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Abstract: Wild lowbush blueberry is an economically and culturally important crop in North Amer-
ica. Different fertilizer companies have been advertising their foliar fertilizer products to the wild
blueberry growers, claiming better growth and production of this crop with no scientific proof.
Although foliar fertilization has shown to be efficient for delivering micronutrients in deficit for
different crops by reducing soil activation and environmental contamination, limited research has
been done in wild blueberries. It is still unknown how foliar fertilizers affect the physiology, growth,
and yield of this crop. Therefore, we tested the impacts of seven foliar treatments containing macro-
and micro-nutrients and plant hormones (Seacrop16, Salvador, Agro-Phos applied in 2019 and Kali-T,
Nano-Gro, Poma, Poma + Nanocellulose applied in 2020) on this crop for one crop cycle from veg-
etative year (2019) to crop year (2020). We tested these products against the standard soil-applied
granular fertilizer called Diammonium phosphate (DAP) and control (no fertilizer) in a randomized
complete block design with eight replicates in a conventional wild blueberry field in Maine, USA.
In 2019, no significant differences across the applied treatments were observed in crop physiology
and growth except in leaf chlorophyll concentration. In 2020, there was significantly higher leaf
chlorophyll concentration in SeaCrop16 and Poma+Nanocellulose plots, but significantly lower
photosynthetic rates in DAP and SeaCrop16 treated plots compared to the control. Meanwhile, no
significant differences in plant height, leaf characteristics, or blueberry yield were found among
the treatments. Overall, mobile nutrients (N, P, K) from soil applied fertilizers and foliar fertilizers
containing other immobile nutrients (Ca) and/or plant hormones might benefit crop growth, but the
impact on yield is limited. We also reveal that the wild blueberry physiological and morphological
traits and leaf nutrients in the vegetative year are more related to the crop yield than those traits in
the crop year. This implies that a combination of wild blueberry physiology, morphology, and leaf
nutrients in the vegetative year largely impact their yield in the following crop year.

Keywords: fruit crop; nutrients; Maine; physiology; morphology; traits; yield

1. Introduction

The wild lowbush blueberry production system in North America is a unique semi-
natural agricultural system where two wild blueberry species exist in a field: (1) common
low-sweet lowbush blueberry (Vaccinium angustifolium Aiton) (80–90% of the field) and
(2) velvet leaved sour-top lowbush blueberry (Vaccinium myrtilloides Michx.). Wild blue-
berry fields are initially established from seeds naturally occurring (not planted), and then
underground stems (rhizomes) develop. Roots then grow directly off of rhizomes creating
a tightly woven mat across fields. Rhizomes grow within ~10 cm of the soil surface, and
upright stems (~10 to 60 cm) above the soil surface are produced that ultimately bear fruit.
An individual wild blueberry plant, with its spreading rhizome system, is referred to as
a genet [1]. Each genet is visually, genetically, and physiologically different [1,2] from
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neighboring plants creating a complex mixture of genets in the wild blueberry fields, which
provides consumers with a rich diversity of flavors. This crop is managed in a two-year
cycle: the plants grow vegetatively in the first year (vegetative year) after the harvest and
pruning of the previous year, and the plants flower and produce fruits in the second year
(crop year). After harvesting the fruits, the plants become dormant, and wild blueberry
growers prune the field by either mowing or burning to encourage growth in the following
crop cycle.

Maine, USA, is the largest production region of wild blueberry in the U.S., where ap-
proximately 485 growers manage this unique crop commercially on 41,000 acres of land [3].
Wild blueberries are the second largest crop in Maine [3], with cultural and economic
importance. Fertilizer companies advertise and sell foliar fertilizers to the growers without
scientific evidence specific to wild blueberry. They claim that foliar fertilizer products
consisting of different amounts of macro- and micro-nutrients, along with plant growth
regulators (PGR), can improve nutrient uptake by the plants, further improving the growth
and yield of wild blueberries. Soil-applied granular fertilizers such as monoammonium
phosphate (MAP), diammonium phosphate (DAP), and ammonium sulfate have been
the most common industry standard products for wild blueberry production. One of the
major issues is that weed management is closely tied to nutrient management in wild
blueberries. Because of the low soil pH, rhizomatous nature of the crop, and field-grown
aspects of this system, any granular fertilizer applied is available for weeds to take up in
addition to the crop [4]. Often fertilizers provide nutrients to the weeds allowing them to
out-compete slow-growing blueberry plants [4]. Wild blueberry plants require acidic soil
(soil pH of 4 to 4.5), making it harder for the plants to take up the required nutrients [4,5].
To overcome these issues, foliar fertilizers could be a solution because nutrients would be
applied to the leaves where they can be quickly and readily absorbed with less potential for
soil activation or environmental contamination [6]. The challenge behind applying foliar
products is the waxy leaf cuticle on the blueberry leaves, which physiologically makes foliar
fertilizer sprays ineffective when nutrients are applied or environmental conditions are
unfavorable [7,8]. In this case, spraying foliar fertilizers containing adjuvants or spraying
additional adjuvants like cellulose nanofibers [9] with the foliar fertilizers might aid in
getting the applied nutrients or plant growth regulators (PGR) through the waxy leaf.

The traditional wild blueberry fertilizers are nitrogen and phosphorus based gran-
ular fertilizers, including MAP and DAP [10]. Based on several past studies identifying
nutrition requirements for improved wild blueberry yield, N-P-K (Nitrogen-Phosphorous-
Potassium), MAP, and DAP granular fertilizers have been shown to work best, providing
them the most important nutrients (N, P, K) [10–14]. While nitrogen and phosphorus are
the most important nutrients for plants, they also require other macro- and micro-nutrient
elements such as Calcium and Boron [15,16]. Foliar-applied liquid boron was found to
be more efficient for faster nutrient uptake by wild blueberry plants when compared to
soil-applied granular boron due to the relative immobility of the boron element [17–19]. To
date, there have been very few studies that have investigated the effects of micronutrients
through foliar sprays on wild blueberry, where mixed results were reported [15–19]. In
contrast, multiple studies on highbush blueberry plants reported foliar fertilizers to be
effective in cases of leaf micronutrient deficiencies, which therefore improved yield in high-
bush blueberries (Vaccinium corymbosum L.) [6–8]. Due to the lack of sufficient investigation
of foliar fertilizers containing macro- and micro-nutrients, plant growth regulators, and
adjuvants, it is vital to evaluate such commercial foliar products before recommending
them to wild blueberry growers.

Additionally, the physiology of wild blueberries is relatively understudied. Few stud-
ies, to our knowledge, have explored the photosynthetic performance of this crop [2,20–24].
Also, no study so far has related the wild blueberry photosynthesis and other physiological
and morphological traits to fruit yield. This information is needed to understand better
the effects of different fertilizers on the physiology and yield of this crop. Photosynthesis
is directly related to plant productivity and crop yield [25,26], and is therefore used as a
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good indicator of fertilizer efficacy, though the relationship has not yet been established
for wild blueberries. By using physiological traits like leaf chlorophyll concentration and
photosynthesis to identify the absorption of nutrients, researchers and growers would
have a physiological explanation for why certain products are effective or not. Therefore,
robust investigations that test the efficacy of different commercial foliar products on the
physiology, morphology, and production of wild blueberries are long overdue. To this end,
the objectives of this study were to:

1. Assess the impacts of common commercial foliar fertilizer products containing
different nutrient elements and plant growth regulators on wild blueberry physiology,
morphology, growth, and yield during one crop cycle from 2019 (vegetative year) to 2020
(crop year).

2. Explore relationships among physiological traits, morphological traits, leaf nutrient
elements, and the wild blueberry yield under different foliar fertilizer treatments.

2. Materials and Methods
2.1. Study Area and Experimental Design

Six different foliar fertilizer products were tested against one standard granular fertil-
izer, Diammonium phosphate (DAP) (Table 1) and control (no fertilizer) in a randomized
complete block design with eight replicates (Figure 1) in a conventional wild blueberry
field at the Blueberry Hill Farm, Jonesboro, ME, USA. Six soil samples were collected at a
depth of 6” (15 cm) with a soil sampling probe from the entire study location across the
field when the experimental blocks were laid out (May 2019). Those soil samples were
mixed for homogeneity and sent as one sample to the University of Maine Soil Testing
Lab, Orono, ME, USA, for a comprehensive soil test. The soil pH and organic matter (OM)
were 4.8 and 12.1%, respectively, slightly higher than the recommended optimum levels
(4 to 4.5 pH, and 5 to 8% OM) for wild blueberries. Each experimental plot was 6′ × 30′

(1.83 m × 9.14 m) represented in blue in Figure 1, and there was a 3′ (0.91 m) buffer zone
between the experimental plots (Figure 1). In each experimental plot, at least two different
wild blueberry genets were identified and flagged for measurements. This study was
conducted for one crop cycle, starting in the vegetative year of 2019 and finishing in the
crop year of 2020.

1 
 

 

Figure 1. Experimental Design of this study in a conventional wild blueberry field at the Blueberry
Hill Farm, Jonesboro, ME, USA.
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Table 1. Physical properties, chemical composition, application rates, and times of commercial
fertilizer products used in the experimental design (Figure 1) of this study in a conventional wild
blueberry field at the Blueberry Hill Farm, Jonesboro, ME, USA during the crop cycle from 2019
(vegetative year) to 2020 (crop year).

Fertilizer Treatments Type Content
Application

Year Rate Frequency

DAP Granular
(broadcast) Diammonium Phosphate

Vegetative
(2019)

440 lbs./A (80 lbs.
N/A) One time

SeaCrop16

Liquid
(backpack
sprayer)

Cytokinin (Plant Growth
regulator)

2 41 oz/A

4 times: June
to SeptemberSalvador N-P-K (14-4-6) +

Micronutrients 1 0.5 gal/A
Agro-Phos N-P-K (0-29-5) + 4% Mg

Nano-Gro N-P-K (7-10-1) + Gibberellic
acid

Crop
(2020)

3 4 oz/A

3 times: June
to July

Kali-T N-P-K (2-0-24) + Si
1 0.5 gal/A

Poma N-P-K (0-0-0) + 6% Ca +
adjuvant

Poma + Nano-cellulose
(NC) slurry

Poma + Cellulose Nanofibrils
(3% solid content)

1 (0.5 gal Poma + 27.6
kg NC slurry)/A

Note: Mixing rate with water: 1 242 gal of water/A; 2 154.88 gal of water/A; 3 15.13 gal of water/A.

2.2. Application Materials and Methods

Fertilizer products for this study were chosen based on interest from a few fertilizer
companies to sell their products to the wild blueberry growers in ME, USA. Fertilizer
products were applied at the recommended rate according to the label or company rep-
resentative in their recommended year (Table 1). Four products in this study are foliar
fertilizers (Salvador, Kali-T, Agro-Phos, and Poma in Table 1) from the Agro-100 Global
Inc., QC, Canada, which contain different amounts of macro- and micro-nutrient elements.
Salvador is rich in nitrogen, phosphorus, and potassium, and complemented with mag-
nesium, sulfur, and micronutrients (boron, iron, manganese, molybdenum, zinc) that are
indispensable for plant growth. Kali-T is concentrated in potassium and enriched with
nitrogen. About 70% of the potassium is in the form of potassium hydroxide and potassium
carbonate, which are more easily absorbed by the leaves and the least phytotoxic. Agro-
Phos is highly concentrated in phosphorus, includes soluble potassium and magnesium,
and is assimilable by the foliar route. Poma is a calcium acetate-based liquid foliar nutrient
which is also a chlorine- and nitrogen-free solution containing a multifunctional adjuvant
(adhesive, penetrating, damping, anti-foaming, and tensioactive agents) that allows calcium
to remain in solution longer on the leaf without being washed out and helps to penetrate
the leaf more easily. Calcium in Poma works as an osmo-regulator to help the stabilization
of plant cell membranes to prevent drought and/or late frost damage [5] and also plays a
role in berry skin development.

Out of the other two foliar products (Table 1), Seacrop16 produced by North American
Kelp, Waldoboro, ME, USA, and NanoGro produced by Aqua-Yield, Sandy, UT, USA, are
fertilizers with plant growth regulator (PGR) active ingredients. The active ingredient in
Seacrop16 is kelp extract which naturally contains cytokinin, a growth hormone associated
with enhanced plant growth and bud development (cell division), which may serve as
an alternative to traditional fertilizers [27,28]. NanoGro is N-P-K (7-10-1) mixed with
gibberellic acid, another plant growth hormone known to promote and elongate cells [5].
Aqua-Yield claims that the NanoGro product can increase fruit set when applied during
bloom. We also tested a nanocellulose product called Cellulose Nanofibril (CNF). We
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tested this CNF material as an additive for foliar products, which has been recently shown
to be effective for foliar pesticide application and retention on leaves [9]. CNF is made
from wood-derived fiber (pulp) that has been micro-refined to the nano level of several
hundredths of a micron and smaller. This cellulose nanofibril is the world’s most advanced
biomass material. We tested this material since CNF is derived from plant fibers, and thus
the environmental impact from production and disposal is low. The University of Maine
Process Development Center (PDC), Orono, ME, USA, supplies this cellulose nanofibril
product (CNF) to academic, public, and private research groups interested in evaluating
and developing applications for this material. The Process Development Center (PDC) is the
only facility in the United States that can manufacture cellulose nanofibril (CNF) at a rate of
one ton per day by mechanical fibrillation. The CNF material was hypothesized to help the
foliar fertilizer as an adjuvant, sticking to the wild blueberry leaves and allowing the leaves
to absorb the nutrients through the waxy cuticle. We chose the Poma product applied with
the CNF to test our hypothesis. Poma was the only one containing an immobile macro-
nutrient (Ca) with adjuvant out of all products, although there was no scientific proof
regarding the efficiency of the adjuvant. Hence, testing with another potential adjuvant
(CNF) [9] would reveal if the adjuvant in Poma was sufficient or needed an additional
adjuvant to efficiently work through the wild blueberry waxy cuticle. DAP was included
in this study as a traditional standard soil-applied granular fertilizer and applied at the
recommended rate by the University of Maine Soil Testing Lab, Orono, ME, USA, based on
the foliar test results conducted in 2018. Products recommended for vegetative and bud
development were applied in 2019 as vegetative-year products, and products associated
with flower and fruit development were applied in 2020 as crop-year products. In 2019,
vegetative-year foliar products were mixed with water and applied using a back sprayer
on 12 June, 9 July, 21 August, and 10 September. The DAP fertilizer treatment was applied
one time as a broadcast application by hand on 12 June 2019. In 2020, crop-year products
were mixed with water and applied using a back sprayer on 17 June, 9 July, and 29 July.

2.3. Measurement Methods
2.3.1. Physiological Traits

Six wild blueberry stems from each treatment plot were randomly selected to mon-
itor chlorophyll and anthocyanin concentration from June to October in the vegetative
year (2019). Again, in the crop year (2020), eight stems from each treatment plot were
randomly selected to monitor chlorophyll and anthocyanin concentrations from June to
September. Chlorophyll concentration (SPAD) was measured using an MC-100 chlorophyll
concentration meter (Apogee Instruments, Inc., Logan, UT, USA), and Anthocyanin con-
centration (ACM) was measured using an ACM-200 (Opti-sciences, Hudson, NY, USA).
Leaf photosynthetic rates were measured in leaves from two stems in each treatment plot
with a portable photosynthetic measurement system through gas-exchange measurements
(li-6800; Li-Cor Biosciences, Lincoln, NE, USA) on a sunny day (July 15th) in the vegetative
year (2019) between 10:00 and 15:30 h solar time at a photosynthetic photon flux density of
1500 µmol m−2 s−1. The measurements were completed under an ambient CO2 concentra-
tion of around 350 to 370 µmol.mol−1, with temperatures ranging from 23.5 to 27.1 ◦C, and
relative humidity ranging from 57% to 83%. Gas exchange measurements were taken from
one stem in each treatment plot on a sunny day (July 16th) in the crop year (2020) between
10:00 and 15:00 h solar time. These measurements were completed under an ambient CO2
concentration between 360 to 380 µmol.mol−1, with temperatures ranging from 24 to 28 ◦C,
and relative humidity ranging from 50% to 75%.

2.3.2. Structural Traits and Leaf Nutrient Concentrations

Six wild blueberry stems from each treatment plot were randomly selected to monitor
stem heights from June to July (until 100% tip-die back of plants when their height increments
leveled off) in the vegetative year (2019). In the crop year (2020), eight stems from each
treatment plot were randomly selected for final stem height measurements. In the vegetative
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year (2019), twelve stems from each genet in each treatment plot (24 stems at two samples
in each plot) were collected in July 2019 (after 100% tip-die back) to measure total leaf area
per stem, leaf dry biomass per stem, and leaf mass per area. In the crop year (2020), during
the harvesting period in early August, eight stems from two genets in each treatment plot
(4 stems from each genet) were collected to measure leaf number, leaf dry biomass per
stem, and leaf nutrients. Twelve random leaves from each of the 8 stems in each treatment
plot were collected to measure leaf area per stem, leaf dry biomass, and leaf mass per
area. Leaf area was determined using an LI-3000A area meter (Li-Cor, Lincoln, NE, USA),
and the leaves were oven-dried at 70 ◦C to constant mass and weighed using a precision
balance (0.0001 g). The dried leaf samples were ground and sent to the University of Maine
Soil and Plant Tissue Testing Laboratory in Orono, ME, USA, for leaf nutrition analysis.
Total carbon (C) and total nitrogen (N) in leaf tissue samples were quantified using a Leco
TruMac CN analyzer (Midland, ON, Canada). The rest of the macro-nutrients (P, K, Ca, Mg)
and micro-nutrients (Al, B, Cu, Fe, Mn, Zn) in leaf tissue samples were quantified using a
Thermo-Fisher model iCAP 6300 radial view ICP-OES (Waltham, MA, USA).

2.3.3. Crop Yield

Wild blueberries from all the treatment plots were harvested on 13 August 2020, using
a hand rake and a walk-behind harvester. The two harvesting modes provided a more
exact yield via the hand rake and a more realistic yield via the harvester for each treatment
plot. In two locations at the center third of each treatment plot, a 4 sq ft (0.37 m2) quadrat
was hand raked and weighed to obtain a quadrat yield. Following the collection of the
quadrat yield, a 3 ft (0.91 m) wide walk-behind harvester was used to harvest a 90 sq ft
(8.36 m2) strip down the center of each treatment plot to obtain a representative ‘whole plot’
yield. Prior to harvesting, each plot was visually ranked on a scale of 0–3, with 0 indicating
unusually low berry coverage and 3 indicating optimum berry coverage to account for
bare patches or lower fruiting clones. The ranks were converted to a corresponding percent
cover and multiplied by the whole plot yield and quadrat yield to obtain an estimated yield
for each. The estimated yield represents an estimated potential yield under different fertility
treatments. The estimated whole plot and quadrat yields were averaged by treatment plot
to report the final ‘yield’ in this study.

2.4. Data Analysis

Statistical analyses were carried out using SPSS V21 (IBM Corp., Armonk, NY, USA)
and JMP Pro 16.2 (SAS Institute Inc., Cary, NC, USA). Frequently monitored measurements
during the growing season, including stem heights, chlorophyll concentration, and antho-
cyanin concentration, were analyzed by a two-way analysis of variance (ANOVA) using a
General linear model univariate procedure testing the effects of time (measurement dates),
treatments, and any interaction between time (dates) and treatments. Analysis of Variance
(ANOVA) based upon a randomized complete block design (RCB) as well as a series of
General linear models were used to compare the single date measurements (leaf photosyn-
thetic rates, leaf area, leaf biomass, leaf mass per area, leaf nutrients, and harvest yield).
These analyses were followed by a Tukey’s pairwise comparison and LSD (least significant
difference) post-hoc test (α = 0.05). For all these analyses, treatments were considered as
a fixed factor, experimental blocks were considered as a random factor, and Bonferroni
confidence interval adjustment was applied. A Principal Component Analysis (PCA) was
applied to all the physiological, morphological, leaf nutrients, and yield measurements
using the multivariate platform in JMP Pro 16.2. The two highest PCs (PC 1 and PC 2 and
their explained percentage of total variance) were used to plot the PCA scores and PCA
loadings for the data taken in 2019 and 2020 separately. Further, multiple linear regression
analysis and bivariate linear regression analyses were conducted in predicting the crop
yield (dependent variable) using all the physiological, morphological, and leaf nutrient
measurements (independent variables) in JMP Pro 16.2. For all the above-mentioned
analyses, data were transformed by the square root prior to analysis if and where necessary.
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3. Results
3.1. Effects on Wild Blueberry Plant Physiology

Overall, applied fertilizer treatments significantly affected the measured wild blueberry
leaf chlorophyll concentrations on different dates throughout the growing season (Table 2
and Figure 2) in both vegetative and crop years. In the vegetative year (2019), plants treated
with DAP fertilizer consistently had the highest leaf chlorophyll concentration throughout
the summer among all treatments (Figure 2a). Both DAP and Salvador treated plants had
significantly higher leaf chlorophyll concentrations at the end of July 2019 (Figure 2c) when
plants reached their seasonal peak chlorophyll concentration, compared to plants under
other treatments (Figure 2a). In the crop year (2020), overall leaf chlorophyll concentration
levels were lower than the observed levels in the vegetative year. Interestingly, the effects
from DAP fertilizer diminished in the crop year (2020), whereas a significantly higher leaf
chlorophyll concentration was observed in the SeaCrop16 and Poma+Nanocellulose treated
plants compared to the other treatments, including control (Figure 2b,c).

Table 2. Two-way Analysis of variance (ANOVA) results from the fertilizer effects on leaf chlorophyll
concentration measured on different dates in 2019 and 2020, as shown in Figure 2a,b.

Study Year Source of Effects df F p

Vegetative Year
(2019)

Measurement Dates 5 82.939 <0.001
Treatments 4 5.112 <0.001

Interaction of Dates and
Treatments 20 1.094 0.35

Crop Year (2020)

Measurement Dates 5 275.416 <0.001
Treatments 8 5.048 <0.001

Interaction of Dates and
Treatments 40 1.452 <0.05

In contrast to the chlorophyll concentration, no significant differences were found in
leaf photosynthetic rates (Figure 3) among the treatments in the vegetative year (2019).
Also, leaf photosynthetic rates (Figure 3) in the crop year (2020) were not in agreement
with the observed pattern in leaf chlorophyll concentrations (Figure 2c) across the applied
treatments. The leaf photosynthetic rates were significantly lower in DAP and Seacrop16
treated plots compared to the control and other treatments, and no significant differences
were found among all other treatments (Figure 3).

3.2. Effects on Wild Blueberry Plant Morphology

No significant differences were found in morphological traits (stem height, leaf area,
leaf biomass, and leaf mass per area) of the wild blueberry crops across the treatments in
both the vegetative and crop years (Figures 4 and 5). Final stem heights (Figure 4) showed
no significant difference among all the treated plots measured in the crop year (2020) right
before harvesting the fruit.

Overall, leaf area per stem was two times higher, while the leaf mass per stem and leaf
mass per area were lower in the crop year (2020) than in the vegetative year (2019). There
was no significant difference among different treatments in leaf area per stem, leaf biomass
per stem, and leaf mass per area (Figure 5). Although not significant, Salvador treated plots
had the lowest average leaf area and biomass per stem (Figure 5a,b) among all treatments,
including the control. Control plants had the highest average leaf mass per area (Figure 5c)
in the vegetative year (2019). In the crop year (2020), higher average leaf area and biomass
per stem were found in SeaCrop16, Kali-T, Poma, and Poma+NC treated plots compared to
the control, whereas other treatments showed lower leaf area and biomass than the control
plot (Figure 5a,b), but not significantly different. SeaCrop16, Salvador, Kali-T, Poma, and
Poma+NC treated plots showed higher average leaf mass per area than other treatments,
including the control, yet this was not significantly different (Figure 5c).
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Figure 2. Changes in leaf chlorophyll concentration in wild blueberry plants over (a) June to October
in 2019 (vegetative year) and (b) June to September in 2020 (crop year) under nine different treatments.
(c) Comparison of peak leaf chlorophyll concentration in wild blueberry plants in 2019 and 2020
across the nine different treatments. Error bars indicate the standard error of the mean. Different
small letters and capital letters over the bars indicate significant differences among the treatments in
2019 and 2020, respectively, at the significance level of p < 0.05.
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Figure 3. Comparison in (a) Photosynthetic rate per leaf area and (b) Photosynthetic rate per leaf
mass of wild blueberry plants in 2019 and 2020 across the studied nine different treatments. Error bars
indicate the standard error of the mean. No letters over the bars indicate no significant differences
among the treatments in 2019, and different capital letters indicate significant differences among the
treatments in 2020 at the significance level of p < 0.05.

Agronomy 2022, 12, x FOR PEER REVIEW 10 of 22 
 

 

 
Figure 4. Comparison of final wild blueberry stem heights in 2020 (crop year) across the nine treat-
ments. Error bars indicate the standard error of the mean. No letters indicate no significant differ-
ences among the treatments at the significance level of p < 0.05. 

Overall, leaf area per stem was two times higher, while the leaf mass per stem and 
leaf mass per area were lower in the crop year (2020) than in the vegetative year (2019). 
There was no significant difference among different treatments in leaf area per stem, leaf 
biomass per stem, and leaf mass per area (Figure 5). Although not significant, Salvador 
treated plots had the lowest average leaf area and biomass per stem (Figure 5a,b) among 
all treatments, including the control. Control plants had the highest average leaf mass per 
area (Figure 5c) in the vegetative year (2019). In the crop year (2020), higher average leaf 
area and biomass per stem were found in SeaCrop16, Kali-T, Poma, and Poma+NC treated 
plots compared to the control, whereas other treatments showed lower leaf area and bio-
mass than the control plot (Figure 5a,b), but not significantly different. SeaCrop16, Salva-
dor, Kali-T, Poma, and Poma+NC treated plots showed higher average leaf mass per area 
than other treatments, including the control, yet this was not significantly different (Figure 
5c). 

0
5

10
15
20
25

N
ot

hi
ng

D
A

P

S
ea

C
ro

p1
6

S
al

va
do

r

A
gr

o-
ph

os

K
al

i-T

N
an

oG
ro

P
om

a

P
om

a+
N

C

Control Fertilizer applied in 2019 Fertilizer applied in 2020

S
te

m
 h

ei
gh

t (
cm

)

Treatments

Figure 4. Comparison of final wild blueberry stem heights in 2020 (crop year) across the nine
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differences among the treatments at the significance level of p < 0.05.
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Figure 5. Comparison in (a) Total leaf area per stem, (b) Dry biomass of leaves per stem, and (c) Leaf
mass per area (LMA) of wild blueberry plants in 2019 and 2020 across the studied nine different
treatments. Error bars indicate the standard error of the mean. No letters over the bars indicate no
significant differences among the treatments at the significance level of p < 0.05.

3.3. Effects on Wild Blueberry Leaf Nutrients

In all treatments, leaf nitrogen (N), phosphorus (P), and potassium (K) levels were
lower than the established optimum level (Figure 6a–c) for wild blueberry plants in both
the vegetative (2019) and crop (2020) years. In contrast, leaf calcium (Ca) (Figure 6e) and
magnesium (Mg) (Figure 6f) levels were at the optimum level in the vegetative year, and
they were higher than the optimum level in the crop year in all the treatments. In terms of
differences across the treatments, no significant differences in leaf macro-nutrients (N, P, K,
C, Ca, and Mg in Figure 6) in the vegetative year were found. By contrast, in the crop year,
significantly higher leaf P (Figure 6b) was observed in the DAP treatment, yet that was not
significantly higher than the control where no fertilizer was applied. However, no significant
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differences were found in leaf N (Figure 6a), K (Figure 6c), and C (Figure 6d) concentrations
across the treatments in the crop year, whereas significantly lower Ca (Figure 6e) and Mg
(Figure 6f) concentrations were found in Kali-T treatment compared to others.

In the vegetative year, leaf micro-nutrients (Figure 7) such as Boron (B), Copper (Cu),
Iron (Fe), Manganese (Mn), and Zinc (Zn) were at the optimum level in all treatments,
whereas only Aluminum (Al) was far below the optimum level required for the wild
blueberry plants. These leaf micro-nutrients were close to (Al in Figure 7b) or higher (B
in Figure 7a; Cu, Fe, Mn, Zn in Figure 7c–f) than the optimum levels in the crop year.
Regarding differences across the treatments, no significant differences were found in micro-
nutrients (Figure 7) in the vegetative year (Figure 6). In contrast, significant differences
among the treatments were found in the crop year for all the micro-nutrients (B, Al, Fe, Mn,
Zn in Figure 7a,b,d–f) except for Cu (Figure 7c).

3.4. Effects on Crop Yield

No significant differences across the treatments were found in harvested wild blueber-
ries at the end of this study in crop year (2020) (Figure 8). However, based on the average,
although not significant, Poma+NC treated plots followed by NanoGro and DAP treated
plots had higher yield than the control, whereas other treated plots had lower yield than
the control (Figure 8).

3.5. Relationships among All Wild Blueberry Plant Traits and Yield

Based on the principal component analysis of all measured traits when vegetative
(traits of vegetative year and crop yield in Figure 9a) and crop (traits of crop year and crop
yield in Figure 9b) years are analyzed separately, the vegetative year (Figure 9a) exhibited
more closely related traits, especially regarding crop yield, rather than the traits of the
crop year (Figure 9b). It is also evident that a higher percentage of the total variance was
explained by the first two principal components in the vegetative year (20.8% by PC1 and
14.1% by PC2 in Figure 9a) than in the crop year (17.2% by PC1 and 11.3% by PC2). In
fact, all the measured physiological traits, morphological traits, and leaf macro- and micro-
nutrients from the vegetative year significantly (p < 0.05) explained 70% of the variation
of the yield, whereas those parameters from the crop year explained only 40% (Table 3),
which is non-significant. Moreover, out of all the measured traits in the vegetative year, the
morphological traits such as leaf area per stem, leaf mass per stem, and leaf mass per area
were the most important predictive parameters (Table 3).

Additional to the bivariate analysis between the measured traits and yield (Table 4), we
observed that yields are significantly positively related to stem length (Figure 10a) of wild
blueberry plants. Leaf area per stem was also positively related to yield according to the
multiple regression (Table 3), but the bivariate relationship was not significant (Figure 10b).
Such relationships indicate that with the increasing stem height and leaf surface area of wild
blueberry plants in the vegetative year, an increased yield was observed. The relationship
between stem height and yield (Figure 10a) was similar in both vegetative and crop years
because stem heights were measured after the tip-die back period in the vegetative year.
Therefore, the final stem heights measured in crop year were almost the same as in the
vegetative year since the stem heights level off after the tip-die back period passes.
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Figure 6. Comparison in the concentration of macro-nutrient elements per leaf mass of wild blueberry
plants in 2019 and 2020 across the studied nine different treatments: (a) Nitrogen, (b) Phosphorus,
(c) Potassium, (d) Carbon, (e) Calcium, and (f) Magnesium. Error bars indicate the standard error
of the mean. No letters over the bars indicate no significant differences among the treatments in
2019, and different capital letters indicate significant differences among the treatments in 2020 at the
significance level of p < 0.05. The dashed lines represent the recommended optimum nutrient levels
in wild blueberry leaves [29].



Agronomy 2022, 12, 470 13 of 20

Agronomy 2022, 12, x FOR PEER REVIEW 13 of 22 
 

 

the significance level of p < 0.05. The dashed lines represent the recommended optimum nutrient 
levels in wild blueberry leaves [29]. 

In the vegetative year, leaf micro-nutrients (Figure 7) such as Boron (B), Copper (Cu), 
Iron (Fe), Manganese (Mn), and Zinc (Zn) were at the optimum level in all treatments, 
whereas only Aluminum (Al) was far below the optimum level required for the wild blue-
berry plants. These leaf micro-nutrients were close to (Al in Figure 7b) or higher (B in 
Figure 7a; Cu, Fe, Mn, Zn in Figure 7c–f) than the optimum levels in the crop year. Re-
garding differences across the treatments, no significant differences were found in micro-
nutrients (Figure 7) in the vegetative year (Figure 6). In contrast, significant differences 
among the treatments were found in the crop year for all the micro-nutrients (B, Al, Fe, 
Mn, Zn in Figure 7a,b,d–f) except for Cu (Figure 7c).  

 

15

25

35

45

55

B
or

on
 (

pp
m

)

Vegetative year (2019) Crop year (2020)

AB AB AB
AB A

AB AB AB
B

40

80

120

160

200
A

lu
m

in
um

 (
p

pm
)

A
AB

AA
AB B

A A AB

(a)

(b)

(c)

2

3

4

5

6

C
op

pe
r 

(p
p

m
) (c)

20

40

60

80

100

Ir
on

 (
pp

m
)

AB AB
B

A

AB AB AB AB
B

600

900

1200

1500

1800

2100

M
an

g
an

es
e 

(p
pm

)

AB
B B B

A

AB
B

AB
B

(e)

10

12

14

16

N
ot

hi
ng

D
A

P

S
ea

C
ro

p1
6

S
al

va
do

r

A
gr

o-
p

ho
s

K
al

i-T

N
an

oG
ro

P
om

a

P
om

a+
N

C

Control Fertilizer applied in 2019 Fertilizer applied in 2020

Z
in

c 
(p

pm
)

Treatments

AB
AB

AB
A

AB
AB AB B

AB

(f)

(d)

Figure 7. Comparison in the concentration of micro-nutrient elements per leaf mass of wild blueberry
plants in 2019 and 2020 across the studied nine different treatments: (a) Boron, (b) Aluminum, (c)
Copper, (d) Iron, (e) Manganese, and (f) Zinc. Error bars indicate the standard error of the mean. No
letters over the bars indicate no significant differences among the treatments in 2019, and different
capital letters indicate significant differences among the treatments in 2020 at the significance level of
p < 0.05. The dashed lines represent the recommended optimum nutrient levels in wild blueberry
leaves [29].
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Figure 8. Comparison in harvested yield of wild blueberries in crop year (2020) across the studied
nine different treatments. Error bars indicate the standard error of the mean. No letters over the bars
indicate no significant differences among the treatments at the significance level of p < 0.05.Agronomy 2022, 12, x FOR PEER REVIEW 15 of 22 
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Figure 9. Principal Component Analysis (PCA) of physiological traits (SPAD, ACM, Aa, Amass),
morphological traits (stem length, leaf size, leaf mass, leaf no., leaf mass per area), major and minor
leaf nutrient elements (N, P, K, C, Ca, Mg, B, Al, Cu, Zn, Mn, Fe) and yield of wild blueberries in (a)
2019 and (b) 2020. Red arrows indicate the PCA loadings of different traits. Different colored shapes
in the background indicate the PCA scores for different studied treatments.
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Table 3. Multiple linear regression analysis predicting the harvested wild blueberry yield in the
crop year using measured physiological traits (SPAD, ACM, Aa, Amass), morphological traits (stem
length, leaf area and mass per stem, leaf mass per area), leaf macro- and micro-nutrients (N, P, K, C,
Ca, Mg, B, Al, Cu, Zn, Mn, Fe) from both Vegetative year (2019) and Crop year (2020). Bold values
indicate significant effects at the significance level of p < 0.05.

Independent
Variables

Dependent Variable: Yield

Vegetative Year (2019) Crop Year (2020)

R2 F p R2 F p

All 0.7 2.21 0.04 0.4 1.65 0.07

Parameter (Independent Variables) Estimates

Independent
Variables

Vegetative Year (2019) Crop Year (2020)

t p t p

Leaf area per stem 2.92 0.009 0.1 0.92
Leaf mass per stem −2.79 0.012 0.4 0.71

LMA 4.48 0.0003 0.4 0.66
Stem Length 0.52 0.61 0.8 0.44

Aa −1.39 0.18 −0.2 0.85
Amass 1.34 0.19 0.25 0.8
SPAD 0.04 0.96 0.2 0.84
ACM 1.17 0.26 −0.5 0.63

N −0.92 0.37 0.5 0.61
P −0.05 0.96 −0.53 0.6
K −1.18 0.25 −1.56 0.12
C 1.09 0.29 −1.71 0.09

Ca −1.26 0.22 −1.53 0.13
Mg 2.05 0.05 0.54 0.59
Al 0.98 0.34 1.47 0.15
B −0.3 0.76 −0.01 0.99

Cu −0.57 0.58 1.07 0.3
Fe −0.56 0.58 0.65 0.52

Mn −0.58 0.57 −0.27 0.8
Zn −0.03 0.97 −0.17 0.86

Table 4. Bivariate linear regression analysis predicting the harvested wild blueberry yield in the crop
year using individual measured physiological traits (SPAD, ACM, Aa, Amass), morphological traits
(stem length, leaf area, mass per stem, leaf mass per area), and leaf macro- and micro-nutrients (N, p,
K, C, Ca, Mg, B, Al, Cu, Zn, Mn, Fe) from both the Vegetative year (2019) and the Crop year (2020).
Bold values indicate significant linear relationships at the significance level of p < 0.05. R2 values
with negative signs indicate negative linear relationships between the parameters.

Independent
Variables

Dependent Variable: Yield

Vegetative Year (2019) Crop Year (2020)

R2 p R2 p

Leaf area per stem 0.055 0.14 0.02 0.27

Leaf mass per stem 0.033 0.26 0.025 0.2

LMA −0.005 0.67 0.03 0.14

Stem Length 0.07 0.04 0.07 0.02

Aa 0.001 0.85 0.02 0.22

Amass 0.004 0.7 0.001 0.75

SPAD 0.02 0.4 0.026 0.17
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Table 4. Cont.

Independent
Variables

Dependent Variable: Yield

Vegetative Year (2019) Crop Year (2020)

R2 p R2 p

ACM 0.03 0.3 −0.03 0.17

N −0.003 0.7 −0.02 0.26

P −0.01 0.5 −0.003 0.64

K −0.09 0.06 −0.113 0.004

C 0 1.0 −0.046 0.07

Ca −0.003 0.72 −0.02 0.21

Mg 0.016 0.43 0.022 0.21

Al 0.010 0.5 0.04 0.09

B −0.055 0.14 0 1.0

Cu 0.015 0.45 0.05 0.056

Fe −0.006 0.63 0.005 0.57

Mn −0.011 0.5 −0.016 0.3

Zn 0 1.0 −0.02 0.24
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Figure 10. Wild blueberry yield in relation to stem length (a) and leaf area per stem (b) in the
vegetative year (2019) and crop year (2020). The green dashed line and solid blue line represent
significant linear regressions in the vegetative year and crop year, respectively.
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4. Discussion

We found limited effects of applied fertilizer products on physiological and mor-
phological traits (except leaf chlorophyll concentrations) of wild blueberries in the first
(vegetative) year. However, significant differences in most of the traits across treatments
were found in the second (crop) year. This could be because wild blueberry leaves need
time to absorb nutrients from the applied fertilizers, especially through the existing thick
waxy cuticle, and respond slowly. Our results revealed that some mobile macro-nutrients
(N, P, K) needed in higher quantities might be more effective if supplied from the soil rather
than through foliar products. On the other hand, immobile macro-nutrients such as Ca
or plant growth regulators appeared effective when applied through the foliar system.
Moreover, if an adjuvant was added to the foliar product, such as the nanocellulose used in
this study, wild blueberry leaves would more effectively absorb the nutrients. Our results
also revealed that if wild blueberry leaves already contain the optimum level of their most
required immobile and micronutrients such as Ca, B, or Mg, it is futile to supply more of
those nutrients. In fact, supplying more nutrients above a maximum threshold will not ben-
efit wild blueberry development and production. Rather, it will add an unnecessary cost for
the growers. It further implies the importance of testing leaf tissues before supplying any
fertilizers to the wild blueberries. Based on the traits measured in both the vegetative and
crop years of this study, we established that physiological and morphological performance
in the vegetative year rather than the crop year is more likely to decide wild blueberry
yield potential.

We found significant effects of applied fertilizers on leaf chlorophyll concentrations in
both the vegetative and crop years. In the vegetative year (2019), the high nitrogen content
in the DAP (80 lb N/acre) and Salvador (N-P-K: 14-4-6) might be the reason for higher leaf
chlorophyll concentrations [30–32]. Higher leaf chlorophyll concentrations might also help
increase the number of flower buds, as found in other studies [33], that occur almost at the
end of summer in the vegetative year for the wild blueberries [34]. Previous studies have
shown that N-P-K and DAP fertilizers are efficient for wild blueberries [12–15]. Although
leaf chlorophyll concentration has been shown to be a strong determinant of photosynthesis
for other plants [35,36], it might not be true for wild blueberries. This is because leaf
photosynthetic rates measured in this study did not follow the trend of the measured leaf
chlorophyll concentration, and hence there was no correlation or relationship between
these two physiological traits. Two treatments (DAP, SeaCrop16) showed lower, and other
treatments showed similar leaf photosynthetic rates to the control plot, which might be
because of high variation in photosynthetic capacity across genets [2]. Our study observed
leaf photosynthetic rate variation of 1 to 3 µmol.m−2 s−1 across different treatments with
different genets in the studied field. This is consistent with the previous study [2] conducted
in the same field, which has shown high variation (range of 2 to 5 µmol.m−2 s−1) in leaf
photosynthetic capacity across different wild blueberry genets. Average leaf surface area
per stem was higher in SeaCrop16 and DAP treatments (although not significant), possibly
because of the cell division regulator hormone (cytokinin) in SeaCrop16 and the high
nitrogen supply from the DAP fertilizer [5,32]. Since wild blueberry is a slow-growing
plant that needs time to uptake and metabolize the applied nutrients, especially because of
the acidic soil environment [37], more significant effects from all the treatments were found
in the crop year.

However, significant differences were not found in morphology or fruit yield in the
crop year. A possible explanation is that the wild blueberry leaves already contained the
recommended levels of their most important nutrients [29,38] in the vegetative year, most
of which increased beyond the optimum ranges after fertilizer application. This implies
that if wild blueberry leaves already contain optimum nutrient levels, it is unnecessary
to apply more as they can be toxic rather than helpful to the crop [5], not to mention
extravagant for growers. For instance, excessive B and Ca can be harmful to the wild
blueberry plant [38], which is possibly why there were no significant differences in yield
across the treatments as the plants already had much more B and Ca than they required.
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Still, Poma+Nanocellulose containing Ca and adjuvant showed some promising results,
such as higher leaf chlorophyll concentration, but Poma and Poma+Nanocellulose did not
significantly increase the amount of leaf Ca. In terms of applying such foliar nutrients
(Ca), an adjuvant like the cellulose nanofibril (CNF) appears to help the nutrient element
get through the waxy coating of the wild blueberry leaf [9,39,40]. Adjuvants such as the
cellulose nanofibril (CNF) might help the foliar nutrients disperse well and get into the leaf
stomata and stick to the leaves for a comparatively longer time during windy and rainy
weather [9,39,40]. However, further investigation is needed to explore the use of different
adjuvants for foliar nutrient adsorption by the wild blueberry plants because adjuvants
vary widely [9,39,40].

Lastly, in this study, the physiological and morphological performance of wild blueber-
ries in the vegetative year were better indicators of yield compared to those in the crop year.
Specifically, stem heights and leaf surface area appeared to play important roles in yield
prediction. In the vegetative year, wild blueberry plants need sufficient nutrients, such as
N, P, K, to build the stems and leaves for carbohydrate production, transportation, and stor-
age [38]. For such processes to occur, they especially need nitrogen to invest in building leaf
chlorophyll to produce carbohydrates [5,30–32] and hence flower buds [33]. These flower
buds will become fruit in the crop year as long as they receive enough pollination [34,41–44].
As a perennial and clonal shrub plant, wild blueberry has a large underground energy
and carbohydrate reservoir in the rhizomes and roots. The carbohydrates produced in the
vegetative year could be crucial for the flower development in the crop year when leaves
are still young. In the crop year, more vital factors such as pollination, pest pressure, and
soil moisture during fruit set and maturation determine actual fruit production [10,41–44].

5. Conclusions

In conclusion, our study implies that sufficient vegetative growth must be present in
the vegetative year to guarantee a high yield in the following season. Proper fertilization
management according to leaf tissue nutrient content in the vegetative year after the tip-die
back [10] must be conducted to reach its yield potential and to manage the wild blueberry
farms economically. In terms of fertilization, foliar products might be a better option to
correct for deficiencies of immobile and micro-nutrients, whereas an adjuvant might also
help for better utilization of such foliar products. Since our studied plants did not show
any micro-nutrient deficiency and we only studied a few foliar products, there are more
opportunities for further investigations. Research for more than one crop cycle will be
required to identify when the nutrient deficiencies occur in wild blueberry plants, and
how foliar products with adjuvants like nanocellulose materials will help manage them
efficiently and economically.
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