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Abstract: Mineral nutrient uptake of Hydrangea macrophylla ‘Merritt’s Supreme’ affected by nitrogen
(N) fertilization rate, container type, and irrigation frequency was investigated. Rooted liners of
hydrangea plants were fertilized twice weekly with a N-free fertilizer plus five N rates including 0, 5,
10, 15, or 20 mM N from ammonium nitrate (NH4NO3), irrigated once or twice daily with the same
total irrigation volume, and grown in two types of one-gallon containers: a black plastic container and
a biodegradable container (biocontainer), made from recycled paper. Concentrations of calcium (Ca)
and magnesium (Mg) averaged in the entire plant, and iron (Fe) and manganese (Mn) in roots had
increasing trends with increasing N rate. By comparison, increasing N rate had a dilution effect on
root phosphorus (P), stem and root potassium (K), stem Ca and Mg, and leaf boron (B) concentrations.
In general, nutrient content of each tested element increased with increasing N rate in each structure,
or total in the plant. When there was a significant container type effect, plastic containers consistently
had increased nutrient concentrations and content compared to biocontainers. One irrigation per day
was beneficial in increasing nutrient concentrations of P, Ca, and zinc (Zn) in different plant structures.

Keywords: Hydrangea macrophylla; nitrogen rate; paper biocontainer; irrigation frequency; nutrient
uptake

1. Introduction

Hydrangea is one of the most popular ornamental crops, used as potted plants or in landscapes [1]
Hydrangea macrophylla, commonly known as bigleaf or French hydrangea, is one of the most widely
cultivated of over 80 species in the genus Hydrangea [2,3]. There are more than 1000 cultivars of
H. macrophylla, with various shapes and sizes, and bloom colors of white, pink, blue, red, and purple [4].
In 2012, the sale value of hydrangeas as nursery stock was $91 million in the United States, with another
$30 million sold as potted plants [5].

Hydrangeas are known to have high nutrient requirements [6,7]. Fertilization management in
nursery production is largely through manipulating N rate because it is often considered the limiting
factor. Increasing N rate increased plant growth index, leaf area, and plant dry weight of H. macrophylla
‘Merritt’s Supreme’ [8]. High N fertigation rates of 210 and 280 mg·L−1 were found to increase the
number of flowers and flower size in H. macrophylla ‘Merritt’s Supreme’ [7]. High N rate increased
N content in H. macrophylla ‘Berlin’, where a good N status was considered important in the fall [6].
Stored N in the fall will be remobilized the following spring to facilitate new growth [9,10]. Increased N
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rates also increased nutrient uptake of other nutrients including P, K, Ca, and Mg in Encore® azalea
‘Chiffon’ (Rhododendron sp.) [11]. Plant nutrient uptake is a function of both nutrient availability
(supply) and plant growth rate (demand) [12].

An efficient and economic fertilization management strategy is closely related to irrigation
management. Hydrangea plants have high water requirement and are not adept at absorbing water
and nutrients from drying substrate [13]. Reduced irrigation amount, caused by biochar amendments
in a pine bark substrate, was found to reduce plant dry weight of Pinky Winky® hardy hydrangea
(H. paniculata) and reduce nutrient leaching [14]. Water use of H. macrophylla ‘Fasan’ started to decrease at
a greater volumetric water content (VWC) than Gardenia jasminoides ‘Radicans’ (0.28 m3

·m−3 compared
to 0.20 m3

·m−3). Water uptake of hydrangea ceased at a VWC of 0.16 m3
·m−3 [13]. Supplying the same

amount of irrigation water through multiple irrigation events during a day to rhododendron plants
was used to reduce leaching, increase nutrient uptake, or compensate for nutrient deficiencies [15,16].
In H. macrophylla ‘Merritt’s Supreme’, more frequent irrigation increased plant growth index and
substrate moisture, but decreased stem N concentration [8].

Biodegradable containers (biocontainers) have been investigated in a number of plant species and
growing systems as sustainable alternatives to traditional plastic containers [17–23]. Biocontainers are
constructed from a variety of materials including peat, coconut coir, feather, rice hull, recycled paper,
and bioplastics [19,24–26]. Biocontainers of different materials have different physical and chemical
properties and were shown to have different effects on plant vegetative growth, flower production,
and visual quality [24,27,28]. Plant species vary in their growth performance when grown in different
types of biocontainers. Biocontainers made from manure, straw, paper, wood fiber, and coconut fiber
have porous sidewalls, and were reported to increase water use and affect nutrient uptake [29–31].
These characteristics were beneficial for Encore® azalea ‘Chiffon’ producing increased leaf area, biomass,
and root length compared to traditional black plastic containers [32] but decreased photosynthetic
rate of H. macrophylla ‘Merritt’s Supreme’ [8]. Mineral nutrient uptake of hydrangea species grown
in biocontainers has not been reported and little is known about how irrigation frequency alters
hydrangea nutrition in biocontainers.

Previously we reported how N fertilization, container type, and irrigation frequency affected
plant growth, gas exchange, and N uptake of H. macrophylla ‘Merritt’s Supreme’ plants [8]. The effects
of these factors on mineral nutrient uptake of hydrangea plants remain unclear. The objective of
this study was to investigate mineral nutrient uptake of hydrangea plants affected by nitrogen rate,
container type, and irrigation frequency.

2. Materials and Methods

Plant culture and treatments. One hundred rooted liners of H. macrophylla ‘Merritt Supreme’
were transplanted into two types of one-gallon containers on 1 July 2014: a black plastic container
(GL 400; top diameter 17.78 cm, bottom diameter 18.10 cm, volume 3.785 L; Nursery Supplies® Inc.,
Chambersburg, PA, USA), or a biodegradable container (biocontainer) made from a mix of recycled
paper (7 × 7 RD; interior top diameter 18.7 cm, bottom diameter 14.9 cm, height 17.1 cm, volume 3.90 L;
Western Pulp Products Co., Corvallis, OR, USA). Hydrangea plants were maintained outdoors under a
shade structure with 50% black shade cloth at the R.R. Foil Plant Science Research center of Mississippi
State University in Starkville, Mississippi (USDA hardiness zone 8a; 33.4552◦ N, 88.7944◦ W). A soilless
substrate (Metro-Mix® 852; Sun Gro Horticulture, Agawam, MA, USA) containing about 50 to 60%
composted pine bark, 30% Sphagnum peat moss, 10% perlite by volume, and minor amounts of
vermiculite, Dolomite lime, and wetting agent was used as the growing substrate. Each hydrangea
plant was fertilized with 250 mL N-free fertilizer (1.06 mg·mL−1; Cornell No. N Eq. 0–6-27; GreenCare
Fertilizers, Kankakee, IL, USA) (Table S1) twice weekly plus 0, 5, 10, 15, or 20 mM N from NH4NO3

from 8 July to 22 September 2014. Plants were irrigated through drip irrigation either once per day at
0800 hr or twice per day at 0800 and 1430 hr with the same total daily irrigation volume. Plants were
irrigated to replace daily water loss plus 10 to 15% leaching fraction. Irrigation volume was determined
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at four dates during the growing season approximately once per month by calculating daily water use
of plants fertilized with 20 mM N grown in both container types.

Plant harvest. Each plant was destructively harvested 119 d after transplanting on 27 October
2014. Plant samples were cleaned free from substrate, and separated into leaf, stem, and root structures.
All samples were oven dried at 60 ◦C to constant weight. Dry weight of each sample was recorded and
used in the calculations of nutrient content in each structure type or in the entire plant. Total dry weight
of a specific plant was calculated by summing the dry weight of leaves, stems, and roots. Dry weight
data was reported in Li et al. [8].

Mineral nutrient concentrations. Each dry sample was ground to pass a 1-mm sieve (Wiley
mini mill, Thomas Scientific, Swedesboro, NJ, USA) for mineral nutrient analyses. Dry tissue sample
of 0.5 g was digested by 1 mL of 6 M hydrochloric acid (HCl) and 50 mL of 0.05 M HCl for the
concentrations of P, K, Ca, Mg, Fe, Mn, Zn, copper (Cu), and B using inductively coupled plasma
optical emission spectrometry (SPECTROBLUE; SPECTRO Analytical Instruments, Kleve, Germany).
Plant samples were tested at the Mississippi State University Extension Service Soil Testing Laboratory.
Tissue concentrations of macronutrients (mg g−1) and micronutrients (µg g−1) were presented on a dry
weight basis.

Calculations of mineral nutrient contents. Nutrient content in each sample was calculated by
multiplying dry weight of a structure (leaves, stems, or roots) by the concentration of a certain nutrient
element. Total content of a given nutrient in one plant was estimated by summing the nutrient content
from leaves, stems, and roots. Plant average concentration of a given nutrient was calculated by
dividing the total nutrient content by total plant dry weight. Both nutrient concentration and content
(mg per plant for macronutrients and µg per plant for micronutrients) were presented in results to
analyze effects of treatments on mineral nutrient uptake in the tested hydrangea cultivar.

Experimental design and data analyses. This study was set up as a factorial arrangement
of treatments in a completely randomized design. The N rate (5 rates), container type (2 types),
and irrigation frequency (2 frequencies) were the three main experimental factors providing 20 treatment
combinations with five single-plant replications in each treatment combination. Significance of any
main effect or the interaction among factors were determined by the analysis of variance (ANOVA) using
the PROC GLMMIX procedure of SAS (Version 9.4; SAS Institute, Cary, NC, USA). Previous to analysis
of variance, normality of data sets was confirmed using the Shapiro-Wilk’s test. Where indicated by
ANOVA, means were separated using Tukey’s Honest Significant Difference (HSD) test at p ≤ 0.05.
When analyzing the allocation of nutrient content among leaves, stems, and roots within a plant,
structure type was considered as a factor to analyze its main effect.

3. Results

3.1. Macronutrient Concentrations (mg g−1) and Contents (mg per plant)

Phosphorus. Concentrations and contents of P in leaves, stems, roots, or the entire plant was
affected by the main effect of N rate, container type, or irrigation frequency without interactions.
Greater N rate increased P uptake: phosphorus content generally increased with N rates from 0 to
20 mM in leaves and in the entire plant and increased from 0 to 15 mM N in stems and roots, with N
rates of 15 and 20 mM resulting in similar P content (Figure S1).

Phosphorus concentrations in leaves and stems were not affected by N rate, averaging 2.10 and
1.67 mg g−1, respectively. No N resulted in the highest P concentrations of 3.66 and 2.93 mg g−1 among
the five N rates in roots and averaged in plants, respectively.

Compared to the biocontainers, plastic containers increased P concentrations in stems, roots,
and averaged in the plant by 10.3%, 24.8%, and 11.6%, respectively (Table 1). Plastic containers also
resulted in 29.8% and 9.9% increases in P content in roots and total in the plant, respectively (Table 2).
One irrigation per day increased P concentrations in leaves and stems by 12.3% and 7.4% compared
with two irrigations per day, respectively (Table 3).
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Table 1. Container type affects concentrations of macro- and micro-nutrients in leaves, stems, roots, or averaged in the plant of H. macrophylla ‘Merritt’s Supreme’.

Container Type

Macronutrient Concentrations (mg g−1) z Micronutrient Concentrations (µg g−1)

P P P Mg Fe Fe Mn Mn Mn Mn Cu Cu Zn B

Stem Root Average Root Root Average Leaf Stem Root Average Root Average Root Average

Biocontainer 1.59 2.35 2.16 1.59 36.3 42.9 49.2 32.6 47.4 46.2 3.78 2.09 36.6 25.7
Plastic container 1.75 2.93 2.41 1.69 41.6 47.8 53.6 38.4 66.5 55.4 5.36 2.61 41.9 27.2

p-value 0.008 <0.0001 <0.0001 0.039 0.0025 0.014 0.48 0.0001 <0.0001 <0.0001 <0.0001 0.0002 0.0033 0.049
z A p-value ≤ 0.05 indicates significant differences within a column using the PROC GLIMMIX procedure of SAS.

Table 2. Container type affects contents of macro- and micro-nutrients in roots, or total in the plant of H. macrophylla ‘Merritt’s Supreme’.

Macronutrient Content (mg Per Plant) z Micronutrient Content (µg Per Plant)

Container Type P P K Mn Cu Cu Zn Zn B

Root Total Root Total Root Total Root Total Root

Biocontainer 20.2 68.14 89.8 1892 34.9 60 350.7 1146 91.4
Plastic container 26.2 74.91 112.5 2252 52.4 81.3 415 1308 103

p-value <0.0001 0.0072 <0.0001 0.0008 <0.0001 <0.0001 0.012 0.04 0.0028
z A p-value ≤ 0.05 indicates significant differences within a column using the PROC GLIMMIX procedure of SAS.
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Table 3. Irrigation frequency affects nutrient concentrations in leaves, stems, or averaged in the plant
of H. macrophylla ‘Merritt’s Supreme’.

Nutrient Concentrations

P P Ca Zn Zn Zn

Irrigation Frequency z (mg g−1) (µg g−1)

Leaf Stem Leaf Leaf Stem Average

Once 2.21 1.73 12.1 32.1 64.2 39.2
Twice 1.97 1.61 11.4 28.1 55.7 35.4

p-value 0.039 0.012 0.036 0.038 0.0047 0.034
z A p-value ≤ 0.05 indicates significant differences within a column using the PROC GLIMMIX procedure of SAS.

Potassium. Greater N rate increased K uptake. Content of K in leaves and in the entire plant
increased significantly with increasing N rate from 0 to 20 mM. Content of K in stems and roots
increased with increasing N rate from 0 to 10 mM, with 15 and 20 mM N resulting in similar K content
(Figure 1). Plastic containers increased root K content by 25.3% compared to biocontainers (Table 2).
Irrigation frequency did not affect K concentration or content in any structure type or in the entire plant.
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Figure 1. Concentrations (mg g−1) and contents (mg per plant) of potassium (K) in leaves, stems, roots, 
or the entire plant of H. macrophylla ‘Merritt’s Supreme’ affected by the interaction between nitrogen 
(N) rate and container type (A–C) or by the main effect of N rate (D–H). Data points are means (A–
C) across irrigation frequencies (n = 10) and (D–H) across container types and irrigation frequencies 
(n = 20). Error bars are standard errors. Different lower-case letters within a chart indicate significance 
differences between means using Tukey’s HSD test at p-value ≤ 0.05. 

Concentrations of K in leaves, stems, and roots were affected by the interaction of N rate and 
container type. Average plant K concentration was similar between the two container types, two 
irrigation frequencies, or among the five N rates. When affected by the N rate and container type 
interaction, concentrations of K were generally similar in each container type and differed little 
among different N rates. Plastic containers resulted in higher K concentrations than biocontainers in 

Figure 1. Concentrations (mg g−1) and contents (mg per plant) of potassium (K) in leaves, stems, roots,
or the entire plant of H. macrophylla ‘Merritt’s Supreme’ affected by the interaction between nitrogen
(N) rate and container type (A–C) or by the main effect of N rate (D–H). Data points are means (A–C)
across irrigation frequencies (n = 10) and (D–H) across container types and irrigation frequencies
(n = 20). Error bars are standard errors. Different lower-case letters within a chart indicate significance
differences between means using Tukey’s HSD test at p-value ≤ 0.05.

Concentrations of K in leaves, stems, and roots were affected by the interaction of N rate
and container type. Average plant K concentration was similar between the two container types,
two irrigation frequencies, or among the five N rates. When affected by the N rate and container type
interaction, concentrations of K were generally similar in each container type and differed little among
different N rates. Plastic containers resulted in higher K concentrations than biocontainers in stems at
0 mM N, and in roots at N rates of 0 to 15 mM, but lower K concentration in leaves at 15 mM N.

Calcium. Content of Ca in stems and roots was affected by N rate, but not by container type or
irrigation frequency. Greater N rate increased Ca uptake. Stem and root Ca content generally increased
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with increasing N rate from 0 to 15 mM with similar content between 15 and 20 mM N (Figure 2).
Content of Ca in leaves and total in the plant was affected by the interaction between N rate and
container type. When grown in biocontainers, content of Ca in leaves and in the entire plant increased
significantly with increasing N rate from 0 to 20 mM. While in plastic containers, content of Ca in
leaves and in the entire plant increased with increasing N rate from 0 to 15 mM, with 15 and 20 mM N
resulting in similar Ca content. The two container types generally resulted in similar Ca content at a
certain N rate in leaves and the entire plant except that biocontainers resulted in higher Ca content
than plastic containers at 20 mM N.
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Figure 2. Concentrations (mg g−1) and contents (mg per plant) of Calcium (Ca) in leaves, stems, roots, 
or the entire plant of H. macrophylla ‘Merritt’s Supreme’ affected by the interaction between nitrogen 
(N) rate and container type (A, E, and H) or by the main effect of N rate (B–D, F, and G). Data points 
are means (A, E, and H) across irrigation frequencies (n = 10) and (B–D, F, and G) across container 
types and irrigation frequencies (n = 20). Error bars are standard errors. Different lower-case letters 
within a chart indicate significance differences between means using Tukey’s HSD test at p-value ≤ 
0.05. 

Magnesium. Greater N rate increased Mg uptake. Content of Mg in stems and roots had an 
increasing trend with increasing N rate, with N rates of 15 and 20 mM resulting in similar content 
(Figure 3). When affected by the interaction between N rate and container type, content of Mg in 

Figure 2. Concentrations (mg g−1) and contents (mg per plant) of Calcium (Ca) in leaves, stems, roots,
or the entire plant of H. macrophylla ‘Merritt’s Supreme’ affected by the interaction between nitrogen
(N) rate and container type (A,E,H) or by the main effect of N rate (B–D,F,G). Data points are means
(A,E,H) across irrigation frequencies (n = 10) and (B–D,F,G) across container types and irrigation
frequencies (n = 20). Error bars are standard errors. Different lower-case letters within a chart indicate
significance differences between means using Tukey’s HSD test at p-value ≤ 0.05.

Leaf Ca concentration was affected by the interaction between N rate and container type, where the
five N rates generally resulted in similar leaf Ca concentration in each container type. The two container
types generally resulted in similar leaf Ca concentration, except biocontainers resulted in a higher
leaf Ca concentration than plastic containers at 20 mM N. One irrigation per day increased leaf Ca
concentration by 5.5% compared with two irrigations per day (Table 3).

Concentrations of Ca in stems, roots, and averaged in the plant were affected by N rate, but not
by container type or irrigation frequency. No N resulted in the highest Ca concentration, and 20 mM
N resulted in the lowest Ca concentration in stems. Nitrogen rates of 5 to 20 mM resulted in similar
root Ca concentration. Average plant Ca concentration was similar among N rates of 10 to 20 mM,
higher than the no N treatment.

Magnesium. Greater N rate increased Mg uptake. Content of Mg in stems and roots had an
increasing trend with increasing N rate, with N rates of 15 and 20 mM resulting in similar content
(Figure 3). When affected by the interaction between N rate and container type, content of Mg in leaves
and in the entire plant increased significantly with increasing N rate from 5 to 20 mM in biocontainers.
Whereas in plastic containers, N rates of 15 and 20 mM resulted in similar Mg content in leaves or in
the entire plant. As a result, biocontainers resulted in higher Mg content in stems and in the entire
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plant than plastic containers with 20 mM N. The two container types resulted in similar Mg content in
stem and the entire plant with N rates from 0 to 15 mM.
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Figure 3. Concentrations (mg g−1) and contents (mg per plant) of Magnesium (Mg) in leaves, stems, 
roots, or the entire plant of H. macrophylla ‘Merritt’s Supreme’ affected by the interaction between 
nitrogen (N) rate and container type (B, D, E, and H) or by the main effect of N rate (A, C, F, and G). 
Data points are means (B, D, E, and H) across irrigation frequencies (n = 10) and (A, C, F, and G) 
across container types and irrigation frequencies (n = 20). Error bars are standard errors. Different 
lower-case letters within a chart indicate significance differences between means using Tukey’s HSD 
test at p-value ≤ 0.05. 
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increased significantly with increasing N rate from 0 to 20 mM, with 20 mM N resulting in the highest 
Fe content (Figure S2). 

Nitrogen rate of 20 mM resulted in the highest Fe concentrations in leaves and stems, higher 
than those fertilized with N rates of 0, 5, or 10 mM N with similar Fe concentrations. In roots and 
averaged in the plant, Fe concentrations generally increased with increasing N rate, with 20 mM N 
resulting in the highest Fe concentrations of 54.05 and 59.75 µg g−1, respectively. Plastic containers 
increased Fe concentrations in roots and averaged in the plant by 14.7% and 11.4%, respectively 

Figure 3. Concentrations (mg g−1) and contents (mg per plant) of Magnesium (Mg) in leaves, stems,
roots, or the entire plant of H. macrophylla ‘Merritt’s Supreme’ affected by the interaction between
nitrogen (N) rate and container type (B,D,E,H) or by the main effect of N rate (A,C,F,G). Data points
are means (B,D,E,H) across irrigation frequencies (n = 10) and (A,C,F,G) across container types and
irrigation frequencies (n = 20). Error bars are standard errors. Different lower-case letters within a chart
indicate significance differences between means using Tukey’s HSD test at p-value ≤ 0.05.

Concentration of Mg in leaves and roots were affected by the main effect of N rate. Concentration
of Mg in stems and averaged in the plant were affected by the interaction between N rate and container
type. Nitrogen rates of 15 and 20 mM resulted in higher leaf Mg concentrations than N rates of 0 or
5 mM. No N treatment resulted in higher root Mg concentration of 1.92 mg g−1 than N rates of 5 to
20 mM with similar root Mg concentrations ranging from 1.5 to 1.69 mg g−1. Magnesium concentration
in stems or averaged in the plant differed little among N rates within container type. The two container
types generally resulted in similar Mg concentrations within a N rate, except plastic containers resulted
in higher stem Mg concentration than biocontainers at 10 mM N. Biocontainers resulted in higher
average plant Mg concentration than plastic containers at 20 mM N.

Plastic containers increased root Mg concentration by 6.4% (Table 1). Irrigation frequency did not
affect Mg concentration or content in any structure type or in the entire plant.

3.2. Micronutrient Concentrations (µg g−1) and Contents (µg per plant)

Iron. Greater N rate increased Fe uptake. Iron content in each structure type or total in the plant
increased significantly with increasing N rate from 0 to 20 mM, with 20 mM N resulting in the highest
Fe content (Figure S2).

Nitrogen rate of 20 mM resulted in the highest Fe concentrations in leaves and stems, higher than
those fertilized with N rates of 0, 5, or 10 mM N with similar Fe concentrations. In roots and
averaged in the plant, Fe concentrations generally increased with increasing N rate, with 20 mM N
resulting in the highest Fe concentrations of 54.05 and 59.75 µg g−1, respectively. Plastic containers
increased Fe concentrations in roots and averaged in the plant by 14.7% and 11.4%, respectively
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(Table 1). Irrigation frequency did not affect Fe concentration or content in any structure type or in the
entire plant.

Manganese. Greater N rate increased Mn uptake. Affected by the N rate main effect, Mn content
increased with increasing N rates from 5 to 20 mM in leaves and stems and from 0 to 20 mM in the
entire plant (Figure S3). Root Mn content was affected by the interaction between N rate and container
type and had a generally increasing trend with increasing N rate in biocontainers or plastic containers.
Plastic containers resulted in higher root Mn content than biocontainers at N rates of 15 and 20 mM.

Concentration of Mn in leaves, stems, roots, or averaged in the plant were affected by the main
effects of N rate and container type without interactions. Concentration of Mn increased significantly
with increasing N rate from 0 to 20 mM N in roots, from 5 to 20 mM N in leaves and averaged in the
plant. Nitrogen rate of 20 mM resulted in the highest stem Mn concentration of 53.2 µg g−1.

Plastic containers increased total Mn content and Mn concentration in leaves, stems, roots,
and averaged in the plant by 19.0%, 9.1%, 17.8%, 28.8%, and 19.9% compared to biocontainers,
respectively (Tables 1 and 2). Irrigation frequency did not affect Mn concentration or content in any
structure type or in the entire plant.

Copper. Greater N rate increased Cu uptake. Content of Cu increased with increasing N rate
from 0 to 20 mM in leaves, and from 0 to 15 mM total in the plant with 15 and 20 mM N resulting in
similar total plant Cu content (Figure 4). Root Cu content had an increasing trend with increasing N
rate, with similar contents between 5 and 10 mM N, or between 15 and 20 mM N.
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Figure 4. Concentrations (µg g−1) and contents (µg per plant) of copper (Cu) in leaves, stems, roots, or 
the entire plant of H. macrophylla ‘Merritt’s Supreme’ affected by the main effect of nitrogen (N) rate 
(A, C–E, G, and H) or by the interaction between N rate and container type (B and F). Data points are 
means (B, F) across irrigation frequencies (n = 10) and (A, C–E, G, and H) across container types and 
irrigation frequencies (n = 20). Error bars are standard errors. Different lower-case letters within a 
chart indicate significance differences between means using Tukey’s HSD test at p-value ≤ 0.05. 

Stem Cu concentration and content were affected by the interaction between N rate and 
container type. Plants fertilized with 15 mM N grown in plastic containers had the highest stem Cu 
concentration and content among all treatment combinations. The two container types generally 
resulted in similar Cu concentrations or content within a certain N rate except plastic containers 

Figure 4. Concentrations (µg g−1) and contents (µg per plant) of copper (Cu) in leaves, stems, roots,
or the entire plant of H. macrophylla ‘Merritt’s Supreme’ affected by the main effect of nitrogen (N) rate
(A,C–E,G,H) or by the interaction between N rate and container type (B,F). Data points are means (B,F)
across irrigation frequencies (n = 10) and (A,C–E,G,H) across container types and irrigation frequencies
(n = 20). Error bars are standard errors. Different lower-case letters within a chart indicate significance
differences between means using Tukey’s HSD test at p-value ≤ 0.05.

Stem Cu concentration and content were affected by the interaction between N rate and container
type. Plants fertilized with 15 mM N grown in plastic containers had the highest stem Cu concentration
and content among all treatment combinations. The two container types generally resulted in similar
Cu concentrations or content within a certain N rate except plastic containers resulted in higher stem
Cu concentration at 10 and 15 mM N and higher stem Cu content at 15 mM N.



Water 2020, 12, 1987 9 of 13

Leaf Cu concentration was similar among N rate, container type, or irrigation frequency.
Concentration of Cu in roots and averaged in plant was affected by the main effects of N rate
and container type without interactions. Nitrogen rates of 5 to 20 mM resulted in similar Cu
concentrations in leaves and averaged in plant.

Plastic containers increased Cu concentration in roots and averaged in the plant and increased Cu
content in roots and total in the plant by 41.8%, 25.1%, 50.2%, and 35.5% compared with biocontainers,
respectively (Tables 1 and 2). Irrigation frequency did not affect Cu concentration or content in any
structure type or in the entire plant.

Zinc. Greater N rate increased Zn uptake. Content of Zn in each structure or total in the plant
increased significantly with increasing N rate, except 10 and 15 mM N resulted in similar root Zn
content (Figure S4).

Concentration of Zn in stems, roots, or averaged in the plant were similar among different N rates.
Leaf Zn concentration was similar among N rates from 5 to 20 mM, with 0 mM N resulting in the
highest leaf Zn concentration of 38.9 µg g−1.

Plastic containers increased root Zn concentration, root Zn content, and total plant Zn content by
14.5%, 18.3% and 14.1%, respectively (Tables 1 and 2). One irrigation per day increased concentration
of Zn in leaves, stems, and averaged in the plant by 14.4%, 15.1%, and 10.8%, respectively (Table 3).

Boron. Greater N rate increased B uptake. Content of B in each structure type or total in the plant
generally increased with increasing N rate from 0 to 20 mM N, except 15 and 20 mM N resulted in
similar B content in stems (Figure S5).

Boron concentration in leaves and stems had a decreasing trend with increasing N rate, with no N
treatment resulting in the highest B concentration of 55.05 µg g−1 and 15 µg g−1 in leaves and stems,
respectively. Average plant B concentration was similar among all N rates.

Root B concentration was affected by the interaction between N rate and container type with the
two containers generally resulting in similar B concentrations at a certain N rate except that plastic
containers resulted in higher root B concentration than biocontainers at 10 and 15 mM N. In each
container type, there was not much separation of root B concentration among the five N rates.

Plastic containers resulted in higher B concentration averaged in the plant and higher root B
content than biocontainers by 6.2% and 12.7%, respectively (Tables 1 and 2). Irrigation frequency did
not affect B concentration or content in any structure or the entire plant.

Allocation of nutrient contents in different structures. For eight of the tested mineral nutrients
including P, K, Ca, Mg, Fe, Mn, Zn, and B, highest accumulations were in leaves, followed by roots,
with stems having the lowest mineral nutrient contents among the three structures (Table 4). Leaves had
26.3% (in Cu) to 82.5% (in B) of total mineral nutrient content in the entire plant. Highest Cu content
was found in roots, 61.8% of total Cu content, with leaves being the second and stems having the
lowest Cu content.

Table 4. Allocation of macro- and micro-nutrient contents among leaves, stems, and roots within H.
macrophylla ‘Merritt’s Supreme’.

Macronutrient Content (mg Per Plant) z Micronutrient Content (µg Per Plant)

P K Ca Mg Fe Mn Cu Zn B

Leaf 38.9 a 548.7 a 220.4 a 108.6 a 1087 a 1211 a 18.6 b 519.7 a 740.1 a
Stem 9.4 c 51.3 c 20.4 c 9.6 c 216.8 c 240 c 8.4 c 324.5 c 60 c
Root 23.2 b 101.1 b 41.2 b 15.5 b 422.1 b 620.2 b 43.6 a 382.9 b 97.2 b

z Different lower-case letters within a column indicate significant difference using Tukey’s Honest Significant
Difference (HSD) test at p-value ≤ 0.05.

4. Discussion

Increasing one nutrient from deficient level will stimulate plant growth but may eventually have
a dilution effect and induce deficiency of other nutrients [33]. In this study, as N rate increased,
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plant biomass increased [8] and there was a dilution effect on macronutrients indicated by decreasing
trends in root and average plant P concentrations, stem and root K concentrations, stems Ca, and stem
Mg concentrations. However, average plant Ca and Mg concentrations had increasing trends with
greater N rate. Average plant K and P concentrations were similar among N rates from 0 to 20 mM
and from 5 to 20 mM, respectively. This indicates lower concentrations of these nutrients in specific
structures did not reach a critical deficient level or limit plant growth. Such results agree with our
previous study investigating the effects of increasing N rate on mineral nutrient uptake of Encore®

azalea ‘Chiffon’ [11]. Scagel et al. [34] reported a proportional increase of other nutrients with increasing
N was not necessary in an efficient fertilization management strategy. Concentrations of all tested
macro- and micro-nutrients in hydrangea plants were generally in reasonable ranges without obvious
deficiencies as referenced to Bi et al., Jahromi et al., and Bryson et al. [7,14,35].

Micronutrients uptake had different trends than macronutrients, except leaf B concentration had a
decreasing trend with increasing N rate. Concentration and content of Mn and Fe in each structure and
in the entire plant all increased with increasing N rates. Average plant Zn and B concentrations were
not affected by N rates. This suggests micronutrients were generally sufficient in the N-free fertilizer
applied in this study and did not become limiting factors when N rate was increased up to 20 mM.

Regardless of varying trends of nutrient concentrations, content of tested macro- and
micro-nutrients uniformly increased with increasing N rates in leaves, stems, roots, or in the entire
plant. In our previous study investigating plant growth affected by N rate, container type and irrigation
frequency, dry weights of H. macrophylla ‘Merritt’s Supreme’ in leaves, stems, roots, or the entire
plant generally increased with increasing N rate from 0 to 20 mM [8]. This suggests greater N rate
increased nutrient uptake by stimulating plant biomass production and resulted in the increasing
content of mineral nutrients. Meaningful evaluation of mineral nutrient uptake should not be limited
by concentration or content. Instead, plant nutrient status should be evaluated in combination with
plant visual quality, or flower production depending on the production goal. Vegetative growth of
hydrangea plants can be improved by increasing N fertilizer without the need for proportional increase
of other nutrients since other mineral nutrients did not become deficient or limit plant growth.

Biocontainers have various effects on plant growth in different production systems due to the
unique physical and chemical properties of the construction material. The paper biocontainers used in
this study had a light color and porous sidewalls compared to the black plastic containers. The porous
nature of the container sidewall increased daily water use of hydrangea and azalea plants [8,11] and
was believed to reduce substrate temperature due to evaporative cooling effect [23]. Such effects
were reported to be beneficial for biomass production and nutrient uptake of a light feeder like
azalea [32], but reduced photosynthesis and stomatal conductance of hydrangea which has a higher
water requirement [8]. Hydrangea plants grown in the paper biocontainers had similar dry weights to
plants grown in plastic containers [8]. In this current study, where the main effect of container type was
significant, the biocontainers consistently decreased concentrations and contents of different nutrients
compared to the plastic containers, suggesting biocontainers limited nutrient uptake of hydrangea
plant possibly by negatively affecting plant water status. There are exceptions when the N rate and
container type interaction was significant, and biocontainers resulted in higher K concentration in
leaves with 15 mM N than plastic containers, leaf Ca concentration with 20 mM N, average plant Mg
concentration with 20 mM N, content of Ca and Mg in leaves and total in the plant with 20 mM N.
This suggests biocontainers may be beneficial for macronutrient uptake with sufficient N supply.

Irrigation frequency did not interact with N rate or container type to affect mineral nutrient uptake
of hydrangea plants in this study. One irrigation per day increased nutrient concentrations of P in
leaves and stems, Ca in leaves, and Zn in leaves, stems and averaged in the plant compared with
two irrigations per day. Irrigation frequency did not affect biomass production, net photosynthetic
rate, or stomatal conductance of hydrangea plants in our previous study [8]. Two irrigations per
day increased substrate moisture at 5-cm depth and increased plant growth index in the middle
of the growing season compared to one irrigation per day, but decreased stem N concentration [8].
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More frequent irrigations were also found to decrease uptake of Zn, Cu, and B in Encore® azalea
‘Chiffon’ and decreased uptake of P, B, and Mn in three other Rhododendron species [11,16]. One irrigation
was more beneficial to azalea plants in increasing plant size, root dry weight, root length and area,
and root nitrogen content, whereas irrigation frequency had less effect on plant growth of hydrangea
plants [8,11,32]. The effect of irrigation frequency on plant growth and nutrient uptake is species
dependent. Scagel et al. [15,16] considered irrigation frequency to have more effect on nutrient uptake
possibly through affecting nutrient availability or root’s ability for nutrient absorption, but less effect
on plant biomass production. Manipulating irrigation frequency may have more influence in plants
sensitive to water status. Decreased leaching fraction induced by increasing irrigation frequency may
not be desirable for plants because it may increase substrate EC and cause salt stress.

Allocation of nutrients is affected by the mobility of the nutrient as well as the sink source
relationship of a specific nutrient within a plant [11,33]. In this current study, most nutrient contents,
including macro- and micro-nutrients, accumulated the most in leaves, followed by roots and stems
the least. The only exception was Cu, where roots accumulated the most, leaves second, and stems the
least. Macronutrients are mobile, except Ca, and are generally accumulated in aboveground structures
like leaves, whereas most micronutrients and Ca have low mobility [36,37]. However, leaves have the
largest proportion of dry weight in a hydrangea plant over stems and roots, and thus become significant
sinks [8]. Leaf concentrations of Zn and Cu were relatively low compared to stems, roots, or averaged
in the plant. The sink–source relationship in hydrangea plants played a more important role than
mobility of nutrients. Species may also differ in allocating nutrients among structures, with many
Rhododendron species accumulating the most macronutrients in leaves and the most micronutrients in
roots [8,16].

5. Conclusions

Increasing N rate resulted in a dilution effect on macronutrient concentrations in certain structures
of hydrangea plants, but did not result in a deficient level or limit plant growth. Greater N rate increased
nutrient uptake by increasing content of all macro- and micro-nutrients in hydrangea plants, which
likely resulted from stimulated plant growth by increased N fertilization. Biocontainers consistently
decreased nutrient concentrations and contents compared to plastic containers, possibly due to its
porous sidewall increasing water use. Use of the paper biocontainers in nursery production of
hydrangea plants or other species with a high-water requirement will likely require higher irrigation
amounts to compensate for the containers’ negative effect on nutrient uptake. Less frequent irrigation
was beneficial in promoting nutrient uptake of hydrangea plants, where one irrigation per day increased
P concentrations in leaves and stems, Ca in leaves, and Zn in leaves, stems, and averaged in the plant.
Altering irrigation frequency may affect plant nutrient uptake differently among species with varied
water requirements.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/7/1987/s1,
Figure S1: Concentrations (mg g−1) and contents (mg per plant) of phosphorus (P) in leaves, stems, roots, or the
entire plant of H. macrophylla ‘Merritt’s Supreme’ affected by the main effect of nitrogen (N) rate, Figure S2:
Concentrations (µg g−1) and contents (µg per plant) of iron (Fe) in leaves, stems, roots, or the entire plant of
H. macrophylla ‘Merritt’s Supreme’ affected by the main effect of nitrogen (N) rate, Figure S3: Concentrations
(µg g−1) and contents (µg per plant) of manganese (Mn) in leaves, stems, roots, or the entire plant of H. macrophylla
‘Merritt’s Supreme’ affected by the main effect of nitrogen (N) rate (A–F, and H) or by the interaction between N
rate and container type (G), Figure S4: Concentrations (µg g−1) and contents (µg per plant) of zinc (Zn) in leaves,
stems, roots, or the entire plant of H. macrophylla ‘Merritt’s Supreme’ affected by the main effect of nitrogen (N)
rate, Figure S5: Concentrations (µg g−1) and contents (µg per plant) of boron (B) in leaves, stems, roots, or the
entire plant of H. macrophylla ‘Merritt’s Supreme’ affected by the main effect of nitrogen (N) rate (A, B, and D–H)
or by the interaction between N rate and container type (C), Table S1: Formula of the N-free fertilizer applied to
H. macrophylla plants.
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