a 24 a 16 a 3 a 0 NS NS *
+N 23 b 20 a 30 b 39 b 33 b 47 b 22 b 18 b 0 L L NS

Nitrogen
0N 30 a 33 a 35 a 35 a 31 a 36 a 31 a 5 a 0 NS NS *
+N 38 b 34 a 44 b 49 b 45 b 59 b 40 b 31 b 0 Q L *

Phosphorus
0N 24 a 28 a 29 a 26 a 18 a 23 a 17 a 2 a 0 L Q *
+N 26 a 26 a 33 b 43 b 29 b 40 b 18 a 16 b 0 L Q NS

Potassium
0N 38 a 37 a 38 a 36 a 29 a 37 a 41 a 8 a 0 NS Q *
+N 48 b 40 a 56 b 48 b 39 b 55 b 46 a 52 b 0 Q Q NS

Sulfur
0N 21 a 30 a 23 a 31 a 22 e 22 a 16 a 5 a 0 Q L *
+N 34 b 33 a 33 b 65 b 35 b 54 b 28 b 19 b 0 NS L,Q *

Calcium
0N 34 a 31 a 33 a 26 a 30 a 36 a 42 a 19 a 0 NS L *
+N 36 a 27 a 46 b 43 b 41 b 58 b 46 a 50 b 0 L,Q L NS

Magnesium
0N 29 a 29 a 28 a 26 a 26 a 32 a 26 a 10 a 0 NS NS *
+N 34 a 27 a 40 b 45 b 44 b 58 b 34 b 34 b 0 L,Q L NS

Boron
0N 43 a 51 a 54 a 51 a 49 a 55 a 48 a 18 a 0 L NS *
+N 48 a 53 a 57 a 57 a 40 a 54 a 44 a 48 b 0 L Q NS

Copper
0N 4 a 5 a 4 a 8 a 5 a 4 a 4 a 12 a 0 NS NS NS

+N 7 a 6 a 6 a 29 b 13 b 14 b 7 a 7 a 0 NS L NS

Iron
0N 7 a 4 a 4 a 5 a 6 a 7 a 6 a 3 a 0 NS NS NS

+N 16 b 8 a 14 b 18 b 12 b 17 b 7 a 11 b 0 Q Q NS

Manganese
0N 37 a 33 a 27 a 22 a 28 a 27 a 31 a 17 a 0 NS NS *
+N 42 a 30 a 39 b 39 b 41 b 48 b 30 a 52 b 0 Q NS *

Zinc
0N 8 a 11 a 8 a 9 a 13 a 19 a 11 a 3 a 0 NS L *
+N 14 b 13 a 17 b 9 a 18 b 24 b 12 a 12 b 0 NS L NS

zPJM = Rhododendron ‘P.J.M. compact’; ER = Rhododendron ‘English Roseum’; and AZ =
Rhododendron ‘Gibraltar’.
yNon-significant (NS) and significant (P < 0.05) linear (L) and quadratic (Q) response of allocation between
dates for PJM and ER within an N treatment. Non-significant (NS) and significant (*) difference (P < 0.05)
in allocation between October and November for AZ.
xValues in columns followed by the same lower case letter within a nutrient denote significant (P < 0.05)
differences in allocation between N treatments within a cultivar.
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and ER; ER was more efficient at using Cu
than PJM and AZ; and PJM was more efficient
at using K, Fe, and Mn than ER and AZ.
Differences in nutrient use efficiency between
cultivars can be used to evaluate the potential
effects of cultivar selection on use of pro-
duction resources. For example, cultivars with
greater use efficiency for a certain nutrient are
less dependent on these nutrients for growth
and production costs related to these nutrients
can be optimized.

Allocation to roots. Between Oct. 2005
and Feb. 2006, N-fertilized plants allocated less
biomass and nutrients to roots than N-deficient
plants (Table 4). Cultivars differed seasonally
when N application influenced biomass and
nutrient allocation to roots and these differ-
ences were related to differences in locations
for nutrient storage and biomass losses during
the winter. Decreased biomass allocation to
roots in Oct. 2005 and Nov. 2005 in response to
N application coincided with decreased alloca-
tion of most nutrients to roots. Nitrogen appli-
cation decreased allocation of biomass and
most nutrients to roots in ER and AZ in Feb.
2006. In contrast, N application had no in-
fluence on allocation of biomass and N, P, B,
Cu, and Mn to roots in PJM in February and N
application decreased allocation of K, S, Ca,
Mg, and Fe to roots. On average, after max-
imum biomass was attained, AZ lost 40% of
its total biomass and ER lost 16% of its total
biomass (Table 2). Loss of root biomass
accounted for�30% and 20% of total biomass
loss in each cultivar, respectively. In contrast,
PJM lost 5% of its total biomass but increased
root biomass after maximum biomass was
attained. Biomass and nutrient allocation to
roots either increased between Oct. 2005 and
Feb. 2006 or remained relatively stable in PJM
and AZ and either decreased or remained
relatively stable in ER. Plants of PJM and AZ
preferentially store nutrients in roots in com-
parison with ER.

Allocation to leaves. Between Oct. 2005
and Feb. 2006, N-fertilized plants allocated
similar or greater biomass to leaves than N-
deficient plants (Tables 4 and 5). Cultivars
differed seasonally when N application influ-
enced biomass and nutrient allocation to
leaves and these differences were related to
differences in locations for nutrient storage
and leaf longevity. Between Oct. 2005 and
Nov. 2005, total plant biomass and leaf bio-
mass of AZ remained relatively stable (Table
2; leaf biomass data not shown). Biomass and
nutrient allocation to leaves of N-deficient AZ
decreased and biomass allocation to leaves of
N-fertilized AZ remained stable but N, S, and
Mn allocation to leaves decreased. Therefore,
between October and November, AZ exports
many nutrients from leaves before leaf abscis-
sion and N deficiency results in earlier export
of nutrients from leaves. Nitrogen deficiency
also promoted early nutrient export and ab-
scission of older (2004) leaves on ER and
PJM, although the influence of N availability
on nutrient and biomass allocation occurs later
in the year compared with PJM. Evergreen
cultivars differed in when N application in-
fluenced biomass and nutrient allocation to

leaves between Oct. 2005 and Feb. 2006.
Biomass and nutrient allocation to leaves in
PJM and ER either increased between October
and February or remained relatively stable.
Higher biomass allocation to leaves in re-
sponse to N application coincided with in-
creased allocation of most nutrients to leaves
in ER from October to February and increased
biomass allocation to leaves in PJM in October
and February and not Nov. 2005 or Dec. 2005
(December data not shown). Plants of PJM and
ER stored nutrients in leaves over winter and,
in general, allocation of nutrients to leaves
occurs later in the winter in PJM than in ER.

In fall, PJM generally allocated nutrients
mostly to roots and new (2005) leaves, whereas
ER allocated nutrients mostly to leaves, and
AZ allocated nutrients mostly to roots. Ever-
green and deciduous plants have preferential
structures for allocation and storage of nutri-
ents (Kloeppel et al., 2000; Milla et al., 2004;
Millard, 1996), and between cultivars of ever-
green Rhododendron, there are differences in
nutrient storage (Scagel et al., 2007, 2008a,

2008b). Preferential accumulation of reserves
in aboveground structures, particularly leaves,
has been reported for Rhododendron lapponi-
cum (Jonasson, 1989, 1995).

Allocation to stems. Between Oct. 2005
and Feb. 2006, N-fertilized plants allocated
similar or greater biomass to stems than N-
deficient plants (Table 7). Cultivars differed
seasonally when N application influenced
biomass and nutrient allocation to stems and
these differences were related to differences in
location and timing of nutrient storage. In
general, biomass and nutrient allocation re-
sponses by stems to N application were in
older (2004) stems of PJM, newer (2005)
stems of ER, and both older and newer stems
of AZ (data for different years not shown).
Plants of PJM preferentially accumulated Ca,
B, and Mn in stems during the winter and ER
preferentially accumulated K, S, B, Mn, and
Zn. As discussed, preferential accumulation of
some of these nutrients in specific structures
may be related to improved cold acclimation
and tolerance (Park and Chen, 2006; Raese

Table 6. Allocation (percentage of total) of biomass and nutrients to 2004 leaves in Oct. 2005, Nov. 2005,
and Feb. 2006 by three cultivars of container-grown Rhododendron grown with (+N) or without (0N)
additional nitrogen (N) fertilizer between May 2005 and Feb. 2006.

Variable and
N treatment

Cultivar and time (months)z

PJMx ERx Contrastsy

Oct. Nov. Feb. Oct. Nov. Feb. PJM ER

Biomass
0N 7 a 0 a 0 13 a 8 a 10 a * NS

+N 12 a 11 b 0 21 b 19 b 8 a NS L
Nitrogen

0N 9 a 0 a 0 18 a 12 a 14 a * NS

+N 16 b 17 b 0 25 b 25 b 10 a NS L
Phosphorus

0N 7 a 0 a 0 16 a 10 a 13 a * Q
+N 10 a 11 b 0 24 b 28 b 11 a NS L

Potassium
0N 16 a 0 a 0 21 a 15 a 15 a * L
+N 23 b 24 b 0 27 b 27 b 11 a NS L

Sulfur
0N 4 a 0 a 0 11 a 7 a 12 b * NS

+N 11 b 11 b 0 8 a 19 b 4 a NS Q
Calcium

0N 9 a 0 a 0 25 a 17 a 22 b * Q
+N 19 b 16 b 0 30 a 29 b 14 a NS L

Magnesium
0N 9 a 0 a 0 18 a 12 a 16 b * NS

+N 17 b 16 b 0 24 a 22 b 10 a NS L
Boron

0N 22 a 0 a 0 15 a 13 a 11 a * NS

+N 24 a 23 b 0 27 b 35 b 15 a NS L,Q
Copper

0N 1 a 0 a 0 4 a 4 a 2 a * NS

+N 4 a 4 b 0 17 b 11 b 7 a NS L,Q
Iron

0N 1 a 0 a 0 5 a 9 a 8 a NS NS

+N 6 a 4 b 0 12 b 14 a 8 a NS L
Manganese

0N 9 a 0 a 0 12 a 6 a 7 a * NS

+N 18 b 17 b 0 31 b 25 b 12 a NS L
Zinc

0N 3 a 0 a 0 14 a 9 a 12 b NS Q
+N 9 a 8 b 0 16 a 16 b 7 a NS L

zPJM = Rhododendron ‘P.J.M. compact’ and ER = Rhododendron ‘English Roseum’.
yNon-significant (NS) and significant (P < 0.05) linear (L) and quadratic (Q) response of allocation between
dates for ER within an N treatment. Non-significant (NS) and significant (*) difference (P < 0.05) in
allocation between October and November for PJM.
xValues in columns followed by the same lower case letter within a nutrient denote significant (P < 0.05)
differences in allocation between N treatments within a cultivar.
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and Curry, 2009). Increased biomass alloca-
tion to stems of AZ during winter in response
to N application coincided with increased
allocation of most nutrients to stems. These
results suggest stems play an important role in
storage of most nutrients by AZ during the
winter, similar to the role described for stems
of other deciduous plants (Millard, 1996).

Once within the shoot, mobile nutrients
(N, P, K) move preferentially to sites of great-
est activity or sink strength, as determined by
growth form and growth stage, and thus re-
duced nutrient status is believed to have much
less effect on leaves than shoots (Chapin,
1980). Our data do not fully support this hy-
pothesis. Preferential structures for nutrient
allocation were less sensitive, more sensitive,
or showed similar sensitivity to N availability
than other structures (Tables 5 and 6). For
example, PJM preferentially stored nutrients in
newer leaves than in older leaves and N
application had less influence on biomass and
nutrient accumulation in newer leaves than in
older leaves. Low nutrient availability has also
been shown to have a greater impact on old

leaves than young leaves of the evergreen
Rhododendron ferrugineum (Marty et al.,
2009). In contrast, ER preferentially stored
nutrients in leaves than in stems and roots, and
N application had a similar influence on bio-
mass and nutrient accumulation in most struc-
tures. The concept of nutrient status having a
smaller impact on large sinks may be common
for annual plants; however, in perennial plants
in which nutrient storage for the next year
is important for plant survival, the influence
of nutrient availability on specific structures
may also be a reflection of where plants store
nutrients.

Biomass and nutrient losses. Nitrogen
application increased net biomass and nutrient
loss in winter (Table 2). Biomass and nutrient
losses in the winter are a result of leaf abscis-
sion, stem damage (dieback or abscission), root
turnover, and maintenance processes that occur
in the winter (Chapin, 1980). Other losses in
biomass and nutrients can occur from stresses
(e.g., disease, cold damage) and nursery man-
agement practices (e.g., pruning and damage
from moving or transplanting). Nutrients and

biomass were not always equally allocated to
the same structures (Tables 4 through 7);
therefore, nutrient losses were greater, lesser,
or proportional to biomass loss depending on
where they were allocated and whether nutri-
ents were exported before biomass loss. Nitro-
gen application had a pronounced influence on
nutrient allocation in roots and these differ-
ences influenced nutrient losses during the
winter. For example, roots of N-deficient ER
contained a higher proportion of Ca and Mg
than roots of N-fertilized ER; therefore, N-
deficient ER lost a greater proportion of total
plant Ca and Mg as a result of the loss of roots.
Similarly N-deficient AZ lost a greater pro-
portion of total plant Cu than N-fertilized AZ
as a result of the loss of roots, and N-deficient
PJM lost a greater proportion of total plant P
and Cu than N-fertilized PJM as a result of loss
of roots.

Biomass and nutrient loss were generally
less in PJM than in ER and AZ (Table 2). Plants
of N-fertilized ER lost biomass, N, P, K, S, Mg,
B, and Mn at a greater rate than AZ, whereas
AZ lost Ca and Zn more rapidly than ER. In
comparison, when N-deficient AZ lost biomass
at a greater rate than ER and ER lost nutrients
at a rate equal to or greater than AZ. Differ-
ences in nutrient allocation patterns between
cultivars during the winter (Tables 4 through 7)
contributed to the magnitude of cultivar differ-
ences in nutrient losses. Root loss was a primary
contributor to differences in nutrient loss be-
tween PJM and ER because ER lost more roots
than PJM in winter and PJM preferentially
stored more nutrients in roots than ER. In con-
trast, loss of both leaves and roots were the
primary contributors to differences in nutrient
loss between PJM and AZ because AZ lost
more biomass from leaves and roots than PJM
and PJM preferentially stored more nutrients in
leaves and less in roots than AZ.

Depending on where plants allocated nu-
trients (Tables 4 through 7), the relationships
between losses of biomass and nutrients in
winter can identify whether nutrient losses
are a net result of direct biomass loss and/or
nutrient export. For example, PJM lost 13% of
its total biomass (mainly from older leaves) in
winter and a similar proportion of its total plant
N and allocated more N to older leaves than
biomass; therefore, loss of these nutrients by
PJM was a net result of biomass loss and nu-
trient export from older leaves. Similarly, loss
of N, Mg, and B by ER and loss of N by AZ
was a net result of biomass loss and nutrient
export from leaves and roots. In contrast, bio-
mass loss occurred without export of P, K, Ca,
Mg, Cu, Fe, and Zn from older leaves in PJM;
P, Ca, Cu, Fe, Mn, and Zn from roots and older
leaves in ER; and P, K, Ca, Cu, and Zn from
roots and leaves in AZ. These results indicate
that resources were not always mobilized from
leaves and roots before biomass loss because
they have limited mobility in plant tissues, the
nutrients in the structures were in excess of
plant requirements, or the plant was not able to
export nutrients before biomass loss (e.g., rapid
damage). The influence of N availability on
allocation of biomass and nutrients to different
structures combined with losses of biomass

Table 7. Allocation (percentage of total) of biomass and nutrients to stems in Oct. 2005, Nov. 2005, and
Feb. 2006 by three cultivars of container-grown Rhododendron grown with (+N) or without (0N)
additional nitrogen (N) fertilizer between May 2005 and Feb. 2006.

Variable and
N treatment

Cultivar and time (months)z

PJMx ERx AZx Contrastsy

Oct. Nov. Feb. Oct. Nov. Feb. Oct. Nov. Feb. PJM ER AZ

Biomass
0N 24 a 25 a 29 a 16 a 15 a 19 a 18 a 18 a 20 a NS NS NS

+N 36 b 36 b 26 a 20 a 22 b 23 b 29 b 27 b 34 b L NS L
Nitrogen

0N 19 a 20 a 25 a 10 a 10 a 15 a 18 a 22 a 24 a NS NS L
+N 23 a 24 a 21 a 11 a 12 a 14 a 22 a 27 b 37 b NS NS L

Phosphorus
0N 16 a 17 a 22 a 9 a 8 a 11 a 14 a 15 a 17 a NS NS NS

+N 33 b 32 b 24 a 14 b 19 b 19 b 26 b 28 b 35 b L NS L
Potassium

0N 16 a 17 a 21 a 9 a 13 a 18 a 21 a 20 a 21 a NS L NS

+N 21 a 20 a 18 a 15 b 21 b 22 b 22 a 18 a 36 b NS L L
Sulfur

0N 15 a 18 a 24 a 7 a 9 a 22 a 20 a 19 a 10 a L L L
+N 22 b 26 b 24 a 11 a 16 a 18 a 18 a 22 b 23 b NS L NS

Calcium
0N 20 a 27 a 33 a 16 a 16 a 18 a 13 a 15 a 26 a L NS L
+N 27 b 31 b 37 b 15 a 18 a 16 a 21 b 20 b 49 b L NS L

Magnesium
0N 17 a 12 a 24 a 16 a 16 a 19 a 15 a 16 a 19 a L NS NS

+N 24 b 23 b 20 b 17 a 18 a 17 a 23 b 21 b 37 b L NS L
Boron

0N 12 a 12 a 24 a 10 a 12 a 18 a 14 a 17 a 38 a L L L
+N 16 a 17 a 22 a 9 a 15 a 21 a 25 b 21 b 54 b L L L

Copper
0N 11 a 14 a 13 a 5 a 6 a 5 a 10 a 8 a 9 a NS NS NS

+N 20 b 20 b 13 a 10 b 13 b 12 b 15 a 18 b 19 b NS NS NS

Iron
0N 6 a 8 a 8 a 3 a 4 a 4 a 6 a 5 a 6 a NS NS NS

+N 10 a 10 a 7 a 4 a 5 a 6 a 5 a 7 a 15 b NS NS L
Manganese

0N 19 a 30 a 27 a 29 b 29 b 37 b 20 a 25 a 38 a L L L
+N 22 a 25 a 31 a 19 a 22 a 26 a 21 a 24 a 59 b L L L

Zinc
0N 10 a 12 14 a 10 a 10 a 15 a 20 a 21 a 26 a NS L L
+N 23 b 21 b 16 a 9 a 12 a 15 a 28 b 29 b 47 b L L L

zPJM = Rhododendron ‘P.J.M. compact’; ER = Rhododendron ‘English Roseum’, and AZ =
Rhododendron ‘Gibraltar’.
yNon-significant (NS) and significant (P < 0.05) linear (L) and quadratic (Q) response of allocation between
dates for each cultivar within an N treatment.
yValues in columns followed by the same lower case letter within a nutrient denote significant (P < 0.05)
differences in allocation between N treatments within a cultivar.
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from stress, damage, or pruning may have
implications to the nutrient reserves that plants
require during the next growing season.

Our results indicate N deficiency 1) de-
creases nutrient uptake and uptake efficiency
for nutrients other than N (Tables 1 and 2); 2)
alters the timing of nutrient uptake (Table 1);
3) decreases root absorption capacity for most
nutrients (Table 3); 4) increases allocation of
biomass and nutrients to roots (Table 4); 4)
decreases allocation of biomass and nutrients
to aboveground structures (Tables 5 through
7); and 5) decreases net loss of biomass and nu-
trients in winter (Table 2). In perennial plants,
increased root absorption capacity in response
to nutrient deficiency is only a transitory re-
sponse that cannot be sustained over a long
period of time; N-deficient Rhododendron
compensated by decreasing aboveground de-
mand to balance the decrease in plant ability to
absorb nutrients with growth demands. In our
study, this resulted in N-deficient plants hav-
ing higher nutrient use efficiency for several
nutrients than N-fertilized plants.
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