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ABSTRACT

Globally blueberry (Vaccinium spp.) production has rapidly increased in recent years, driven by
consumers' increased demand for this nutritious fruit. This study investigated the interactive
effects of different N sources and soilless growth media on water use, growth, yield, and quality
of blueberry. A pot experiment was carried out in polythene bags under a white shade net. Three
nitrogen sources: ammonium sulphate [(NH4)2SO4] (N 21.1%), calcium nitrate [Ca (NOs)2] (N
16.6%), and urea (H.NCONH) (N 46%) were applied to two soilless substrates growth media
(100% coir and a combination of 80% coir: 20% zeolite) in a randomized complete block design.
Growth, fruit yield, and berry quality parameters were measured. Our results showed that
treatment with NH4* and 100% coir yielded higher values for most growth parameters, chlorophyll
content index, proanthocyanidin, as well as the availability of macro and micronutrients in the
soilless substrate. The 100% coir treatment favours early shoot expansion due to superaeration
and root expansion, and the addition of zeolite to coir reduced water demand by the test plants.
The retention of NH4* by the 20% zeolite treatment was not beneficial to the blueberry plants,
hindering chlorophyll content accumulation and photosynthesis. These results suggest that a
further investigation into the influence of different zeolite levels on blueberry production cultivated
using pots. The application of NHs* enhances fruit size and weight, primarily by enhancing the
process of photosynthesis through higher N and chlorophyll content in leaves, and ultimately

improving nutrient assimilation and nutrient use efficiency.
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CHAPTER ONE

INTRODUCTION AND BACKGROUND

1.1 Introduction

The blueberry (Vaccinium spp.), a perennial shrub of the family Ericaceae, is widely recognised
as an economically valuable crop in many regions worldwide (Yang et al., 2021). It is classified
as a calcifuge (acid-loving) plant, adapted to acidic soils with a pH range of 4.2 to 5.5 (Retameales
& Hancock, 2018) and requires sandy loam enriched with high organic matter (>3%) (Rosen et
al., 2019). Given the limited availability of nutrients in acidic soils (Imler et al., 2019), blueberry
have evolved to thrive under low nutrient conditions, albeit with slower growth rates (Doyle et al.,
2021). Under commercial cultivation, an effective fertilization regime, primarily consisting of
nitrogen (N), is required to ensure optimal fruit yield (Bryla & Strik, 2015). Blueberry plants are
shallow-rooted crops with no root hairs, making them highly susceptible to water deficits as the
root zone can rapidly become depleted of water during periods of high demand; therefore,
commercial production depends on frequent irrigation (Bryla & Strik, 2007; Bryla, 2011). Fruits
are rich in phenolic compounds and possess antioxidant properties, offering significant nutritional,

medicinal, and therapeutic benefits (Zahra et al., 2023)

The global cultivation yield has increased from 151,000 tons in 2001 to over 1.5 million tons by
2021 (Pienaar et al., 2022), reaching approximately 1.86 million tons by 2024 (International
Blueberry Organisation, 2024). The domestication of many seedless fruits has rapidly increased
in recent years, driven by consumers' preferences and demand for nutritious fruits (Osorio et al.,
2020). However, the blueberry industry in South Africa (SA) is in the emerging stage compared
to the United States, Canada, and Chile, which have dominated global production for decades
(Retamales et al., 2014). The first South African blueberry cultivation practice occurred during the
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1970 s and at a commercial scale during the 1990s (Retamales & Hancock, 2012). Despite its
late start in commercial production, the South African blueberry industry has shown notable
growth, with production increasing from approximately 1,700 tons in 2011 to 27,700 tons in 2021,
projections indicating expansion to nearly 56 000 tons by 2031, representing an annual growth
rate of 6.6% (Pienaar et al., 2022). The increasing international demand, high profitability, and
substantial job creation have contributed to the rapid growth of this industry, which has led to a

doubling of industry value during each successive season in recent years (Pienaar et al., 2019).

The economic importance of blueberries has called for attention to developing cultivation
practices from factors that can negatively impact productivity, with particular emphasis on
effective nutritional and water management practices. The World Economic Forum (WEF)
reported that global risks, including the global water demand, are rising due to the development
of water use for domestic, industrial, agricultural and livestock purposes (WEF, 2015). The report
also stated that 40% of the world's population experiences water shortages for at least a month
per year. In sub-Saharan Africa, the agricultural challenge is one of the most pressing demands
to enhance crop productivity and reduce water usage during farming operations, known as the
"more crop per drop" approach (Fan et al., 2012). In SA, the scarcity of water is an issue of major
concern recently; Cape Town was classified as the city having the highest water crisis
(Department of Water and Sanitation, 2018). Improving water use efficiency (WUE) in agriculture
is crucial for meeting future global demand (Howell, 2001). In recent years, the use of soilless
culture systems has gained attention as a sustainable method for enhancing WUE (Gruda et al.,
2016). Within these systems, the integration of coir and zeolite as growth media has shown

promising improvement in water and nutrient management (Mfeka et al., 2023).

In blueberry cultivation, water and nutrient supply are key interacting factors influencing growth,
yield and physiological responses (Guo et al., 2021). Among essential nutrients, N is particularly
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critical, making up about 1.5-2.1% of blueberry leaf dry weight (Alt et al., 2017). Blueberries can
take up N, primarily in the ammonium (NH4*) and nitrate (NOs’) forms (Bryla et al., 2010).
However, unlike many crops, they show a distinct preference for NHs* due to their limited nitrate
reductase activity (Merhaut & Darnell, 1996; Poonnachit & Darnell, 2004). Although NH4" is
generally regarded as the more suitable N source, its continuous or excessive supply can result
in NH4" toxicity which inhibits plant growth and development (Britto & Kronzucker, 2002). Urea,
as an inexpensive source of nitrogen, could be useful in reducing potential overacidification
caused by the long-term application of ammonium sulphate in substrate production (Kingston et
al., 2017). Moreover, studies have also reported the beneficial effects of NOs', including increased
biomass, N content and enhanced bud and root development (Merhaut & Darnell, 1996;
Criséstomo et al., 2014; Alt et al., 2017). Taking these findings into account, the response of
blueberries to different N sources varies depending on various factors. There is a minimal amount
of scientific data, particularly within the South African context, on the impact of various N sources
on the growth and yield attributes of blueberry. This study aimed to investigate the influence of
growth media combinations and different N sources on growth and yield attributes of blueberries

in the Cape Wineland region of the Western Cape Province, South Africa.

1.2 Motivation of the research

The worldwide challenges on water scarcity (Beck et al., 2016) and N depletion due to soil overuse
are identified as a threatening factor in agricultural productivity and food security. These factors
negatively impact crop yield and quality. The blueberry industry in SA has experienced remarkable
growth during recent years and has established itself as a significant economic sector for the
nation (Bureau for Food and Agricultural Policy 2018). Water conservation strategies have
become critical in mitigating the impacts of water scarcity and the use of alternative growth media

has shown promise in improving water use while supporting plant development (del Amor et al.,
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2009; Nichols & Savidov, 2009; Méndez Arguello et al., 2018). As a N-demanding crop, blueberry
requires a sufficient and well-balanced N supply for proper growth fruit development, and yield
(Bryla et al., 2010). However, the effectiveness of different N forms remains insufficiently studied

in combination with water efficient substrates under SA climatic conditions.

Given the increasing demand for high quality, antioxidant-rich blueberries and the species unique
N uptake preferences (Doyle et al., 2021; Zahra et al., 2023), it is crucial to investigate how
different N sources affect not only growth and yield but also the biosynthesis of secondary
metabolites like phenolic compounds. With the global population expected to reach 10 billion by
2050 (Nguyen & Wang, 2024) food production must double to ensure food security. Improving

crop water productivity could significantly impact food security and water sustainability.

1.3 Significance of the study

There is limited information that addresses resource optimization in blueberry production in South
Africa. The study investigated the combined effects of different nitrogen sources and growth
media influenced blueberry production. By focusing on the two growth media, coir and zeolite, the
research provided insights into the growth media performance and their influence on nutrient
availability and water use. Emphasizing optimizing N management in combination with growth

media selection to enhance blueberry production under Mediterrenean climate conditions.

The use of different N sources in combination with growth media has not been fully explored under
the South African blueberry production. The findings generated primary field data, providing
evidence on how resource optimization could improve blueberry growth, yield, and fruit quality.
This research will also contribute to the sustainable use of inputs such as fertilizers and water,

offering practical strategies for efficient and commercially viable blueberry production.



1.4 Aim and Objectives

The research aimed to investigate the interactive effects of different N sources and soilless growth

media on water use, growth, yield, and quality of blueberry.

¢ To investigate the effect of different growth media on water use of blueberry production.
o To assess the effect of different nitrogen sources on blueberry production.

¢ To evaluate the effect of different nitrogen sources on the mineral composition of blueberry.

1.5 Chapter outline

This thesis consists of five chapters. Chapter 1 provides the background and introduction of the
study. Chapter 2 presents a comprehensive review with background on blueberry cultivation
under different nitrogen sources. Chapter 3 presents the results and discussion on the influence
of different nitrogen sources and growth media on water use, growth, and yield attributes of
blueberry. Chapter 4 presents the results and discussion on the influence of different nitrogen
sources and growth media on mineral composition and blueberry phenolic constituents. Chapter

5 provides the general conclusions and recommendations of the study.

Publications Arising from this Study

As part of this study, a review paper on ‘Blueberry cultivation under different nitrogen sources’ has
been accepted for publication in the Journal of Medicinal Plants for Economic Development. In
addition, two research papers based on the experimental results are currently in preparation for

submission to peer-reviewed journals.

Findings from this study were also presented at the U6" International Conference, with a title
‘Influence of different nitrogen sources and growth media on blueberry yield and phenolic
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constituents’. The conference presentation provided an opportunity to share preliminary results
with the broader scientific community and receive constructive feedback by providing guidance
on the technical aspects. The conference was held from September 10-12, 2024, at Cape

Peninsula University of Technology, D6 campus.
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CHAPTER TWO

BLUEBERRY CULTIVATION UNDER DIFFERENT NITROGEN SOURCES: A REVIEW

This section is based on a review paper that has been accepted for publication on the peer review
Journal of Medicinal Plant for Economic Development (Annexure A). It provides a comprehensive
background on blueberry cultivation under different nitrogen sources and serve as part of the

foundation and guide context for the experimental work presented in this thesis.

2.1 General Introduction

The global blueberry (Vaccinium spp.) production has proliferated in recent years owing to
consumers increased demand for this nutritious fruit (Osorio et al., 2020). Driven by increasing
consumer awareness of nutritional benefits the worldwide blueberry cultivation area increased

significantly from 151,000 tons in 2001 to over 1.5 million tons in 2021 (Pienaar et al., 2022).

Fresh blueberries are famous for delaying human ageing while providing various health benefits.
The antioxidant properties of blueberries protect human health by neutralising free radicals that
cause ageing and various diseases including cancer and cardiovascular disease, as well as
immune system deterioration, brain dysfunction and cataracts (Tarkanyi et al., 2019). Nitrogen
(N) fertilization has been shown to influence the accumulation of bioactive compounds such as
phenolics, carotenoids, and glucosinolates, in crops which determines the nutritional value and

health benefits of the fruit (Kishorekumar et al., 2020).

Nitrogen is an essential nutrient for plant growth and development accounting for approximately
50% of yield performance. It is a key component of various metabolic processes in plant

physiology involving shoot biomass root development, and N use efficiency (NUE) (Li et al., 2021).
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N in blueberry production promotes vegetative growth as a result, it is important for the production
of strong leaves, stems, branches, and flower bud differentiation (Leitzke et al., 2015). Yuan-Yuan
et al. (2021) indicated that optimal N levels increase the photosynthetic rate of blueberry plants
by serving as an critical constituent of chlorophyll pigment which captures light energy and
contributes to fruit development by improving the seed setting rate for the quality and yield of

fruits.

Blueberry plants obtain N through ammonium ion (NH4*) and nitrate ion (NOs") absorption which
leads to specific genetic and metabolic responses in plants (Peterson et al., 2022). Blueberries
show a preference for NHs* as their N source, while most plants prefer NO3, although NH4" is
less available in soil than NOs (Yuan-Yuan et al., 2021). Plant growth responses to different N
sources are influenced by NH4* or NO3s™ uptake and environmental factors such as temperature,
soil pH, and nutrient availability (Ye et al., 2022). This makes the selection of N sources a critical
aspect in blueberry production, which influences plant growth, yield, and physiology. N has been
noted to be essential for many physiological processes including biomass production, root
development, and enzymatic activity (Alt et al., 2017; Osorio et al., 2020). The effect of N on the
complex synthesis of phenolic compounds which are important for blueberry antioxidant

properties, nutritional value, and health benefits, remains sufficient investigation.

Nitrogen is one of the growth limiting nutrients in plants. In blueberries different sources of N
stimulate vegetative growth however, this is usually at the expense of secondary metabolite
synthesis (Gonzalez et al.,, 2018). Because of increasing global demand for high-quality
blueberries and their unique preference for nitrogen sources a comprehensive understanding of
how different nitrogen sources affect blueberry growth, yield, and secondary metabolites is
essential. Studies on the preferred N sources for blueberry plants will assist in enhancing
production while using low N fertiliser rates which will reduce production cost and harsh
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environmental impacts. This review explores the role of various N sources in blueberry growth,
yield and physiology. It further suggests areas for future research for sustainable N application in

blueberry production.

2.2 Methods

The search was conducted for relevant literature using various platforms to ensure all the sources
were reliable and credible. The Cape Peninsula University of Technology library database, where
we accessed this information, included online platforms such as ProQuest Agriculture Journals,
ScienceDirect, Springer Nature Link, Scopus, Wiley, and Google Scholar. Frontiers,
ResearchGate, and Al tools like Connected Papers and Lit maps were used to find relevant
articles linked to the information of interest. The review employed an extensive search using a
combination of the following key words: (i) blueberry, (ii) nitrogen sources, (iii) fertiliser, and (iv)
phenolic compounds. Boolean operators were applied to refine searches in the databases
accessed. The search covered published research articles from 2014 to 2024 and only articles
published in English were selected. Grammarly was used to correct grammar to improve
readability, Turnitin for the similarity index, and Mendeley as a reference management tool.
Proper attribution to all original authors and sources was maintained throughout the review

process, and findings were reported transparently.

2.3 Findings

The flowchart with the number of selected and excluded criteria in each stage was built using
PRISMA guidelines (Figure 1). The initial search produced 1408 articles from the five databases;
1050 duplicates were excluded, thereafter, 291 articles were excluded were excluded after
reading the titles and abstracts. 67 articles were imported into the reference manager software

(Mendeley) for further eligibility; finally, 47 studies were included in this review.
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Figure 2.1. PRISMA flow diagram illustrating the process of searching and selecting studies based on the established

inclusion and exclusion criteria

2.4 Nitrogen Sources and Overview

Plants primarily rely on two N forms, NH4* and NOs", which are derived from various soil processes
as mineralisation and nitrification (Zhang et al., 2018). Nitrogen is available in the atmosphere,
primarily in its gaseous form (N.), which constitutes about 78% of the Earth's atmosphere (Glass
& Rousk, 2024). Nitrogen fixation occurs through a symbiotic relationship between root nodule-
dwelling N-fixing bacteria (rhizobia) and plants, where the plant provides the bacteria with
carbohydrates while bacteria fix N2 into a form that the plant can use (Ahmadi, 2023). Another

way that some plants may obtain nitrogen for their nutrition is through nitrite (NO2’) from the
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atmosphere (Bashir et al., 2024). NO; is a significant air pollutant produced in the soil when N-
containing substances break down under low oxygen conditions (Ye et al. 2022). However, most
of it is produced through the combustion of fossil fuels (vehicles, power plants, and industrial
processes). In soil, NO2™ availability is generally low, and at high concentrations, it becomes toxic

to plants (Bashir et al., 2024).

2.4.1 Ammonium (NH,") as a Nitrogen source

Ammonium N (NH,*) is present in soils through mineralization of soil organic N and applied as a
product of urea hydrolysis. NHs* uptake is mediated by both high- and low-affinity transport
systems, possibly via an NH4* uniport or K* channel (Jose et al., 2023). NH4* is the preferred
form of N uptake when plants grow under N deficiency. It is rapidly assimilated into amino acids
within the roots via glutamine synthetase/glutamate synthase (GS/GOGAT) pathway (Figure 2),
which requires less energy than NO3 assimilation (Zhang et al., 2018). Due to its positive charge,
NH.* is adsorbed by negatively charged soil colloids (clay and organic matter), and thus is less
prone to leaching. Uptake of NH4* causes rhizosphere acidification due to H* exchange (Imler et
al., 2019). The most used single N (NH,*) is ammonium sulphate, containing 21% N and 24%

sulphur (S).

2.4.2 Nitrate (NO3’) as a Nitrogen source

Most agricultural soils allow plant roots to absorb N mainly through NO3s™ even though NH4* might
be more accessible in certain soil types. This is mainly due to the higher concentration of NO;™ in
soils as compared to NO,~ and NH,*. Additionally, due to its (NOs~) negative charge, it remains
in the soil solution rather than binding to negatively charged soil particles, allowing for high mobility

and plant uptake (Pinheiro et al., 2020). NOs is absorbed via a NOsz/H* symport (Figure 2),

16



involving three transport systems (Muratore et al., 2021), and the uptake of NOs leads to

rhizosphere alkalinization (Imler et al., 2019).

ACTIVE UPTAKE OF NH4 ACTIVE UPTAKE OF NG;-

SOIL S::UIION SOIL SOLUTION NO3
4 +
2H
+
NH4+ uniport/ K+ channel

NO3-/ H+ symport+

Inside root cell L
NH 4+ assimilation Translocation to leaves (xylem) Inside root cell
€ NO3- reduction

glutamine synthetase (GS)

L

w
Glutamine

Inside root cell
\. NO3 reduction

glutamate synthetase (GOGAT) nitrate reductase (NR)

-

Glutamate

NO2-
reduction
nitrite reductase (NiR)
Protein synthesis and
amino acid formation N\ NH .+

Figure 2.2. Shows the assimilation of the two nitrogen sources, as NH4* undergoes glutamine synthetase and NOs

through a reduction process by nitrate reductase (Adapted from Imler et al., 2019; Muratore et al., 2021; Jose et al.,
2023).

The conversion of NO3 to NH4* and amino acid synthesis for protein synthesis depends on nitrate
reductase enzyme activity, which is inefficient in blueberries (Kishorekumar et al., 2020).
Blueberry plants demonstrate N form and concentration sensitivity in acidic NHs*-dominant soils;

however, they thrive best at pH 4.0 to 5.5, which supports acidic soil conditions that favour NH.*
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uptake as their preferred N source (Yang et al., 2022). Sensitivity of young blueberry plants to

high ammonium sulphate applications may be due to ammonium toxicity, which is linked to

increased electrical conductivity (EC) in the soil solution, with growth suppression observed at EC

levels above 1.5 dS-m™' (Machado et al., 2014). Table 1 below shows that N form and soil acidity

are important, with most studies indicating a preference for NH4* over NO3 as a N source.

Table 2.1 The Effect of Different Nitrogen Sources on Growth and Nutrient Accumulation in

Blueberry Species Across Varied pH Levels

Blueberry species N forms pH Key Findings (Notes) Reference
‘Northblue (V. NH4*, NO3s- 4.5 More vegetative growth at pH 4.5 vs. 6.5, regardless of Rosen et al. (2019)
corymbosum x and N form. No effect of N form at the given pH.
V.angustifolium) NH4NO3 6.5
‘Climax’ and ‘Chaoyue NH4* vs NOs 4.5, Low pH (4.5) enhanced growth, yield, photosynthesis, Jiang et al. (2019)
No. 1’ (V. corymbosum 5.3 & and micronutrient uptake; high pH (6.0) reduced growth
L.) 6 and fruit quality. NH4* alleviated high pH stress more
effectively than NOs-
Andean blueberry (V. 100%NH4", 6.0 NH4* fertilisation led to higher dry matter accumulation, Gonzalez et al. (2018)
meridionale Swartz) 100%NOs shoots and leaves. NOs™ fertilization increased
50%NH4*: anthocyanin production due to stress from N deficiency
50%NOs and low chlorophyll synthesis.
‘Tifblue’ rabbiteye (V. NH4* vs NOs 3.5-  Higher fruit yield, greater shoot growth, and higher leaf Spiers (2022)
ashei Reade) 7.5 nutrient concentration with NH4* compared to NO3
‘Emerald’ (V. NH4* vs NOsz 5 & Plants grew better at pH 5.0 than at pH 7.5, and the Xu et al. (2021)
corymbosum) 75 plant growth was the best with NH4*: NOs™ ratio of 2:1

atpH 5.0

N- nitrogen, NH4*- ammonium, NOgs™ -nitrate, and V- Vaccinium
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2.5 Blueberry Growth and Yield Response to Different Nitrogen Sources

Nitrogen form plays a critical role in determining blueberry growth and yield responses. As shown
in Table 2 below, numerous studies have investigated the effects of different N sources, including
NHs*, NOs, and combinations thereof, on various blueberry cultivars and developmental
parameters. Overall, NH4*-N tends to be more favourable than nitrate-N in most studies (Yafiez-
Mansilla et al.,2015; Vargas & Bryla 2015; Alt et al., 2017; Gonzalez et al., 2018; Rosen et al.,
2019; Imler et al., 2019; Osorio et al., 2020; Messiga et al., 2021; Xu et al., 2021; Yuan-Yuan et
al., 2021; Peterson et al., 2022; Arias et al., 2024; Anwar et al., 2024), with consistent
improvements in shoot growth chlorophyll content, leaf dry mass, and yield. This trend may be
linked to the limited nitrate reductase activity in Vaccinium species, as well as their preference for

acidic soils which complements the acidifying effect of NH4* nutrition.

Additionally, a combination of N sources particularly NH4*: NOs ratios of 2:1 or 1:1, has
demonstrated synergistic effects on physiological and yield-related traits (Anwar et al., 2024).
These ratios often outperform singular forms by enhancing N recovery leaf area index and net
assimilation rate without the adverse effects seen with high NO3s™ concentrations (Xu et al., 2021).
Table 2.2 below summarises these findings, offering insight into the understanding of blueberry
N nutrition. However, recent studies seem to be placing increased emphasis on physiological
responses, such as N uptake efficiency and photosynthetic activity, in addition to yield attributes.
While cultivar-specific responses and environmental factors (such as soil pH and substrate) can
modulate outcomes, the preference for NH4s"-dominated nutrition or a combination of forms

remains a consistent recommendation for optimising blueberry production.
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Table 2.2 Blueberry Growth and Yield Responses to Different Nitrogen Sources

Blueberry Cultivar/

Study/Source N Source . Growth/Yield Response Key Observations
Species
Rosen et al. . . , Shoot length 1 from 38.4 cm to 127.3 - . .
(2019) NH, Northblue cm (pH 4.5) Significant shoot elongation under NH,,
Osorio et al Leaf dry mass: NH,* (24.8 g) > NO;~
' NH,* vs NO3~ ‘Emerald’ (17.4 g); Chlorophyll: NH,* (20 pg/cm?) NH,* improves leaf growth and chlorophyll content
(2020) i
> NO;™ (16 pg/cm?)

Peterson et al. . _ Higher NH,* uptake in hydroponic i, . .

(2022) NH,* vs NO, V. corymbosum L. systems NH,* is preferred in hydroponics

NH.L* vs N accumulation: NH,* (243.5 mg/plant)
Arias et al. (2024) 15Né) _ ‘Blue Ribbon’ > NO;~ (213.6 mg/plant); "*N recovery Greater N use efficiency with NH,*
3 . +
rate 1 10.7% with NH,,

Gonzalez et al. . _ V. meridionale. Shoots/plant: .NH4 (2,,2) > 50:50 (20); NH,* improves shoot development, N accumulation, and better photosynthetic

(2018) NH,* vs NO; Swartz Higher N% with NH,* (1.72%), 1 Net erformance

assimilation rate (NAR), LAI, dry matter P
¢ ’ -~ ; -.
Alt et al. (2017) NOs5- ‘Alapaha’ & Growth | by 30-60% with NO5™; Low NO;~ assimilation is limited due to enzyme inefficiency
Sweetcrisp nitrate reductase activity
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Higher dry weight of plant parts at pH NO;™ can be effective at neutral pH

Rosen et al. _ . ,
(2019) NO; Northblue 65

| Fruit set and quality High NO;~ can negatively affect reproductive traits

Messiga et al. . _ . ,
(2021) High NO3 Duke
Imler et al. (2019) NH," vs NO;~ ‘Emerald’ NH. aC|d-|f|es rhizosphere; NOs pH shifts affect nutrient availability and uptake
increases pH
Xu etal. (2021); 2:1 NH,*: ‘Emerald’ & ‘Nangao 1 Chlorophyll (1.2 mg/g FW), crown . . .
Anwar et al. _ ) . A 2:1 ratio is optimal for vegetative growth
NO; Z9 width 1 11%
(2024)
Yafiez-Mansilla et N _ ‘Legacy’ & Root N: Legacy (15 g/kg) > Bluegold (8 . e
al. (2015) NH,*NO; ‘Bluegold’ akg) Cultivar-specific N responses
Various
Yuan-Yuan et al. NH,*:NO3~ ‘Northsky’ Improved bud, root devellopment, and Balanced ratios support overall plant health
(2021) ) photosynthesis
ratios
Vargas & Bryla NH,* vs urea ‘Bluecrop’ Berry weight: NH,* (2.22 g) > urea (2.17 NH,* is linked to better ceIIuI?r g.rowth when.a fertigation system with a split
(2015) 9) application method is used

N- nitrogen, NH4*- ammonium, NOs™ -nitrate, V- Vaaccinium, ug - microgram, cm — centimeters, mg - milligram, g — grams, FW — fresh weight, kg — kilograms, and

LAl — leaf area index.
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2.6 Nitrogen Sources on Berry Phenolic Compounds

The antioxidant compounds anthocyanins, phenolic acids, and polyphenols, which are present in
blueberry plants, provide multiple health advantages (Krishna et al., 2023). Anthocyanin
accumulation serves as a protective response for N-deficient plants by making leaves more light-
sensitive through chlorophyll reduction. The presence of anthocyanins in plants enhances their
ability to withstand N deficiency stress (Liang & He,2018). The accumulation of anthocyanin is
triggered by N deficiency but also results from different nutritional imbalances, making it a useful
crop nutrient status indicator (Jezek et al., 2023). Low N availability has been shown to enhance
secondary metabolite production in plants by redirecting excess carbon (C) energy toward

biosynthesis pathways, including flavonoid synthesis (Li et al., 2021).

High N availability can lead to decreased anthocyanin levels and reduced reproductive
development. In blueberries findings vary while high N may reduce anthocyanin accumulation
Gonzalez et al. (2018) observed increased anthocyanin levels in specific N treatments such as a
balanced 50:50 NH4*: NOs ratio, as shown on (Table 2.3.). NOs-based sources generally favour
C allocation toward flavonoid production, whereas NH4* sources tend to enhance N assimilation,
potentially at the expense of flavonoid synthesis. In a study that investigated blackberries, show
that distinct N forms impact the expression of genes involved in flavonoid biosynthesis, specifically
Dihydroflavonol 4-reductase (DFR) and Chalcone synthase (CHS). Ammonium (NH,*) increases
gene activity related to phenolic compound production (Duan et al., 2023). As research
specifically investigating the effect of different N sources on phenolic compound accumulation in
blueberries is limited, data from studies on related species have been included to provide a broad
context. These trends are summarised in Table 2.3, presenting several studies on how different

N sources and conditions influence phenolic compound accumulation across various plants.
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Table 2.3 Effects of Nitrogen Forms on Phenolic Compound Biosynthesis

Source Plant N Source / Condition Key Findings Implications
Gonzalez et al. Blueber 100% NO;~, 100% NH,*, 100% NH,*: 1.90 mg/100 g FW, 100% NOs™: 11.68 mg/100  NO,~ favours anthocyanin synthesis over NH,*;
(2018) Y 50:50 NH,*:NO;~ g FW anthocyanin, and 50:50 mix: 12.79 mg/100 g FW balanced N form is most effective.
(highest)
Anthocyanin accumulation increases under N deficiency as . . .
. - . . . Anthocyanins serve as protective metabolites
Liang & He (2018) General N deficiency a stress response; it reduces chlorophyll, increases light
e under N stress.
sensitivity
Nutritional imbalances, Anthocyanin accumulation reflects multiple nutrient Anthocyanins are effective biomarkers for
Jezek et al. (2023) General . . . . . - .
including N deficiency imbalances, not just N deficiency nutrient status.
Leitzke et al. (2015) B'»Iu‘eberfy High N availability Increased an.thocyanln prodyctlon observed alongside apH Excess N can stlmulajtelgnthocyamn synthesis
('O’Neal) drop and toxic Al accumulation but also cause soil acidification.
Arias et al. (2024) Blueberry NO,~ treatment Lower biomass (Iea!ves, stem§, rogts) ar.wd reduced . NO; .may .suppre.ss overall plant growthj
secondary metabolite production, including anthocyanins negatively impacting secondary metabolites.
NH,* and urea: 1 anthocyanins, ellagic acid
Urea. ammonium sulphate N-form affects specific bioactive compound
Duan et al. (2023) Blackberry ’ P ’ production differently. NO5;~ promotes carbon

calcium nitrate

Ca (NO:s) ,: 1 flavonoid biosynthesis & antioxidant capacity
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N deficiency triggers C metabolism activation and energy

Huang et al. (2022) General N deficiency .
accumulation
. - Energy surplus from C metabolism promotes flavonoid
Lietal. (2021) General N deficiency synthesis to rebalance C/N metabolism
Kishorekumar et al. General NH,* vs. NO3™ assimilation NH,*: directly assimilated; NO3™: energy-costly reduction to
(2020) pathways NH.,*; influences phenolic synthesis differently

Explains why secondary metabolite
biosynthesis increases under N deficiency.

Flavonoids help regulate energy balance under
nutrient stress.

NH,* may supply more precursors but less
energy, whereas NO3~ impacts resource
allocation more strongly.

N- nitrogen, NH4*- ammonium, NOs™ -nitrate, FW — fresh weight, mg — milligram, g — grams, Ca (NO3) ,, - calcim nitrate, C — carbon, Al — aluminum,
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2.7 Plant Physiological Responses to Different N Sources

The response of blueberry plants to different N forms shows N availability as a critical factor that
affects both growth and photosynthesis (Gonzalez et al., 2018; Osorio et al., 2020; Yuan-Yuan et
al., 2021). Adequate N supply remains essential because chlorophyll synthesis depends on N to
enable light absorption and photosynthetic efficiency. The use of NH4* as a nutrient source has
been shown to increase stomatal conductance in blueberries, which leads to better gas exchange
and supports photosynthesis (Osorio et al., 2022). The application of NH4" resulted in better
gaseous exchange parameters than NOs, (Yuan-Yuan et al. (2021) demonstrated that a 5:1

NH4*: NOs™ ratio produced the best photosynthetic products and stomatal performance.

However, the advantage of this depends on concentration because excessive NH4" leads to
metabolic imbalance and oxidative stress, and impaired photosynthetic functions (Yafiez-Mansilla
et al., 2014). Excessive NH4" stress disrupts electron transport and reduces carboxylation
efficiency this decreasing CO; assimilation (Wang et al., 2019). The assimilation of NO3s requires
more energy than NH4" but allows sustained photosynthesis through its ability to generate ATP
and NADPH needed for the Calvin cycle (Kishorekumar et al., 2020). The study by Cardenas-
Navarro et al. (2024) demonstrated that blueberry plants supplied with NO3™ nutrition showed

better carbon fixation rates and electron transport activity.

Urea-based fertilizers which are hydrolyzed into NH4* in the soil have shown photosynthetic
outcomes like NH4* sources (Nasraoui-Hajaji & Gouia, 2014). The controlled N release from urea
leads to higher chlorophyll content and better C assimilation (Kozos & Ochmian, 2016). The
photosynthetic response extend longer because N from urea becomes available more gradually
than from NH4* or NOs (Smolander et al., 2022). The most successful approach to maximize
photosynthetic efficiency while preventing N-related stress in blueberries involves maintaining

balanced NH4*: NOgs™ inputs.
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2.8 Effects of Nitrogen Sources on Water-Use Efficiency and Drought Tolerance in

Plants

The different N sources influence water-use efficiency (WUE) transpiration, and osmotic
adjustment in blueberry plants these are key processes for maintaining water status under
drought (Ruiz-Romero et al., 2024). NH4* nutrition enhance blueberry plant drought resistance
through multiple physiological processes. The increased root abscisic acid content in drought-
stressed NH,*-fed plants leads to better WUE (Ding et al., 2016). The accumulation of osmolytes
such as proline and soluble sugars helps sustain root development to reach deeper soil water
(Zaher-Ara et al., 2016). Highbush blueberry cultivars showed different levels of drought
resistance after drought stress reduced and how their photochemical efficiency and increased

proline content (Balboa et al., 2020).

Under water-limited conditions NHs* nutrition controls stomatal conductance to minimise
excessive water loss through transpiration while allowing sufficient CO» uptake for photosynthesis
to support plant development (Torralbo et al., 2019). The drought resistance of Malus prunifolia
increased with higher NH4* uptake but lower NOs™ uptake indicating the importance of NH4* in
drought tolerance (Huang et al., 2018). Likewise, in other crops high NHs* concentrations cause
ion imbalances which lead to toxicity and damage the plant's water stress tolerance (Shilpha et
al., 2023). Research conducted by Faralli et al. (2023) demonstrated that NOs-based fertilisation
enhances plant development under sufficient irrigation by improving transpiration efficiency. The
positive effects of NOs-nutrition on transpiration reached their peak when water availability was
sufficient yet NO3™ does not provide drought tolerance at the same level as NH4*. Plants that
received NH4* nutrition demonstrated superior drought tolerance compared to those receiving

NOs under water-stressed conditions (Ding et al., 2016). However, plants treated with NO3" still
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maintained positive hydration status because NO3™ enabled appropriate stomatal conductance for

efficient CO. uptake and reduced water loss during photosynthesis (Ding et al., 2016).

2.9 Conclusions and Future Research Directions

The selection of N sources along with application methods determines the most effective method
to promote sustainable blueberry production while maintaining environmental sustainability. The
combination of NHs* with NOs or NH.* alone results in superior plant growth and fruit quality
compared to NOs™ alone particularly when the soil conditions are acidic which are favourable for
blueberry cultivation. Based form these findings further research should investigate how different
blueberry cultivars respond to the combination of N forms under varying acidic conditions. The
practice of split fertiliser applications and fertigation systems enhancing nutrient utilisation
efficiency while reducing nutrient loss. However, the long-term effects of continuous NH4*
fertilisation on soil acidification and associated changes in nutrient dynamics under blueberry

production remain under investigated highlighting the need for further research.

Future research should also invistigate the interactions between N sources and secondary
metabolite production especially phenolic compounds which are important for blueberry quality
and human health benefits. Knowledge of the mechanisms through which N influences phenolic
synthesis could provide new ways of improving fruit quality through fertilisation practices.
Selection of N source is the main factor in improving the plant growth and physiological
performance; hence, it is important to explore this area of research, particularly in blueberry

secondary metabolite accumulation, which is relatively scarce in the current available literature.
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CHAPTER THREE

INFLUENCE OF DIFFERENT NITROGEN SOURCES AND GROWTH MEDIA ON
WATER USE, GROWTH, AND YIELD ATTRIBUTES OF BLUEBERRY

3.1 Abstract

Blueberry (Vaccinium spp.) is an economically important berry fruit that is widely distributed
geographically and has attracted increasing attention in recent years as a third-generation fruit.
The understanding of how coir and zeolite media interact with nitrogen (N) sources under
blueberry cultivation still lacks depth and comprehensiveness, particularly in the South African
climatic conditions. This study aimed to investigate how different N sources and growth media
affect water use, growth, and yield of blueberry. Two growth media were used with three N
sources: ammonium sulphate (N 21.2%), calcium nitrate (N 15.5%) and urea (N 46%), resulting
in six treatment combinations with three biological replicates per treatment and three plants per
replicate. The growth parameters investigated in this study were influenced by N sources and
growth media. Ammonium sulphate with 100% coir surpassed other treatments recording the
largest fruit diameter, with an average of (16 mm) and individual berry weight (1.81 g). Overall,
the blueberry fruit diameter, weight per berry and total fresh yield increased gradually during the
early harvest time reached a peak at mid harvest and subsequently declined towards the end of

the harvest period.

Keywords: Substrate, Water Use Efficiency, Chlorophyll content, Blueberry, Nitrogen sources
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3.2 Introduction

Blueberry (Vaccinium spp.) is an economically important berry fruit that is widely distributed
geographically and has attracted increasing attention in recent years as a third-generation fruit
(AKSic¢ et al., 2019). South Africa’s (SA) blueberry production has grown from around 1,700 tons
in 2011 to 27,700 tons in 2021, with projections for an increase to 56,000 tons by 2031, which
translates to a 6.6% growth rate (Pienaar et al., 2022). However, the South African blueberry
industry is a small player producing 2-5% of the world share, whilst leading producers, including
China, the United States, Peru, Chile, and Mexico, globally supply around 68% of commercial
production (IBO, 2023). Despite the low production share, South African exports have been
significantly increasing due to being well-positioned to supply fresh blueberries to the market
during the counter season of traditional blueberry-producing countries situated in the Northern
Hemisphere (Pienaar et al., 2019). To cope with the increasing market demand, it is necessary

to further improve the production and quality of blueberries in SA.

Blueberries are quite sensitive to fertilization, growers often apply large amount of nitrogen (N) to
improve both yield and fruit quality (Duan et al., 2023); however, improper fertilization not only
affects production but can harm the plant, causing the leaves wilt and physiological dysfunction,
in extreme cases, the entire plant can wither and die (Alt et al., 2017). N use efficiency is very
low, less than 40% of the N applied can be directly taken up by crops, and the rest is wasted
(Yousaf et al., 2017). Simply increasing the use of N fertilizer will not boost crop production, but it
will raise agricultural expenses and lead to plant nutrition imbalances, destroying soil and water
resources. N fertilizers are primarily classified into three forms according to the N-containing
group: ammonium (NH4"), nitrate (NOs’), and amide-N, such as urea (Hachiya et al., 2021). Urea
is an organic N source, mostly used worldwide due to its advantages of high N content and easy

transportation (Witte, 2011). Calcifuge plants, including blueberries, mostly prefer to absorb NH4*
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rather than NOgs; this preference has been associated with the low capacity to assimilate the NO3
form. NOjs assimilation is mediated by nitrate reductase (NR) and nitrite reductase (NiR)
enzymes, which are ineffective in blueberries, especially within the shoot tissue (Guo et al., 2007).
Alt et al. (2017) showed that NO3 growing media supplementation directly to the shoots increased
the biomass and N content of blueberry plants. Other authors have claimed that applying NOs
instead of NH4* has a positive impact on the development of buds and roots along with the process
of photosynthesis (Merhaut & Darnell, 1996; Crisstomo et al., 2014). Blueberry response to the
N source applied may be influenced by various factors including the growing media, as it

inherently prefers acidic organic-rich substrates (Ortiz-Delvasto et al., 2023).

Blueberries are naturally low nutrient demanding plants with shallow roots (Messiga et al., 2018)
due to these specific requirements growers are increasingly investigating alternative methods to
grow the plants in regions with suboptimal conditions. One approach gaining popularity involves
cultivation in containers with soilless substrates and highly controlled fertilization systems
(Kingston et al., 2017). In the absence of soil amendments, many Vaccinium species cultivated
in less favourable soils display stunted shoot growth and decreased yield, often associated with
a decreased ability to uptake and assimilate N (Poonnachit & Darnell, 2004). The use of coir as
growing media has rapidly increased. It has favourable hydrological properties with desirable
levels of physical and chemical properties, which make it the best medium for soilless systems
(Mariyappillai & Arumugam, 2021). However, the primary disadvantages of coir are low cation
exchange capacity (CEC) and low-pressure heads due to a low percentage of large particles,
creating a problem in the water-air balance and gas exchange under different watering regimes
(Londra et al., 2012). To mitigate these disadvantages different materials characterized by large
particle sizes, such as zeolite, are added in the growing media (Mfeka et al., 2023). Zeolite

incorporated with othe growth media is proposed to not only retain water but also improve crop
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performance minimizing the rate of nutrient release from both organic and inorganic fertilizers and
enabling better nutrient availability throughout the crop growth stages (Perez-Caballero et al.,
2008). The understanding of how these growing media interact with N source under blueberry
cultivation still lacks depth and comprehensiveness particularly in the South African climatic
conditions. This study aimed to investigate how different N sources and growth media affect water
use, growth and yield of blueberry. The findings of this study can provide scientific and realistic
fertilization solutions for production practices with significant implications for enhancing nitrogen

and water use efficiency reducing production cost and mitigating environmental pollution.

3.3 Materials and Methods

3.3.1 Experimental Site

The experiment was conducted at the Agri Hub, Department of Agriculture, Cape Peninsula
University of Technology, Wellington campus, South Africa (33°38'21" S, 19°00'21" E). The site
is characterized by a Mediterranean climate with an average annual temperature and precipitation
of 16.9 °C and 821 mm, respectively. The experimental setup was established under a polythene

white shade net.

3.3.2 Plant material and experimental design

Blueberry seedlings were obtained from De Fynne, a commercial nursery in the Western Cape
Province, South Africa. The seedlings were two-year-old blueberry cv. ‘Legacy’ approximately 20
cm tall in pots with a capacity of one liter (L). Two types of substrates were evaluated, and the
plants were selected by similar height and transplanted in 45L bags (width 23cm, height 15.6 cm,
length 124.8 cm), with a commercial substrate composed of coir, which is 100% coir (4.2kg per

bag substrate, provided by Glencairns, Paarl, South Africa). In the same way, plants were selected
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and transplanted into bags with 80% coir (3.6 kg) mixed with 20% zeolite (6.8 kg) (zeolite:
AristaLite Granular 1-3 mm 25 kg, provided by Agring Consultants, Heidelberg, South Africa).
Plants were spaced 70 cm apart between rows and grown from August 2023 to December 2024.
The experiment was arranged in a factorial design to assess the interaction between N sources
and growth media. After 30 days of adaptive pre-culture, each growth medium was combined with
three N sources: ammonium sulphate (N 21.2%), calcium nitrate (N 15.5%), and urea (N 46%)
(provided by Agrimark, Simondium), resulting in six treatment combinations, with three replicates
per treatment and three plants per replicate (Table 3.1). Giving a total of 54 experimental units (2
growth media x 3 N sources x 3 replicates x3 plants). During the experiment, fertilizer was applied
biweekly at a rate of 1 L of diluted solution per bag. The total N supply concentration was kept
constant across the three treatments. N was applied using a split application method, with 6 g
supplied in the first split and 9 g in the second split, calculated based on the available N (%) of

each fertilizer source.

Table 3.1 Experimental Layout

Replicates Treatment Layout

Ta Ts Te
Ta Ts Te
Ta Ts Te

Ty Ts Te

Rep 2 T4 Ts Ts

Ty Ts Te
Ts Te T,
Rep 3 Ts Te T
Ts Te T,

T1 -100% Coir + ammonium sulphate (Control), T2 — 80% coir: 20% zeolite+ ammonium sulphate, T3— 100% coir +
calcium nitrate, T4— 80% coir: 20% zeolite + calcium nitrate T5 — 100% coir + urea, and T6 — 80% coir: 20% zeolite +
urea.
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3.3.3 Cultivation and Irrigation Management

The concentrations of other major nutrient elements used in this experiment were adopted from
the nutrient formulation reported by Yang et al. (2025) for blueberry cultivation in a soilless system.
The initial pH was 3.8 for 100% coir and 4.2 for 80%coir: 20% zeolite. Following fertilization
application, pH and electrical conductivity (EC) of the growth media were monitored biweekly
using laboratory procedures with a Milwaukee pocket-size pH meter and EC meter (Leal-Ayala et
al., 2021). The irrigation management was guided by the continuous moisture monitoring using
DFM® soil moisture probes inserted to a depth of 30 cm, connected to a data logger. Irrigation
was triggered when the moisture content dropped to 75% of bag field capacity or below at which
point water was applied to replenish the moisture back to bag capacity. This was achieved by
applying 4.25 L of water to 100% coir bags and 4 L of water to bags containing a combination of
80% coir and 20% zeolite (v/v) (Mfeka et al., 2023). All other cultivation practices including

irrigation, pruning and weeding were thoroughly observed and kept uniform across all treatments.

A {Q

il

Figur 1. (A) Blueberry plants obtained from the nl]rser before transplanting, é) plants transplanted into 45

growth bags containing the designated media treatments, (C) installation of a soil moisture probe at 30 cm depth fo
irrigation monitoring, (D)measurement of plant height using a measuring ruler, (E) assessment of vegetative growth
parameters, including the number of leaves and branches, (F) leaf chlorophyll content index (CCl) measurement with
an Opti-Sciences CCM-200 chlorophyll content meter, and (G) a vernier caliper used for stem diameter.
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3.3.4 Data Collection

Growth parameters were measured at the beginning of the experiment during seedling transplants
at four weeks, and subsequently at two weeks after transplanting from October 2023 to December

2024.

a. Plant height

The height of plants was measured from the base of the stems to the apex of the last leaf using
a transparent ruler (cm). The measurements of all the tagged plants for data collection were

averaged, providing a value per plant.

b. Main stem diameter

The stem diameter was measured using a manual vernier caliper (mm), which was set to zero
before use. The measurements were taken at 5cm above the soil surface by placing the caliper

jaws around the stem without applying pressure.

c. Number of leaves

The total number of blueberry plants with both fully developed and emerging leaves was counted

and recorded.

d. Number of branches

The number of branches from primary and secondary branches was counted and recorded

for each treatment.

e. Chlorophyll content index (CCl)
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CCI on leaves was measured using a Opti-Sciences CCM-200 chlorophyll content meter.
Readings were taken from five points along the upper edge of each fully expanded leaf avoiding
the main veins and the average was calculated to obtain a representative measurement. The
instrument was calibrated according to the manufacturer’s guidelines before each measurement

session.

f. Water application (L)

Moisture content was continuously monitored using DFM® soil moisture probes with readings
logged automatically via a data logger in real time. Irrigation data was recorded whenever the

moisture content dropped to 75% or below to replenish to field capacity.

g. Fruit production

The harvest was done manually, at the peak of the ripening period, berries were harvested weekly
between October to December in both the 2023 and 2024 growing seasons. After each harvest,
the berries per shrub were weighed using a weighing scale, measured in diameter (mm) using a
fruit measuring gauge, counted per diameter, counted per shrub, and placed in properly labelled
bags. They were stored at —80 °C for further analysis. Nitrogen use efficiency (NUE) was

determined from berry yield per unit of nitrogen applied and was calculated using the following

Yield (g)

formula (Fixen et al., 2012): NUE = — ,
Quanitity of N applied (g)
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ket-sized pH meter

Figure 3.2. (A) pH and electrical conductivity were monitored using a Milwaukee poc

and EC meter, (B) observation of berry colour change at the onset of ripening, (C) fruit harvested at
maturity, (D-E) berry diameter measured with a sizing gauge, (F) yield determined by weighing fruit per

shrub at each harvest, (G) berries packed, labelled, and stored in a freezer, and (H) all data recorded for

analysis.

3.3.5 Statistical Analysis

The data of the different experimental variables were captured in an Excel spreadsheet for
analysis. Analysis of variance ANOVA at a 95% confidence level was carried out using IBM SPSS
software version 30.0. Means separated were done using Duncan's Multiple Range Test

(DMRT). The analysis of results was presented as the mean + standard deviation across all

experiments.
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3.4 Results

3.4.1 Influence of nitrogen sources and growth media on the growth parameters of

blueberry.

The growth parameters investigated in this study were influenced by nitrogen (N) sources and
growth media (Table 3.2). During the 2023 cultivation season, plant height, number of leaves,
and stem diameter had significant (P<0.05) differences among the different treatment
applications. However, the number of branches and chlorophyll content had no significant
difference (P > 0.05) among the different treatment applications. T3 (100% coir + calcium nitrate)
had the most impact on the number of leaves and number of branches, with an 80% and 14%
increase, compared to the control (T1=100% Coir + ammonium sulphate). However, Ts(100% coir
+ urea) decreased the number of leaves and branches by 11.7% and 8.3%, respectively (Figure
3.3B-C). Notwithstanding, T1 outperformed the most on plant height, followed by Ts, and the least
by T4 (80% coir: 20% zeolite+ calcium nitrate). Furthermore, T4 recorded the most effect across
the different treatments in stem diameter and chlorophyll content index (CCl), with a 46% and

29% increase compared to control (T4).

Interestingly, during the 2024 cultivation season, the growth parameters investigated had a
significant (P< 0.05) difference among all treatment applications.T2 (80% coir: 20% zeolite+
ammonium sulphate) achieved the highest leaf number, with a 19% increase compared to T, and
accumulated the greatest CCI, which was 33% higher than T3 (Figure 3.3A-B). Additionally, T»
also increased plant height by 35% compared to the lowest-performing treatment, T4. However,
T4+ maintained the highest overall performance in terms of plant height, CCl, and number of
branches, producing 52.78 branches per plant, compared to 48.78 branches in T,. Stem diameter

was the thickest under T4 application, which exceeded T1 by 8%.
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Despite seasonal variation in treatments, the control treatment, T4, consistently promoted plant
height and the number of branches. In 2023, Tz had the strongest effect on leaf number and
branching, whereas in 2024, T, emerged as the most effective for leaf number. Stem diameter
was improved under T4 treatment applications in both cultivation seasons, while Ts generally had

a suppressive effect on the growth.

Table 3.2 Influence of nitrogen sources and growth media on growth parameters of blueberry

during two cultivation seasons.

Cultivation Treatment  Plant height Stem diameter No. of leaves/ No. of

seasons (cm) (mm) plant branches
T, 42.44+14.38? 9.4+4 4b 80.67+49.48° 33.67+21.572
T, 28.72+13.16° 12.542.1% 85.56+£64.33" 34.2246.08*
Ts 22.51+4.12° 9.6+3.6° 145.56+65.57° 38.44+6.582

2023 T4 31.67£9.51° 13.7+£3.6° 91.33+46.11% 32.2249.372
Ts 32.00+8.63° 13.7+4.4° 71.22459.23% 30.87+4.35%
Ts 29.78+7.29Y 11.8+£3.9% 79.33+£66.37° 31.67+4.612
LSD 6.21 0.2 8.11 NS
T, 75.57£12.177 18.4+6.7% 148.61+87.92%  52.78+18.86%
T, 62.32+17.38° 19.6+5.82 176.39+£106.36*  48.78+24.69°

2024 T3 46.47+5.63% 17.0+1.6° 133.78+66.64%  34.31+11.57°
T4 46.02+10.38¢ 19.9+1.0° 98.17+44.544 31.42+10.99°
Ts 52.60+8.32°¢ 16.9+3.8° 77.86+52.434 30.33+13.58°
Te 51.82+£12.10%¢  19.1£3.9* 104.44+£49.97°¢  34.7249.88°
LSD 0.45 0.1 20.31 1.09

Values are means * standard deviation at (P<0.05). Means with different letters in the same column are statistically
significant at P < 0.05, P— probability, LSD— Least Significant Difference, S.D— standard deviation, cm— centimeters,
mm- millimeters, No.—number, NS— Not significant, T1 —100% Coir + ammonium sulphate (Control), T2 — 80% coir:
20% zeolite+ ammonium sulphate, T3— 100% coir + calcium nitrate, T4— 80% coir: 20% zeolite + calcium nitrate T5 —
100% coir + urea, and T6 — 80% coir: 20% zeolite + urea.

3.4.2 Influence of nitrogen sources and growth media on blueberry water use.

Water application had a significant difference (p<0.05) among the different treatments used in the

study, across the different seasons (Table 3.3). The treatments with 100% coir (T4, T3, and Ts)
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had a higher water application compared to the treatments with 80% coir: 20% zeolite (T, T4, and

Te) across the different seasons.

Table 3.3 Influence of nitrogen sources and growth media on blueberry water use during two

cultivation seasons.

Treatment 2023 2024
Water application (L) Water application (L)

T, 85+ 3.68* 76.85+16.74%

T, 50.67+8.72° 46.67+16.26°

T3 85+ 3.68* 76.85+£16.74°

T4 50.67+8.72° 46.67+16.26°

Ts 85+ 3.68* 76.85+£16.74°

Ts 50.67+8.72° 46.67x16.26°

LSD 34.33 30.18

Values are means + standard deviation at (P<0.05). Means with different letters in the same column are statistically
significant at P < 0.05, P— probability, LSD— Least Significant Difference, S.D— standard deviation, L— liters, NS— Not
significant, T1 —100% Coir + ammonium sulphate (Control), T2 — 80% coir: 20% zeolite+ ammonium sulphate, T3—
100% coir + calcium nitrate, T4— 80% coir: 20% zeolite + calcium nitrate T5 — 100% coir + urea, and T6 — 80% coir:
20% zeolite + urea.
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Figure 3.3. The effect of nitrogen sources and growth media on (A) chlorophyll content index (CCI) during 2023 and
2024 cultivation seasons and (B) the interactive trend between the number of leaves and CCI during 2024 cultivation
season. The different letters above the columns and line markers indicate significant differences among the treatments
at p<0.05. T1 —100% Coir + ammonium sulphate (Control), T2 — 80% coir: 20% zeolite+ ammonium sulphate, T3—
100% coir + calcium nitrate, T4— 80% coir: 20% zeolite + calcium nitrate T5 — 100% coir + urea, and T6 — 80% coir:
20% zeolite + urea.
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3.4.3 Influence of nitrogen sources and growth media on yield and nitrogen use efficiency

(NUE) of blueberry.

The vyield attributes measured in this study were influenced differently (p<0.05) by N source and
growth medium across the two cultivation seasons ( Table 3.4). In 2023, N sources and growth
media had no significant effect on most yield parameters, except for fruit diameter and fruit weight
per diameter. The control treatment (T1) had the largest fruit diameter and fruit weight per diameter
compared to all the different treatments (Figure 3.4A). There was a decrease in average fruit
weight by 28% for T4 and 19% for Tz and Te relative to T4. A similar pattern was observed for total
fresh yield, where T4 (25.47 g) exceeded T3, T4, and Te by 59-69%. Furthermore, nitrogen use
efficiency (NUE) was highest under T4, nearly double that recorded for T3, T4, and Te, despite no

statistical differences in most yield attributes (Figure 3.4B).

In the year 2024, treatment effects became more evident with varied differences observed in fruit
diameter, total fresh yield, and NUE (Table 3.4). Notwithstanding T4 outperformed all other
treatments had the largest berries (16mm) (Figure 3.4A) with the greatest single fruit weight (1.81
g). This represented a 20-40% increase compared to T3, T4, and Te. Total fresh yield under T4
treatment was substantially higher exceeding T3 by more than 117% and T4 by over 300%. NUE
followed a similar trend, with T1 achieving the greatest efficiency (20.56 g yield per g N applied).
Although T» produced yields that were statistically comparable to T4, its NUE value was 42%

lower, indicating less efficient N utilization despite relatively high yields (Figure 3.4B).

Seasonal variation was also evident in both cultivation seasons during the harvest period; yield
peaked in November, while in December number of fruits per diameter continued to increase, but

with reduced fruit diameter and weight, resulting in lower overall yield and NUE (Figure 3.4C-D).
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Table 3.4 Influence of N sources and growth media on the number of fruits per plant, average

fruit diameter, average weight per fruit, number of fruit diameters per plant, total fresh yield, and

NUE during two growing seasons

Cultivati  Treatment  No. of fruits  Average Mean fruit Total fresh NUE (g yield/
on per plant weight/fruit diameter/plant yield (g)/ g N applied)
Season (2) plant
T 18.78+13.59*  1.34+0.41* 6.63£7.31% 25.47+£21.57*  5.66+4.79*
T, 15.22+6.70* 1.20+0.30% 5.91+4.23% 17.05+£9.15%  3.79+2.03%
T 14.11+6.23? 1.08+0.22% 7.47+6.10% 13.58+6.14° 3.02+1.36°
2023 T4 13.56+6.21* 0.97+0.15°¢ 10.17+6.45° 12.38+£5.67° 2.75+1.26°
Ts 13.67+8.60° 1.18+0.29%¢ 5.59+3.54° 15.23+11.43%  3.38+2.54®
Ts 10.44+5.32° 1.08+0.22" 5.53+3.69° 10.79+6.65° 2.39+1.48°
LSD NS 0.11 NS NS NS
T 107.78+93.58* 1.81+0.80° 20.25+16.86*  185.08+187.3* 20.56+20.81%
T2 67+43.93% 1.69+0.78* 13.38+9.75% 107.58+95.2%  11.95+10.57%
T; 72.89+46.05%®  1.56+0.67%® 17.26+£23.58%  85.23+64.56*  9.47+7.17°
2024 T4 48.89+£33.78%  1.29+0.47° 20+£30.34* 45.64+£29.15°  5.07+3.24°
Ts 67.56+£25.82%  1.70+0.77° 14.90+£18.08%  79.43+44.31%  8.83+4.92°
Ts 52.22424.81°  1.5140.59% 13.43+£17.05*  58.07+30.49®  6.45+3.39°
LSD NS NS NS 12.43 1.38

Means with different letters in the same column are statistically significant at P < 0.05, P— probability, LSD— Least
Values are means + standard deviation at (P<0.05). Significant Difference, S.D— standard deviation, mm— millimeters,
g— grams, No.—number, NUE- Nitrogen Use Efficiency, N— Nitrogen, NS— Not significant, T1 -100% Coir + ammonium
sulphate (Control), T2 — 80% coir: 20% zeolite+ ammonium sulphate, T3— 100% coir + calcium nitrate, T4— 80% coir:
20% zeolite + calcium nitrate T5 — 100% coir + urea, and T6 — 80% coir: 20% zeolite + urea.
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Figure 3.4. Effect of different nitrogen sources and growth media on (A) average fruit diameter during 2023 and
2024 cultivation seasons, (B) interactive trend between total fresh yield and Nitrogen use efficiency (NUE) during
2024 cultivation. Influence of harvest period on (C) Fruit diameter, fruit weight per diameter, and number of fruits per
diameter, (D) number of fruits per plant, total fresh yield, and (E) nitrogen use efficiency (NUE). The different letters
above the columns and line markers indicate significant differences among the treatments at p<0.05. T1 —-100%
Coir + ammonium sulphate (Control), T2 — 80% coir: 20% zeolite+ ammonium sulphate, T3— 100% coir + calcium
nitrate, T4— 80% coir: 20% zeolite + calcium nitrate T5 — 100% coir + urea, and T6 — 80% coir: 20% zeolite + urea.
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3.5 Discussion

3.5.1 Influence of nitrogen sources and growth media on the growth parameters of

blueberry.

Nitrogen (N) is an indispensable element in blueberry fertilization (Smolarz, 2009). In this study,
during the 2023 cultivation period, T1 had the best results in most growth parameters, confirming
its use as the industry standard in the Western Cape blueberry production. Plants treated with T
(42.44 cm) and T5(32 cm) had a higher plant height compared to T3 (22.51 cm) treatments during
the 2023 cultivation season. This may be attributed to the highly acidic nature of ammonium
sulphate and urea, which lowers soil pH and enhances nutrient uptake (Vargas & Bryla, 2015;
Kozos & Ochimian, 2016). Ammonium (NH4") can be available in the soil as a product of urea
hydrolysis, and urea increases the content of mineral forms of N, especially NH4*; however, it is
less effective than ammonium sulphate (Grata, 2013) The greatest plant height observed under
T4 and Ts agrees with Osorio et al. (2020), who reported enhanced shoot length when NH4* was
the dominant N source, with similar trends observed in V. corymbosum cv. ‘Anna’ (Yang et al.,

2024).

These results further confirm the preference of blueberry for NHs* over NOs™ (Alt et al., 2017). This
preference is linked to the inefficient nitrate reductase (NR) and nitrite reductase (NiR) activity,
the enzymes responsible for the conversion of NOs to NH4* and amino acid synthesis for protein
synthesis (Kishorekumar et al., 2020). However, other studies have suggested that the balance
between NHs* and NO3 may also influence growth. Anwar et al. (2024) reported that cv. ‘Nangao
Z9’ showed the greatest plant height at a 50:50 NH4": NOg ratio, followed by 75:25 treatments,
indicating that an appropriate NH4": NOg3 ratio may enhance the morphological growth of

blueberry. NH,4* based fertilizers promoted shoot elongation in the ‘Legacy’ cultivar used in this
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study and in other studied cultivars, thereby demonstrating the species’ physiological preferences

for NH4* nutrition.

During the 2024 cultivation period, a slightly different trend was observed for the plant height.
Although the control (T1) consistently had the tallest plants across both seasons, the second-
highest values were recorded under T, (62.32 cm), in contrast to 2023 cultivation, where Ts
followed T+ (Table 3.2). T1 and T, were both supplied with the same NH4* based fertilizer; however,

T2 showed a decrease, demonstrating the influence of different growth media.

Coir has been demonstrated to be suitable for the container cultivation of many Ericaceae species
due to its aeration, drainage, and low bulk density (Scagel, 2003; Kingston et al., 2017). Ortiz-
Delvasto et al. (2023) reported the superiority of pure coir for the blueberry cv. ‘Legacy’, supporting
the present finding for T+ treatments. The depression of plant height in T> can be attributed to the
incorporation of zeolite into the growing medium; however, studies for cucumber seedlings and
Swiss chard showed enhanced shoot height under zeolite-amended substrates (Jankauskiene et
al., 2019; Sindesi et al., 2025). Blueberry is shallow rooted with fibrous root systems (Holzapfel,
2009), which require substrate with good aeration and low bulk density, conditions that are
typically provided by coir. Zeolite additions to coir increase the bulk density, which may lead to a
reduction in air-filled porosity, restrict oxygen (O2) diffusion to the root zone, and increase
compaction (Khan et al., 2024), which can limit root penetration for water and nutrient uptake,

thus restricting shoot elongation and resulting in reduced plant height relative to 100% coir.

Similarly, during 2024, the number of primary and secondary branches was considerably greater
in Ty compared to T (Table 3.2). Interestingly, T2 had a higher leaf number (176.39) than T
(148.61), indicating that NH.* based fertilizers in zeolite-amended media may support vigorous
blueberry leaf growth. This may have resulted from the slow, gradual release of nutrients by zeolite
(Kavoosi, 2007). Previous studies reported that 100% NH.* sources promote the production of
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primary branches and reached a maximum of 254 leaves per plant compared to 100% NO3 based
fertilization (Gonzalez et al., 2018). A high N concentration in the shoots of blueberry plants was
recorded when NH4" was applied which could be as the results to the formation of new shoots
(Takamizo & Sugiyama, 1991). However, Anwar et al. (2024) found that blueberry branches
reached maximal production in a 50:50 NHs*: NOs ratio. Similarly in V. corymbosum x V.
angustifolium ‘Northsky’ the NH.*: NOs ratio improved the number of leaves per plant compared
to the initial increase then a gradual decrease under NH4* (Yuan-Yuan et al., 2021) demonstrating
that the NH4*: NOs ratios may further optimize blueberry growth. While T4 promoted branch
development, T, stimulated greater leaf production, suggesting the zeolite amendment may shift

biomass allocation (Chatzistathis et al., 2021).

Stem diameter was the greatest under T4 (19.9 mm) compared to T1 (18.4 mm) treatment. These
results indicate that NO3 based fertilizers can increase stem thickness, while NH4* treatments
promote leaf and branch development. NOs™ taken up by blueberry roots is assimilated within the
roots or stored for later use, which may enhance the diameter of the main stem, causing nutrient
imbalances to affect branch development and restrict NOs™ translocation to the shoots (Alt et al.,
2017). This is in concurrence with the results of Yang et al. (2025) in blueberry cv. ‘Anna’ found
that the main stem diameter was considerably greater in NO3s™ based treatments than in NH4*
application. The NOs™ application supports structural development like stem diameter through
carbohydrate allocation and calcium (Ca?*) uptake, while NH4* application promotes iron (Fe?*)
uptake by inducing protons (H*) release from the cell, which acidifies the rhizosphere, but this
process may limit the structural growth relative to NO3™ nutrition (Fernandes & Rossiello, 1995).
However, Hachiya and Sakakibara (2016), in their review, concluded that the NH4*: NOs ratio is

widely accepted and maximizes plant growth at a certain ratio depending on the crop species.
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There is limited information on the influence of zeolite-amended substrates on the growth and
development of blueberries. However, several studies have been conducted to investigate the
effect of zeolite on vegetables and other crops. Cattivello (1995) reported that adding 3-7% zeolite
levels into the substrate for growing lettuce, tomato, melon, and certain flower seedlings resulted
in better growth performance compared to the addition of 15% zeolite. Further studies observed
a positive influence on stem thickness, leaf area, and plant dry mass of cucumber and tomato
seedlings with increasing zeolite levels (5-20%) (Rydenheim, 2007). Moreover, Karami et al.
(2011) reported that 10% and 50% zeolite levels increased Dieffenbachia Amoena number of
leaves, and the largest stem was observed in 10% zeolite. Our current results showed that adding
20% zeolite to 80% coir decreased plant height and number of branches; however, it significantly
enhanced the number of leaves and stem diameter. In Solanum /ycopersicum Mill cultivation,
substrate with 30% zeolite addition produced a greater number of leaves (92%) and increased
stem diameter (Méndez Arguello et al., 2018). These findings highlight the variations in species-
specific responses to zeolite amendments and warrant further investigation in blueberry
cultivation. Given the unique preference of NH4* over NO3', identifying the optimal zeolite level is
therefore essential to maximize blueberry production when integrated with NH4* based fertilizers

and the NH4":NO3 ratios.

3.5.2 Influence of nitrogen sources and growth media on the Chlorophyll content index

(CCI) of blueberry.

Chlorophyll is an essential pigment that plays a crucial role in photosynthesis, a photochemical
process that is indispensable for plant growth and development (Kim et al., 2020). In 2023, Ts
(39.08 CCI) accumulated the highest chlorophyll content index (CCl), whereas during the 2024
cultivation season, T1 was superior (42.11 CCl), followed by T, (39.17 CCI) and Ts (37.61 CCI)

treatments (Figure 3.3A). This year-to-year variation suggests that the N sources and
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environmental conditions had an impact on chlorophyll accumulation as the plants were still
acclimatizing in 2023, whereas by 2024, they had developed resilience and shown enhanced

growth.

In 2024, leaf CCI was significantly lower under Tz and T4 (NO3s’) compared to NH4* based
treatments. These results align with the findings in blueberry (Imler et al., 2019) and other crops
(Duan et al., 2023; Guo et al., 2002), where NH4* fertilization enhanced the photosynthetic
pigments in blueberry leaves and improved plant productivity. Vaccinium species can take up both
NHs* and NOs; forms of N; however, Alt (2015) reported that V. corymbosum showed
approximately twice the uptake of NH4s* compared to NO3s', emphasizing the preference for NH4*
based fertilizers. In plants, most absorbed N is assimilated and stored within the chloroplast (Mu
et al., 2016); therefore, reduced uptake efficiency of NOs™ relative to NH4* may result in lower N
availability. This limited availability could be attributed to the observed decrease in CCIl under T3
and T4 treatments. This agrees with the findings of Merhaut and Darnell (1996), who affirm that
although Vaccinium sp. can absorb both N forms under different pH levels for optimal growth,
assimilation of NO3 by blueberry plants is limited compared to NH4*. Similar findings were
reported in canola (Bybordi, 2011) and eggplant (Savvas et al., 2010), where a higher proportion

of NH4*in NH4* based fertilizer promoted greater accumulation of total N in plant tissue.

The optimization of N allocation in leaves is an adaptive mechanism in response to different N
sources. Plants exposed to N deficiency tend to allocate more N to sustain electron transport,
while relatively less N is directed towards chlorophyll and photosynthetic proteins (Mu et al., 2016)
Duan et al. (2023) in blackberry found the genes related to chloroplast regulation were mostly
downregulated under NO3" compared to NH4* and urea-based fertilizers, which was likely to be

the cause of chlorophyll decrease in leaves.
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In contrast, several studies in other crops have demonstrated that in NH4* fed plants, only a small
fraction of N is translocated from the roots to shoots (Ramirez-Builes et al., 2024), when NO3” was
used as N source, however, the proportion of N compounds transported in the xylem as NO3 ion
was significantly higher (Liu et al., 2019; Pilbeam & Kirkby, 2023), suggesting that NOs™ is primarily
assimilated in the shoots of crops with active NR and NiR enzymes. This process varies among
plant species and justifies the unique preference of Vaccinium sp. and for NH4* nutrition and
highlighting the importance of ongoing investigations into the optimal NH4":NOs" ratio. Previous
studies have shown that the NH4*:NOgs ratio can help provide a steady supply of nutrition,
supporting the accumulation of chlorophyll content and photosynthesis capacity. The mixture of
N forms, 2:1 NH4*:NOg", significantly increased chlorophyll content in blueberry seedlings (Xu et
al., 2021). In Andean blueberry, chlorophyll content in leaves for 100%NHs* and
50%NH4":50%NO0O3 treatments increased significantly compared to the considerably lower

chlorophyll content levels under 0%NH4* and 100%NO3" treatments (Gonzélez et al., 2018).

Furthermore, Hao et al. (2023) reported that a 50:50 NH4":NOs" was the most effective treatment,
as it enhanced chlorophyll content accumulation and photosynthetic activity in centipedegrass.
These findings suggest that a balanced supply of N forms may optimise physiological processes,
although the extent of this response may vary with different crop species and growing conditions.
Herein, in this study, the number of leaves were greater in T»; however, T4 had accumulated the
highest CCI (Figure 3.3A-B), the competition for nutrients may be attributed to the imbalance
between the parameters, previous study reported that low N concentration causes stunted growth
by reducing leaf expansion, subsequently reducing the chlorophyll content due to reduced leaf
area for photosynthesis (Mu et al., 2016). However, restricted leaf expansion is often associated
with higher chlorophyll and enzyme density per unit leaf area, potentially enhancing assimilation
rates (Guo et al., 2002), although this response may vary with stress severity. Moreover, coir and

zeolite may have influenced the nutrient availability and allocation.
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Ortiz-Delvasto and Carvajal (2025) reported that ‘Legacy’ blueberry plants grown in 100% coir
and 90% coir: 10% peat(v/v) presented the highest values of photosynthetic rates, chlorophyll,
which is a critical pigment for plant photosynthesis, can be partially indicated by the level of
photosynthetic rates. These results are in agreement with the current study where CCI under T
is relatively higher than T.. Previous findings by Gomez-Bellot et al. (2020) further revealed that
tomatoes grown using coir as a substrate increased nutrients and water availability improving
physiological parameters such as leaf water and chlorophyll fluorescence. These results can be
attributed to the coir’s capacity to retain water and provide greater aeration however 20% zeolite
incorporation to coir has been shown to have greater water retention capacity compared to 100%
coir (Mfeka et al., 2023). Zeolite plays an important role in regulating plant water and N uptake
due to its porous nature and strong affinity for NH4* ions (Gl et al., 2005). In contrast excessive
zeolite application may reduce nutrient availability to plants. Due to its high cation exchange
capacity (CEC) zeolite can bind cations including NH4* reducing nutrient leaching (Rodriguez
Valdivia et al., 2021). This it can be suggested that the retention of NH4* by the 20% zeolite
addition may not be beneficial in this case and hence causes a slight decrease in blueberry growth
through hindering chlorophyll content accumulation and photosynthesis. However, zeolite was
reported to show better CCI in Swiss chard under 20% zeolite and 30% zeolite applications
(Sindesi et al., 2025). These findings suggest a further investigation into the influence of different

zeolite levels in blueberry production under container cultivation.

3.5.3 Influence of N sources and growth media on blueberry water use

Water availability is among the most limiting factors that directly influence the blueberry plants
grown in soilless substrates (Mufioz et al., 2022). In a pot experiment, Mfeka et al. (2023) reported
that the combination of 80% coir: 20% zeolite (v/v) growth media significantly enhanced water

retention. This seems to resemble the present study; it was observed that water application was
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consistently reduced in zeolite-amended treatments (T2, T4, and Ts) compared to 100% coir (T4,
Ts, and Ts), confirming the ability of zeolite to reduce water demand in plants through its high
cation exchange capacity (CEC) (Sindesi et al., 2023; Jabbar, 2025). Despite zeolite reducing
water demand, plants grown in T had greater growth and development (Table 3.3 and 3.4),
suggesting that 100% coir is more conducive to early shoot expansion due to super aeration and
root expansion, these results are similar to those of Evans and Stamps (1996), who showed that

plants grown in coir flowered sooner compared to other substrates.

3.5.4 Influence of nitrogen sources and growth media on the yield and nitrogen use

efficiency (NUE) of blueberry.

3.5.4.1 Effect of N sources on fruit yield attributes

Different N forms can affect crop yield; these effects are directly observed in the external physical
traits of the fruit. Consumer preference studies showed that larger berries are more desirable
(Safner et al., 2008) and reduce harvest costs (Strick et al., 2003). From an industry perspective
smaller berries present a higher surface area to volume ratio which leads to greater losses of
water making larger fruits more desirable (Undurranga & Vargas, 2013). In this study, blueberry
fruits exhibited the largest fruit diameter, weight per fruit, total fresh yield, and nutrient use
efficiency (NUE) under T+ (p < 0.05) compared to the other treatments (Table 3.4). This suggested
that NHs* based treatments contribute to enhancing the size and weight of berries. In contrast,
the value of these physical indicators was lowest when NOs™ was applied as the N source. The
number of fruits per plant and the number of fruits per diameter remained consistent across
treatments, indicating that enhanced yield under NH.* treatments was driven primarily by

increased berry mass rather than berry number.

The evident increase in total fresh yield likely resulted from an increase initiation of flowers per

surface and enhanced allocation of assimilates to individual berries. These results are supported
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by a previous study, which found that flower bud number was increased by N fertilization (Lanfond
& Ziadi, 2011). Anwar et al. (2024) reported an earlier initiation of flowering under 50:50 NH4*:NO3"
, suggesting that a balance of N forms was conducive for early bloom and the application of higher
NH.* in the 75:25 ratio hastens the flowering stage and shortens its duration, indicating that plants
rely heavily on NH4" as their main N source, thus the most effective in enhancing fruit set and
later yield of the fruit. Additionally, fruit set and quality decreased in high application of NO3",
negatively affecting reproductive traits and yield (Messiga et al., 2021). However, in apples,
increasing the NH4":NOs ratio did not affect fruit size (Mohammad et al., 2015), highlighting the
varying responses of species to NH4":NOs ratios. Previous studies have shown that the physical
traits of blackberry fruits were the largest under NH4* or urea-based treatments (Duan et al.,
2023). Furthermore, in ‘Bluecrop’ blueberry, application of NH4" and urea through the fertigation
system by the split method significantly increased berry weight (2.22 g and 2.17 g, respectively)

and total yield of blueberry plants (Vargas & Bryla, 2015).
3.5.4.2 N forms, physiological responses, and NUE

Carbon (C) and N metabolism in plants are closely interconnected, with each influencing and
regulating the other (Lu et al., 2011). Zhang et al. (2020) noted that the application of NH4" led to
greater carbohydrate accumulation in fruits, largely due to its assimilation requiring a large C
skeleton. This explains the larger fruit diameter and weight per berry observed under NH4* fed
plants (Figure 3.4A). Enhanced leaf chlorophyll and photosynthetic activity under NH4* improve
nutrient uptake and NUE (Xu et al., 2021; Hao et al., 2023). NUE is an important index, determined
from crop yield per unit of nutrient (Fixen et al., 2012). In this study, NUE was the highest in T4
(20.56 g yield/ g N applied), followed by T» (11.95 g yield/ g N applied) treatments (Figure 3.4B),
suggesting that N uptake was more efficient under NH4* treatments. Our results align with Arias

et al. (2024), who showed that NH4* increased N accumulation and °N rate in ‘Blue Ribbon’
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blueberry, and Kingston et al. (2017), who found higher NUE in ‘Snowchaser’ grown in coir under
NH.*. These results demonstrate that NH4* fertilization in coir substrates enhances both fruit yield

and NUE in blueberry.
3.5.4.3 Interactive effects of N source and growth media

The interaction between N sources and growth media is essential for determining the growth and
development of crops. Coir is one of the most abundant organic wastes of plant origin, and is
characterized by high porosity, good aeration, and high WHC (van Gerrewey et al., 2020), often
lacking CEC, making it less effective in retaining NH4* and NOs™ ions. According to Ortiz-Delvasto
and Carvajal (2025), a 90% coir:10% peat substrate presented a higher NUE, indicating that in
blueberries, coir can balance C assimilation to a higher extent compared to other substrates.
These findings are concurrent with the present study, where T4 had the greatest NUE, fruit
diameter and total fresh yield compared to T.. Furthermore, the coir substrate resulted in higher
fresh weight and significantly larger fruit diameter of ‘Legacy’ blueberry (Ortiz-Delvasto et al.,
2023), the greatest yield of the ‘Bianca’ rose variety (Fascella & Zizzo, 2005), and the highest

individual fruit weight and total fruit weight in tomatoes (Xiong et al., 2017).

In contrast, zeolite ammendment reduced blueberry yield in all treatments (Table 3.4). This
response is unexpected as it has been shown that zeolite-amended amended increases the
growth and development of vegetables and other crops by retaining and reducing nutrient
leaching (Cattivello, 1995; Rydenheim, 2007; Méndez Arglello et al., 2018; Sindesi et al., 2025).
Herein, this study, T4 consistently produced greater results compared to T,; thereafter, Ts
compared to Tsin yield attributes (Table 3.4). This contrasts the results of Latifah et al. (2017),
who demonstrated that mixing clinoptilolite zeolite with urea significantly reduced NH4* leaching

from urea compared to using urea alone in the soil. This was attributed to the high surface area
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of the zeolite to adsorb NH,*; furthermore, they observed that NO3™ treatments without zeolite had

leachates, suggesting the zeolite's potential to improve NUE in crops.

Blueberry has been established to be an ammoniophic plant due to its inactive NR and NiR
enzymes, thus showing a preference for NH4* uptake leading to rhizosphere acidification (Alt et
al., 2017). The zeolites particles are high in negative charges that attract NH4s* and other metal
cations depending on the rhizosphere (Jorgensen & Weatherley, 2008) therefore, the coir: zeolite
combination could provide a conductive environment where NH,* is retained for gradual uptake

whereas coir maintains high porosity and good aeration.

The opposite effect observed in this study could be due to the blueberry's shallow root system
with no root hairs (Bryla & Strik, 2015) reducing their ability to exploit the nutrient-holding capacity
of zeolite effectively. Although zeolite has been observed to retain nutrients particularly NHs* from
leaching (Latifah et al., 2017) its physical properties may pose challenges in container production
systems. The addition of high zeolite levels tends to compact the medium restricting root
penetration and aeration. Additionally during the experiment the granular material of zeolite was
observed to sink into the bottom of the plant bags used placing the retained nutrients beyond the
reach of the active upper root zone. These structural dynamics likely diminished the expected
benefits of zeolite, particularly with the young blueberry plants used in this study. However, Sindesi
et al. (2025), when using the field, suggested that zeolite may need more time to fully integrate
into the soil system and provide a positive impact on crop growth. Moreover, a previous study
indicated that applying NH4* charged clinoptilolite zeolite to highly productive agricultural land did
not adversely affect crop growth or nutrition and could potentially provide significant agronomic

benefits with lasting positive impact on soil properties (Campisi et al., 2016).
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3.5.4.4 Seasonal variation and phenological cycles

Greater NUE is observed in T3 (8.83 g yield per g N applied) relative to Ts (6.45 g yield per g N
applied) (Table 3.4), despite reports of urea or NH4* enhancing crop performance (Hart et al.,
2006; Duan et al., 2023). In young or establishing plantings, treatments that increase the number
of fruits per plant can depress average berry weight, particularly when N supply or sink number
is high, a pattern reported across years of N fertilization experiments where higher N rates
reduced average berry size and diameter (Bryla & Strik, 2015; Vargas & Bryla, 2015). T3 likely
promoted greater fruit set than Ts; however, the consequent nutrient partitioning would explain
the smaller diameter and lower berry weight, while Ts produced fewer berries but larger diameter
and berry weight. This phenomenon was also reported in the results of V. corymbosum varieties,
where there was an increase in the number of viable seeds per berry, resulting in an increased
berry mass, demonstrating the mechanistic relationship between seed set (assimilate sink

strength via pollination) and berry mass (Doi et al., 2018).

During the vegetative stage, Tz produced a greater number of leaves and branches compared
with Ts (Table 3.3), which may reflect increased competition for available nutrients and water. This
likely contributed to the production of smaller berries, although in greater numbers. These findings
are consistent with a study that observed a higher number of shoots could generate smaller fruits
and a greater individual fruit weight (T3= 1.56 g and Ts= 1.70 g) is achieved with fewer fruits as
well as noting that excessive vegetative growth can reduce water and carbohydrate availability
per fruit, decreasing the single fruit size and weight, however the total yield could increase

(Romero-Bravo et al., 2024) as demonstrated in T3 (85.23 g) and T5(79.43 g) (Table 3.4).

In the 2023 cultivation season, blueberry production was low in all treatments; however, plants
grown under T, treatments showed better fruiting potential and produced a larger fruit diameter
(Figure 3.4A). Low production rates are common at the development stage, as the formation of
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inflorescence is low due to the limitations of prioritizing vegetative development (Alvarez Robledo
et al., 2020). Variation of fruiting in relation to the phenological cycle has also been observed in
the Highbush and Rabbiteye cultivars (Glndiz et al., 2015). By the second year (2024), plants
have stabilized within the root system and developed resistance, resulting in improved yield and
NUE (Figure 3.4B). This progressive increase in yield across seasons agrees with the findings of
Retamale and Hancock (2012), who reported that blueberry plants tend to reach the peak of

production after a few years of acclimatization.

Overall, the blueberry fruit diameter, weight per berry, and total fresh yield increased gradually
during the early harvest time, reached a peak at mid harvest, and subsequently declined towards
the end of the harvest period (Figure 3.4C-D). In most cases, it is common for fruit volume to
decline towards the end of the harvesting season (Godara et al., 2025). Mallik and Hamilton
(2017) reported that across three wild blueberry genotypes, the lowest fresh weight and size were
recorded towards the end of the harvest period when investigating fruit quality characteristics at
harvest date and storage effect. The decrease in berry size and weight at the end of harvest
season may be attributed to increased fruit transpiration combined with reduced efficiency of
nutrient transport through the phloem (McCarthy & Coombe, 1999), thus, the low NUE in

December (Figure 3.4C-D).

3.6 Conclusions and Recommendations

Different nitrogen sources treatments were applied during blueberry growth and development. It
was found that ammonium sulphate (NH4*) in 100% coir (T+1) produced the best results in both
years of cultivation, confirming its role as the blueberry industry standard in the Western Cape.
Urea in 100% coir (Ts) also enhanced plant height, supporting the use of NH4* derived N from
hydrolysis. In contrast, calcium nitrate (T3 and T4) enlarged stem diameter but resulted in fewer

branches and a low chlorophyll content index (CCl), suggesting that NO3 treatments promoted
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structural growth at the expense of photosynthetic capacity, which resulted in reduced production.
NH,4" also had a strong impact on blueberry diameter and weight, rather than the number of berries

per plant, which was not significantly influenced by N sources.

The growing medium used influenced the results blueberry plants grown in 100% coir
outperformed those in the mixture of coir and zeolite. The zeolite amended medium significantly
improved water holding capacity leaf humber, and stem thickness but reduced plant height,
branching and CCI. This response is likely to be influenced by the shallow-rooted blueberry
system with no root hairs which requires a well-aerated growing medium and the addition of
zeolite increases bulk density, limiting nutrient uptake and thus restricting shoot elongation. T4
produced the greatest fruit diameter, weight per fruit, total fresh weight and NUE, followed by Ta.
Ts also performed well but the incorporation of zeolite reduced yields across all treatments. Fruit
production was relatively low in the first year of cultivation (2023) as young plants prioritized
vegetative growth over fruiting, or there was a lack of reproductive buds. By the second year
(2024) plants had established strong root systems resulting in greater yield and enhanced
nitrogen use efficiency (NUE). During both cultivation years, fruit size and weight gradually
increased at the beginning of the harvest season, peaked mid-season, and declined at the end,

consistent with patterns reported in other studies.

Although zeolite-amended substrate reduced water use in blueberry plants, the granular material
of zeolite was observed to sink into the bottom of the bags used, placing the retained nutrients
beyond the reach of the active upper root zone. These structural dynamics likely diminished the
expected benefits of zeolite, particularly with the young blueberry plants used in this study. Further
experiment is needed to modify less than 20% zeolite levels for enhanced blueberry production;
furthermore, to clarify the use of zeolite in container production, as it is thought to excrete toxins

over time. Further research on urea’s stability in substrate production is warranted, as urea is an
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inexpensive source of N and could be useful to reduce potential over-acidification with ammonium
sulphate in long-term container production. Moreover, NO3s™ should be applied in a balanced ratio
with NHs* to obtain optimal blueberry growth and development, depending on the species

requirements.
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CHAPTER FOUR

INFLUENCE OF DIFFERENT NITROGEN SOURCES AND GROWTH MEDIA ON
MINERAL COMPOSITION AND BLUEBERRY PHENOLIC CONSTITUENTS

4.1 Abstract

Blueberry (Vaccinium spp.) is an economically important fruit, increasingly popular worldwide due
to consumer interest in health-improving crops. Despite rising in production little research has
examined how blueberry phenolic constituents respond to mineral nutrition this knowledge gap
limits the development of the crop as a functional food or medicinal resource. This study evaluated
the influence of nitrogen (N) sources and growth media on mineral compositions, total phenolic,
flavonoid, and proanthocyanin contents in blueberries. The experiment was conducted under a
polythene white shade net at Cape Peninsula University of Technology, Wellington campus,
South Africa, using two-year-old plants. Growth media were 100% coir and 80% coir: 20% zeolite
with three N source fertilizers. Healthy plants were transplanted into 45L pots. The six treatment
combinations were replicated three times in a randomized complete block design. The experiment
was conducted over a period of two years and the yield for each season was measured. The
growth media mineral composition was analyzed at BemLab and the phenolic compounds were
determined using the Folin-Ciocalteu assay. Results showed T1 (100% coir + ammonium
sulphate) improved yield, nitrogen use efficiency (NUE) and total phenolic content (TPC), T2 (80%
coir: 20% zeolite + ammonium sulphate) enhanced proanthocyanidin content (PAC) while Ts
(100% coir + urea) increased total flavonoid content (TFC). Treatment6 (80% coir: 20% zeolite
+ urea) showed higher NOs,, NH4*, Fe and Mg with lower pH and cation exchange capacity.
Phenolic compounds increased with plant age regardless of treatment. Findings then suggests
that optimized fertilization can balance yield with biosynthesis of phenolic constituents improving

fruit quality and nutritional value.
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4.2 Introduction

Blueberry (Vaccinium spp.), an economically important member of the Ericaceae family is
increasing in popularity worldwide due to growing consumer interest in health-improving crops
(Brazelton, 2015). High amounts of phenolic compounds in blueberry extracts have been related
to antioxidant activity in human cells (Bornsek et al., 2012) and contribute to reducing
inflammation, high blood pressure, and preventing cardiovascular disease (Johnson et al., 2015).
Driven by consumer demand the global cultivated area was 126,144 ha in 2020 a significant
increase from 1980 when the cultivated area was 24,460 ha (International Blueberry Organization
(IBO), 2025). The production of blueberries and their consumption are predicted to expand to over
1 million tons by 2030 (IBO, 2025). However, despite the increasing production of blueberries little
research has been carried out to investigate how blueberry phenolic constituents respond to
mineral nutrition (Jasminka et al., 2025) this knowledge gap hinders the potential development of

this crop as a functional food or medicinal resource.

Blueberry plants are classified as calcifuge plants limited to acidic soils and usually show optimal
growth at a lower pH of 4.0 to 5.5 (Kingston et al., 2017). Compared to most crops, blueberries
require less nutrient input; however, an effective fertilization plan is necessary to achieve rapid
plant growth and production of high-quality fruit (Korcak, 1988). Nitrogen (N) is the most required
element and can be absorbed by plants in cationic (NH4*) and anionic (NOs") forms, which not
only affect plant growth and development (Savvas et al., 2006), but also the nutritional quality of
higher plants (Sun et al., 2018). Blueberry leaves contain about 1.5-2.1% of N by dry weight (Alt
et al., 2017) and have been shown to prefer NH4* ion over NOs ion due to their inefficient nitrate
reductase (NR) and nitrite reductase (NiR) enzymes for conversion of NO3 to NH4* (Alt et al.,

2017). These ions represent 80% of the total cations and anions absorbed by plants; therefore,
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the form of N has a significant impact on the uptake of other essential elements (Neumann &
Romheld, 2012), subsequently affecting the nutritional quality of the fruit (Leal-Ayala et al., 2021).
Although blueberry prefers NH4" based fertilizers, the sole application of NHs* tends to reduce
calcium (Ca) uptake, whereas NO3™ nutrition can improve Ca uptake, but blueberry utilizes NOs
less efficiently (Doyle et al., 2021). Malladi and Cabrera (2020) also found that the application of
NH.* nutrition promoted iron (Fe), manganese (Mn), and zinc (Zn) solubility by acidifying the
rhizosphere; however, it often lowers the uptake of base cations such as Ca and magnesium
(Mg). Moreover, the application of NH4*: NOs 50:50 ratio treatments increased chlorophyll
content, photosynthetic capacity, and phosphorus (P), Ca, and Mg in blueberry leaves (Anwar et

al., 2024).

High N application rates above 120 kg N ha™' are believed to reduce antioxidant concentrations
in blueberries by favouring vegetative growth over reproductive development, thereby reducing
the allocation of nutrients and water towards secondary metabolite synthesis in the fruit (Lee &
Kader, 2000). Gonzalez et al. (2018) reported that application of 100% NH.* as N source
increased chlorophyll content in leaves, favouring vegetative growth; however, 100% NO3 or 0%N
significantly resulted in higher concentration of anthocyanin in Andean blueberry leaves,
indicating that N deficiency may stimulate antioxidant synthesis. In contrast, Zhang et al. (2023)
found that rational application of fertilizer significantly increased anthocyanin content and total
phenol content (TPC) in rabbiteye blueberry plants by 9.5% and 62.96%, respectively, compared
to non-fertilized plants. Furthermore, Chatzigianni et al. (2018) reported that the application of

NH4* in Cichorium spinosum had an important role in promoting the accumulation of TPC.

Blueberries have been increasingly cultivated in containers with soilless substrate due to their
unusual requirements caused by a poor fibrous root system (Heller & Nunes, 2022). The key

reason for using a soilless cultivation system is that it can control the growing environment through
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the amount and nutrient concentrations, moisture content, and limiting soil stress, therefore
improving the crop productivity (Engler & Krarti, 2021). Determining the physical and chemical
properties of the substrates is crucial for their efficient use, as they significantly impact plant
growth and development (Lemaire, 1995). Despite reports of effective soilless culture with bark
source on different vegetables and ornamental crop production (Cantliffe et al., 2003),
phytotoxicity may occur due to phenolic compounds extracted from the substrates composed of
peat, sawdust, and pine bark (Politycka et al., 1985). Currently, the type of raw materials used for
soilless growing media is standardized and utilized in various ways (Gruda et al., 2022). However,
each substrate has unique characteristics and typically varies from one another; hence, these

variations in growing media must be considered.

Zeolites have several unique properties, such as high-water absorption, high cation exchange
capacity (CEC), and high buffering ability of pH; they are widely used as soil conditioners to
improve soil physio-chemical properties (Sangeetha & Baskar, 2016). The high CEC and ability
to hold and gradually release nutrients have been found to improve yield and quality in tomato
and cucumber (Rydenheim, 2007). Similarly, coconut coir, which is in great demand in the
ornamental crops and greenhouse industries, has been marketed as a substitute for rockwool
due to its suitable physical and chemical properties (He et al., 2022). Previous research showed
that 80% coir mixed with 20% zeolite, or 100% coir, can influence blueberry performance, with
the 80% coir: 20% zeolite mixture improving water use efficiency compared to 100% coir (Mfeka
et al., 2023). Scagel (2003), reported that the growth of many ericaceous species could be
promoted when plants were cultured in media mixed with coir; however, the volume of coir in
media never contained more than 20%. The effects of different N forms on the regulation
mechanisms of secondary metabolites in blueberry fruits are still unclear. The present study
aimed to evaluate the effects of N sources and growth media on mineral compositions and total

phenolic, flavonoid, and proanthocyanin contents in blueberries. The results of this research are
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of great significance for improving blueberry fruit quality and reducing production costs,

environmental pollution, and the optimum derivation of these vital therapeutic components

4.3 Materials and Methods

4.3.1 Plant material and Experimental design

Blueberry plants cultivar ‘Legacy’ (De Fynne Nursery, Paarl, South Africa) were used as the
experimental material and cultivated under a shade net in AgriHub at Cape Peninsula University
of Technology, South Africa. In the experiment, 100% coir and 80% coir: 20% zeolite were
selected as the growing media (Glencairns, Paarl, and Agring Consultants, Heidelberg, South
Africa). Uniformly healthy plants with no pests or sickness were transplanted into 45L bags (23
cm upper diameter, 23 cm lower diameter, 15.6 cm height, and 124.8 cm length), with one plant
per pot. After 30 days of adaptive pre-culture, the plants were fed with three N sources, including
[(NH4)2S04] (N 21.1%), [Ca (NOs3)2] (N 16.6%), and (H_.NCONH>) (N 46%). Each N source was
applied to both growth media treatments, resulting in six treatment combinations. Each treatment
was replicated three times, with three pots per replicate, and the experiment was conducted
following a randomized complete block design as shown in Table 1. During cultivation, fertilizer
was applied once a week, with 1 L applied to each bag. The total amount of N applied to each
blueberry plant was kept consistent. A 500 g dry sample of growth media from each treatment
was submitted to a commercial facility (BemLab, Strand, South Africa) for initial and post-harvest
analysis of its physical and chemical properties. The analyses included pH, Cation exchange
capacity (CEC), organic matter content, organic carbon, available nitrogen forms (NH4s* and NOs
), as well as other macro and micronutrients (P, K, Ca, Mg, Na, Fe, Zn, Mn), as shown in Tables

41,43 and 4.4.
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4.3.2 Cultivation and Irrigation Management

The pH and electrical conductivity (EC) of the growing media were assessed every two weeks
following fertilizer application, using standard laboratory methods and a Milwaukee handheld pH
meter and an EC meter (Leal-Ayala et al., 2021). All other cultivation practices, including pruning,

irrigation, and weed control, were carried out uniformly across all treatments.

Table 4.1 Initial chemical characteristics of growth media used to grow potted plants of ‘Legacy’

blueberry
Medium  %Total %Total %Total % Total CEC pH
N Ca K Mg cmol/kg
100% coir 2.13 27.91 5.32 13.16 7.53 3.8
80% coir: 14.86 28.94 14.05 14.86 10.09 4.2
20%
zeolite

N- nitrogen, Ca — calcium, K — potassium, Mg — magnesium, CEC — cation exchange, cmol - centimoles , and kg — kilograms.

4.3.3 Sample extraction

The harvest was done manually, at the peak of the ripening period, with berries being harvested

weekly between October to December in both the 2023 and 2024 growing seasons.

To preserve the berries, they were immediately frozen and stored at —80 °C after harvesting. Berry
samples were freeze-dried (-40 °C; 0.050 mbar vacuum) in a VirTis SP Scientific Wizard 2.0
freeze-dryer (SP Industries, Warminster, PA, USA) and ground into powder form using a mortar
and pestle. Thereafter, the phenols were extracted from the blueberry powdered samples by
adding 5 mL of 80% methanol with glacial acetic acid (1 mL of 100% acetic acid per 1 L of 80%
methanol) to 0.5 g of ground samples, vortexing for 30 seconds, and then leaving the mixture for

24 hours. After 24 hours, the mixtures were centrifuged at 2000 rpm for 15 min (Centrifuge Lasec).
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The final supernatants were transferred to 10 mL vessels, properly labeled, and stored at =80 °C

for the determination of phenolic compounds.

P

Figure 4.1. (A) Properly labeled samples after harvest, (B-C) freeze-drying of samples at -40 °C; 0.050

mbar vacuum, (D-E) grinding of dried samples into finer powder using a mortar, (F) extraction over 24 hours
using 80% MeOH with acetic acid, (G) centrifugation of mixtures at 2000 rpm for 15 min, and (H) collection

of supernatants for phenolic compound determination.

4.3.4 Determination of Total Phenolic Content (TPC)

The TPC for the different treatments was determined using the Folin-Ciocalteu assay method
(Jimoh et al., 2019) with slight modifications. The supernatants of 0.5 mL were mixed with 2.5 mL
of 10% Folin—Ciocalteu's reagent in 10 mL test tubes. Next, 2 mL of a 7.5% saturated sodium
carbonate solution was added, vortexed, and shaken for 5 min, followed by incubation at 40 °C
for 30 min. The absorbance values were measured at 750 nm using a microplate reader
spectrophotometer (Model 680, Bio-Rad, USA). A blank was prepared with distilled water. A
standard curve was prepared to estimate the total phenolic content using gallic acid at a
concentration range (0.063-2.0 mg/ml). The total phenolic content was expressed as mg gallic
acid equivalent (GAE)/g dry matter from the standard curve y=0.0179x +0.0473, R?=0.9852. All

analyses were carried out in triplicate.
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4.3.5 Determination of Total Flavonoid Content (TFC)

The TPF was determined using the colometric assay (Elufioye et al., 2019) with slight
modifications. 0.5 mL of supernatant was mixed with 3 mL of distilled water, 0.3 mL of 5% sodium
nitrite, and after 5 min, 0.3 mL of 10% aluminium chloride was added. In 6 minutes, 2 mL of 1 M
sodium hydroxide was added, and finally, 5 mL of water was added, and the mixtures were
vortexed after each addition. The absorbance values were measured at 510 nm using a
microplate reader spectrophotometer (Model 680, Bio-Rad, USA). A standard curve was prepared
using graded concentrations of quercetin (0.063-2.0 mg/ml) to estimate the total flavonoid content,
and the results were expressed as mg quercetin equivalent per gram dry weight from the

calibration curve y=0.0141x + 0.0473, R?>= 0.9591. All analyses were carried out in triplicate.
4.3.6 Determination of Proanthocyanidin content (condensed tannin)

The proanthocyanidin content was determined according to the previously reported procedure
(Elufioye et al., 2019) with slight modifications. 0.5 ml of berry extracts (mg/ml) was mixed with 3
ml of vanillin (4%) in a methanol solution. Thereafter, 1.5 ml of hydrochloric acid (1.5%) was
added, mixed thoroughly, and incubated for 15 minutes at room temperature. 250 microliters of
each of the extract solutions and graded concentrations of the gallic acid were pipetted into wells
of a 96-well microplate, and absorbance was measured at 490 nm with the aid of the microplate
reader model 680, BIORAD, made in the USA. A blank was prepared with distilled water. A
standard curve of gallic acid at a concentration range (0.063-2.0 mg/ml) was used to determine
the proanthocyanidin content expressed as mg gallic acid equivalent per gram dry weight from

the calibration curve y=0.011x + 0.0403, R?=0.9689. All the analyses were carried out in triplicate
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J

Figure 4.2. (A) Variation in colour among different extract solutions, (B) thorough mixing of the extracts using a
vortex mixer, (C) arrangement of extract solutions in the microplate with treatment labels, (D) measurement of
absorbance using a Microplate Reader, and (E-F) representative results obtained in comparison with the respective
standards.

4.3.7 Statistical Analysis

The reported results and data are presented as averages for the main effect of N sources
and growth media composition on phenolic constituents of blueberry. Analysis of variance
ANOVA at a 95% confidence level was carried out using IBM SPSS version 30.0 software.

Means separated were done using Duncan’s Multiple Range Test (DMRT).
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4.4 Results

4.4.1 Effect of nitrogen sources and growth media on blueberry phenolic constituents

The response of total phenolic content (TPC), total flavonoid content (TFC), and proanthocyanidin
content (PAC) to different treatment combinations varied between two harvest seasons (Table
4.2). In the 2023 harvest season, treatment applications influenced (p< 0.05) TFC; however, the
data remained consistent (p>0.05) in TPC and PAC. The results revealed a high stimulatory effect
of Ts (100% coir+ urea) on berry TFC (11.54 mg/ g FW) accumulation, with an increase of more
than 280% compared to the lowest TFC (3.03 mg/ g FW) under T1 (Control), followed by T, and
Ts. Application of T4 and Ts treatments also enhanced TFC relative to T+; however, their effects

were less pronounced than that of Tstreatments.

In 2024, overall concentrations of the phenolic compounds were considerably higher than in the
previous season. Remarkably, the treatment applications caused notable changes in blueberry
PAC (p< 0.05); however, TFC showed no significant variation among treatments (Table 4.2). PAC
was greatest under T, exceeding T1 by 9.89%. In contrast, the lowest PAC levels were recorded
under T4, Ts, and Te treatments. Although the mean TPC values tended to be higher in T> and Ty,

differences among treatments remained consistent.
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Table 4.2 Influence of different nitrogen sources and growth media on the total phenolic content
(TPC), total flavonoid content (TFC), and proanthocyanidin content (PAC) in the extract of

blueberry during two harvest seasons

Harvest Season Treatment TPC (mg GAE/g FW) TFC (mg QE/g FW) PAC (mg GAE/g FW)
T 23.27*0.932 3.03*1.42¢ 2.02%1.12°
T2 21.63*1.52: 3.97*%1.78¢ 2.88%0.43%®
T3 18.022.12° 5.1673.55¢ 2.19%0.26°

2023 T4 18.59%2.88% 9.88%3.91® 3.29%0.17#
Ts 19.54*4.32 11.54%0.00? 2.88%0.26%
Ts 20.28%0.51%® 6.81%1.08 2.94%0.52®
LSD NS 0.94 NS
Ti 102.89%7.43° 51.73*51.192 126.38*8.77°
T2 118.50%11.26° 25.16%0.07° 138.88+3.82°
T3 109.98%3.992 23.24*0.85% 113.56*3.32°¢
T4 110.85%0.69 18.35%0.572 71.97#5.184

2024 Ts 109.98*1.73% 21.82*0.92° 76.79%0.73¢
Ts 106.10%6.56% 21.47*3.12% 80.25%7.274
LSD NS NS 4.82

Values are means * standard deviation at (P<0.05). Means with different letters in the same column are statistically
significant at P < 0.05, P- probability, LSD- Least Significant Difference, S.D— standard deviation, GAE- gallic acid
equivalence, mg- milligrams, g-grams, FW- fresh weight, QE- quercetin equivalence, T1 —100% Coir + ammonium
sulphate (Control), T2 — 80% coir: 20% zeolite+ ammonium sulphate, T3— 100% coir + calcium nitrate, T4— 80% coir:
20% zeolite + calcium nitrate T5 — 100% coir + urea, and T6 — 80% coir: 20% zeolite + urea.

4.4.2 Correlation of blueberry phenolic constituents

Pearson correlations were determined to analyse the relationship of blueberry fruit phenolic
constituents (Figure 4.3). The statistical analysis revealed a highly positive correlation of TPC with
cultivation years (r = 0.993, p < 0.001), PAC (r = 0.937, p < 0.001) and a moderately significant
correlation with TFC (r = 0.523, p = 0.001). Cultivation year displayed highly significant
correlations with PAC (r = 0.935, p < 0.001) and moderate correlation with TFC (r = 0.567, p <
0.001). The treatments did not show significant correlations with the phenolic constituents (p >

0.05).

84



Correlation Heatmap of Treatment, Cultivation Seasons, TPC, TFC, and PAC (Tannins)
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Figure 4.3. Correlation matrix of different physiological indexes in blueberry plants. A significant correlation is
represented by the strong green colour for highly significant correlation, and light green for moderately significant
correlation. TPC, Total Phenolic Content; TFC, Total Flavonoid Content; PAC, Proanthocyanidin Content. Heatmap
of phenolic constituents in blueberry fruits in response to different N sources and growth media.

4.4.2 The physicochemical parameters of blueberry cultivation substrates

The post-harvest analysis of substrates' physicochemical parameters differed significantly (p<
0.05) depending on the N source and growth media used (Table 4.3). Compared to T+ (control),
Ts treatment greatly reduced (p< 0.05) the pH value of the cultivated substrates, followed by the
Te treatment group. However, T4 greatly increased the pH value of the substrates. The CEC value
of growth media under T, treatments was more than three times that of T1. The Ts treatments had
the lowest organic matter and organic carbon content, a decrease of 51% compared to Ty,
followed by the T. treatment. There were no significant differences observed in electrical

resistance among the treatments.
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Table 4.3 Physiological parameters of blueberry cultivation substrates in response to different
sources of N treatments

Treatment pH Organic Matter Organic Carbon T-value/CEC Electrical
(%) (%) (cmol/kg) Resistance (Ohm)

T, 3.43%0.15° 30.99°2.69* 18.02%1.57* 15.6470.67¢ 420+200?

T 3.40.60° 15.440.66° 8.98%0.39¢ 53.46*3.69* 3351452

T3 3.37%0.06° 19.49%0.20 11.33%0.12" 20.42%2.0° 355350

T4 4.0770.25* 15.972.69¢ 9.29%1.57¢ 9.29%1.57¢ 330*30°

Ts 3.2740.25° 22.14*3.29° 12.8741.91° 12.8741.91¢ 225%252

Ts 3.3%0° 15.34+5.53¢ 8.92*3.21°¢ 8.92*3.21¢ 230%10*

LSD 0.03 0.1 0.06 0.37 NS

Values are means + standard deviation at (P<0.05). Means with different letters in the same column are statistically
significant at P < 0.05, cmol- centimoles, kg- kilograms, T1 —100% Coir + ammonium sulphate (Control), T2 — 80%
coir: 20% zeolite+ ammonium sulphate, T3— 100% coir + calcium nitrate, T4— 80% coir: 20% zeolite + calcium nitrate
T5 — 100% coir + urea, and T6 — 80% coir: 20% zeolite + urea

4.4.3 The influence of nitrogen sources and substrates on the availability of macro- and

micronutrients during blueberry cultivation

Post-harvest nutrient concentrations in the substrates differed significantly (p < 0.05) according
to the nitrogen source and growth medium used (Table 4.4). Ammonium (NH4") treatments (T4,
To, Ts, and Ts) retained higher levels (104 —136 mg/kg), with the highest values in T, and Ts
(zeolite mixtures), while nitrate (NO3") treatments (T3 and T4) had lower NH4* concentrations (7.55
—19.85 mg/kg). Oddly, NOs concentrations were highest in Ts and Te treatments; however, there

were no statistically significant differences observed.

Cation accumulation was strongly influenced by zeolite. T, treatment had the highest (p<0.05)
concentrations of K, Mg, and Na compared to Ts; furthermore, T4 treatment had the greatest effect
on Ca availability, recording values four times higher than T+ treatments. However, Fe and Zn
concentrations were the highest under Ts treatments compared to T4, with an increase of 29%
and 24%, respectively, and Te treatments had the most influence on P concentration compared to
T4. In contrast, Mn concentrations were increased by Ti treatment compared to Tz and Ts

treatment groups.
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Table 4.4 Concentrations of macronutrients and micronutrients in the substrates under different nitrogen source treatments.

Treatment NOs3 NH4" Ca (mg/kg) K (mg/kg) Mg (mg/kg)  Na (mg/kg) Fe (mg/kg) Zn (mg/kg) Mn (mg/kg) P (mg/kg)

T 72.5%50.5% 120.1#51.9* 6.7+0.2¢ 237*3¢ 2.05%0.35¢ 0.55%0.45°¢ 39.45%12.2°  2.50%0.3% 4.270.6* 2.3%0.1¢

T2 49.9¥39.2b 125.2%47.8* 15.75%0.35>  4265*315° 7.6°1.7* 13+2.8* 23.65*2.25¢ 0.66*0.33¢ 2.35%1.35b 13.6%5.8%
Ts 73.6*15.9%® 19.85%1.65° 12.1%1.7¢ 120.8*26.2¢ 0.71%0.6¢ 0.2*0° 51.05%0.65* 1.9%0.2%¢ 1.70*0.7¢ 4+Qbe

T4 58.8%15.2° 7.55%4.25P 25.60.5* 3200%480° 4.85%2.05° 6.522.7° 27.25%4.75¢ 1.3740.63% 1.95%0.65% 10.2+8%

Ts 132.7%41.3% 104*47.72 6.55%0.25¢ 245*16° 2.35%0.15¢ 0.53%0.1¢ 51.05*3.05° 3.10%0.2° 3.30%0.5% 17.95%15.75°
Te 76.95%2.95%  136*0? 14.85%0.45>  2990*100° 5.83*0.45% 5.3%1.5° 38.20%2.7° 0.99%0.11¢% 1.60*0° 36.57%0.35*
LSD NS 12.3 0.15 116.2 1.34 0.35 3.6 0.33 0.10 1.7

Values are means + standard deviation at (P<0.05). Values are shown as means + SD. Means followed by different letters were significantly different according to Duncan’s test (p<0.05),
NOj —nitrate, NH4* —ammonium, Ca—calcium, K —potassium, Mg — magnesium, Na — sodium, Fe —iron, Zn —zinc, Mn — manganese, mg — milligrams, kg— kilograms, T1 —100% Coir +
ammonium sulphate (Control), T2 — 80% coir: 20% zeolite+ ammonium sulphate, T3— 100% coir + calcium nitrate, T4— 80% coir: 20% zeolite + calcium nitrate T5 — 100% coir + urea,
and T6 — 80% coir: 20% zeolite + urea.
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4.5. Discussion

The environmental factors, the form of fertilizer applied, and the harvest period influence the
transport and allocation of nutrients and water within plants, thus affecting the concentration and
profile of secondary metabolites in fruits, such as proanthocyanidins, flavonoids, and phenolic
compounds (Dyukaryeva & Mallik, 2023). These secondary metabolites enable blueberries to
exhibit extremely high antioxidant activity, particularly in polyphenols such as anthocyanins,
which, unlike endogenous enzyme systems, are readily available dietary antioxidants to the

human body (Yang et al., 2023).

4.5.1 Effect of nitrogen sources on blueberry phenolic constituents

Total Phenolic Content (TPC)

Excessive N application is believed to reduce antioxidant concentrations, such as anthocyanins
and vitamin C, in blueberries by favouring vegetative growth over reproductive development,
thereby reducing the allocation of nutrients and water towards secondary metabolite synthesis in
the fruit (Lee & Kader, 2000). Herein, this study, the effect of different N sources did not
significantly differ in terms of total phenolic content (TPC), which remained within the range of
approximately 17.3-26.59 mg/g FW, values observed in the pulp (17.3) and whole ripe (26.59) of
the Southern highbush blueberries (Sun et al., 2018), in agreement with the observed results

(18.02-23.27 mg/g FW) during 2023 harvest season (Table 4.2).

Although there were no significant differences, NH4* based treatments (T4 and T2) appeared to
increase the accumulation of TPC, which is consistent with previous findings that reported NH4*
plays an important role in promoting TPC accumulation (Chatzigianni et al., 2018). However, the

non-significant response observed indicates that TPC may be relatively stable under the tested
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conditions, suggesting that the plant tissues were not subjected to sufficient nutrient limitations to
stimulate enhanced phenolic synthesis, a response that is often observed when there is N
deficiency (lbrahim et al., 2011). These findings are supported by previous studies which reported
that the accumulation of excess carbon (C) in response to N deficiency leads to increased

production of carbon based secondary metabolites (Suh et al., 2020) thereby increasing TPC.

Total Flavonoid Content (TFC)

Flavonoids serve not only as nutritional compounds but also play a role in regulating plant defence
systems against adverse conditions and mediating signal transduction in response to both biotic
and abiotic stresses (Agati et al., 2020). In this study, Ts treatment (11.54 mg QE/ g FW)
significantly enhanced the total flavonoid content (TFC) accumulation in blueberry fruits compared
to other treatments during the 2023 harvest season (Table 4.2). It has been reported that the
supply of urea-based treatments in grapes promoted the accumulation of flavonoids compared to
ammonium sulphate and calcium nitrate treatments (Hui et al., 2021). Portu et al. (2015) similarly
found that the total flavanol content was significantly higher only under low concentration urea
application compared to the control. These findings suggest that urea-based fertilizers enhance

the accumulation of flavonoids in berries and improve the quality.

Urea hydrolysis not only supplies N in the form of NH4* but also carbon dioxide (CO3), which can
potentially contribute to the maintenance of photosynthesis under abiotic stress, suggesting
reallocation of C skeleton and a higher assimilation of NH.* by shifting C and N allocation towards
secondary metabolites such as phenylpropanoid and flavonoid synthesis (Gongalves & Mercier,
2021). Furthermore, Hui et al. (2021) reported that ammonium sulphate, calcium ammonium
nitrate, phenylalanine, glutamate and clear water (control) did not increase or decrease flavonoid
content except for urea. This is consistent with the findings of the present study, where TFC
accumulation did not differ significantly among most treatments, whereas Ts exhibited a
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significantly higher TFC except for T4 (9.88 mg QE/ g FW), suggesting that the addition of zeolite
affected TFC accumulation. In contrast, Duan et al. (2023) found that blackberries supplied with
NOs; and no N treatments were associated with enhanced flavonoid content compared to NH.*
based treatments, suggesting that NH4* promotes flavonoid accumulation in blueberries and
grapes, whereas NO3™ nutrition appears to favour flavonoid synthesis in blackberries, highlighting

the crop-specific influence of N form on secondary metabolite production.

Proanthocyanidin content (PAC)

Proanthocyanidins (PAC) also known as condensed tannins are natural polyphenolic compounds
widely distributed in different crops which are mixtures of oligomers and polymers formed by the
condensation of flavan-3-ols (Rauf et al., 2019) found in high proportions in skins of grapes and
berries, among other fruits (Wang et al., 2019). Results from this study found that PAC tended to
increase with the maturity of blueberries with high levels in the 2024 harvest season compared
with those recorded in 2023 suggesting an interannual increase possibly due to differences in the
cultivation conditions. On blackberries, the highest concentration of PAC was recorded in early
unripe fruit which then decreased with the ripening process (Chen et al., 2012) a pattern that was
also observed in strawberries and persimmons (Salvatierra et al., 2010). However, the pattern
was completely different in grape berries where PAC levels increased progressively from the
unripe stage to ripening (Downey et al., 2003). These contrasting patterns in the availability and
concentration of PAC highlight the need for further investigation into factors influencing the

significant increase in blueberry PAC during fruit development stages.

The variation of PAC observed in the 2024 harvest season (p<0.05) indicates that N fertilization
significantly influenced PAC synthesis in blueberries (Table 4.2). This is in concurrence with the
findings of Narvekar and Tharayil (2021), who reported that with PAC, the less abundant class of
phenolic oligomers exhibited higher levels of concentration in response to supplied N treatments
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compared to the most abundant class of phenolic, such as ellagitannins. The synthesis of PAC or
condensed tannins shares a similar step in the flavonoid pathway with the synthesis of
anthocyanin and flavonols (Narvekar & Tharayil, 2021). In blackberries, NOs fertilization
increased the flavonoid content compared to NH4™ based treatments (Duan et al., 2023). These
findings contrast with our results, where NH4" promoted PAC accumulation in the 2024 harvest
season compared with NO3s. Such varied responses may be attributed to differences in the

physiological and metabolic processes specific to each species.

4.2 Interactive effect of N sources and growth media on blueberry phenolic constituents

There is limited literature on how the interactive effect of N sources and coir: zeolite influences
the biosynthesis and accumulation of various secondary metabolites, including phenolics, and
most mechanisms involved are still unclear (Duan et al., 2023). Coir was found to significantly
increase the contents of total phenols in cucumber (He et al., 2022). In this study, it was found
that TFC in the Ts group treatments was highest, indicating that plants had the strongest
antioxidant activity under this treatment. The acidification from urea hydrolysis (Yang et al., 2025)
and the low buffering capacity of coir properties (Kozos & Ochmian, 2016) may have stimulated
the blueberry roots and regulated genes to enhance the total phenols in blueberry fruits as a
stress signal (He et al., 2022). Plants grown in T> had accumulated higher PAC than T1 and Ts
(Table 4.2). Due to the blueberry shallow fibrous root system (Ortiz-Delvasto et al., 2023), the
zeolite’s capacity to retain NH4* may have been excessive, potentially inducing stress signals and
leading to an increased accumulation of phenolic acids as a defence response (Goncharuk &

Zagoskina, 2023).

Additionally, correlation analysis showed a strong correlation of phenolic constituents with
cultivation years regardless of the treatments applied (Figure 4.3). The strong correlations
between TPC and PAC indicate the presence of tannins and the overall phenolic content of berry
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samples. This correlation of TPC and PAC was also observed by Vo et al. (2022) with grapes.
These findings suggest that the phenolic contents of blueberries mainly consisted of condensed
tannins and the accumulation of secondary metabolites in blueberries increases with plant age or

is determined by maturity.

4.5.2 Influence of N sources and growth media on growth media analysis

Soil conditions directly influence the availability and uptake of nutrients affecting plant growth and
development (Philippot et al., 2013). In this study blueberry plants exhibited improved growth
under T4, T», and Ts treatments. Analysis of the physicochemical properties of growth media under
T4 and Ts showed lower pH values, higher organic matter, and carbon (C) (Table 4.3). Additionally,
Te also had a lower pH value; these results indicate that the treatments supplied greater amounts
of mineral nutrients particularly NH4* while the lower pH creates an acidic environment favourable
for blueberry growth. These findings are supported by previous studies which reported that the
NH4* acidifies the rhizosphere by inducing protons (H*) release from the cell (Fernandes &
Rossiello, 1995). The results further demonstrate that N forms significantly influenced growth
media CEC with T» showing the highest followed by T3, highlighting their critical role in blueberry
growth and development. The NH4* based treatment (T4 and Ts) likely increased organic matter
and organic C content by stimulating both plant growth and microbial activity leading to a greater
accumulation of microbial residues. Previous studies indicate that N provides energy for
microorganisms, thereby accelerating the decomposition of organic matter, while also enhancing
microbial activity through root exudates, which promotes organic C accumulation (Kallenbach et

al., 2016).

The mineral composition of growth media plays a vital role in plant growth and development.
Growers must also monitor these properties in the drainage solution to adjust fertilization and
irrigation practices (He et al., 2022). Coir is generally characterized by its relatively high
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concentration of potassium (K), sodium (Na), and chlorine (Cl), while containing low content in
phosphorus (P) (Ross et al., 2012). This is in agreement with the present study results, where
high P concentration was observed in Tg and To,compared to T+ (Table 4.4). This can be attributed
to the zeolite’s high CEC under T, (53.46 cmol/kg) compared to T1 (15.64 cmol/kg) and its ability

to retain nutrients and gradually release them (Latifah et al., 2017).

The comparison between initial and post-harvest growth media properties showed a significant
increase from before transplanting to after harvest analyses. In all treatments pH was within a
range of 4.5-5.5 which is recommended for southern and northern highbush blueberry (Retamales
& Hancock, 2012). Moreover, the higher nitrogen use efficiency (NUE) observed in T1 and T2
treatments (Chapter 3, Table 3.4) suggests that NH4+* minimized nutrient losses likely due to the
greater retention of zeolite and the cation of NH4*. Research shows that 100%N and zeolite
significantly influenced NUE in wheat farming minimizing N losses through leaching and
emissions (Ahmad et al., 2025). However, further research should investigate how coir and zeolite
combinations affect the uptake of N and NUE while maintaining the optimum yield and fruit quality

of blueberry plants.
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4.6 Conclusions and Recommendations

Irrespective of the form of N and growth media used, N supply had no significant effect on TPC;
however, Ts promoted the accumulation of TFC, while T+ and T, maintained greater PAC
compared to other treatments. The phenolic compounds greatly increased from 2023 cultivation
to the 2024 harvest season; this discrepancy might be related to the age of the crop. Total fresh
yields under T4, T2, and Ts were considerably higher and the phenolic compounds correspond
with the yield responses suggesting that these treatment combinations might be favourable for
both yield and antioxidant activity in blueberry fruits. However, there is insufficient literature on
how these treatment combinations influence the various secondary metabolites biosynthesis and
further research is needed to investigate the physiological and biochemical mechanisms.
Moreover, compared to T4, Ts showed higher NO3", NH4*, Fe, and Mg content in the substrate with
lower pH and EC. These findings suggest an optimized fertilization strategy for blueberry
cultivation, with a promising balance between yield produced and the biosynthesis of phenolic

constituents protecting the plants against biotic and abiotic stresses.

As mentioned the phenolic compounds accumulate naturally with plant age, regardless of
treatment. Future management practices should aim to balance stress-induced phenolic

accumulation with yield to optimize fruit quality and nutritional value.

The promising results under Ts treatments warrant further studies in exploring the modifications
of the coir: zeolite ratio with urea, as urea is an inexpensive source of N and could be useful to

reduce potential over-acidification with ammonium sulphate in long-term container production.
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CHAPTER FIVE

GENERAL CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

This study investigated the effect of different nitrogen (N) sources and growth media on the water
use, growth, yield, phenolic constituents and mineral composition of ‘Legacy’ blueberry cultivated
under shade net. This study was conducted as part of a bigger research project focused on water
conservation in blueberry production, where preliminary findings showed 80% coir + 20% zeolite
combination growth media improve water retention. Building on this, the current research
examined the integration of different N sources into these water conserving growth media to
optimize blueberry productivity while reducing inputs such as water and fertilizer. The supply of
ammonium sulphate (T:2), calcium nitrate (T4) and urea (Ts) in coir: zeolite based media
demonstrated the complexity of N uptake and assimilation in blueberry cultivation, highlighting
that N absorption and efficiency depend strongly on the growth medium, pH, plant maturity and

environmental conditions.

The interaction between N sources and growth media showed that the addition of zeolite to coir
had varying effects depending on the N source applied. Across the six treatments studied, 100%
coir when supplied with ammonium sulphate (T1) had the highest growth parameters and yield
attributes during both cultivation seasons, validating its suitability as the standard for blueberry
cultivation in the Western Cape. Urea applied in 100% coir (Ts) also increased plant height,
indicating the effective use of NH4" derived from urea hydrolysis. In contrast, calcium nitrate

treatments (T3 and T4) increased stem diameter but reduced lateral branching and accumulation
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of chlorophyll content index (CCI), suggesting that NOs; supported structural growth over

photosynthetic capacity, resulting to lower overall yield.

The growth medium notably influenced plant growth. Plants grown in 100% coir outperformed
those in 80% coir: 20% zeolite combination according to the plant height, branching and CCI
regardless of the N source treatment used. The addition of zeolite into coirimproved water holding
capacity, number of leaves and stem diameter; however, it reduced plant height and number of
branches, likely due to increased bulk density and nutrient retention beyond the shallow root zone
of blueberry plants. Although zeolite reduced water use, the fibrous roots of blueberry limited their
ability to uptake the retained nutrients, contracting the expected benefits of zeolite. Moreover, the
zeolite granular structure was noticed to gradually sink to the bottom of the bags used for

cultivation, placing retained nutrients beyond the reach of the active upper root zone.

Yield patterns during the two cultivation seasons reflected plant establishment. In the first year
(2023) of cultivation, young plants prioritised vegetative growth over fruiting, causing lower yield.
By the second year (2024), established root systems allocated higher N use efficiency (NUE) and
improved fruit diameter and weight, which peaked mid-harvest season and dropped towards the

end of the season, consistent with established blueberry growth patterns.

Blueberry phenolic constituents, as stress response metabolites, their accumulation varied with
N sources, growth media and plant maturity. The findings indicated that moderate nutrient stress,
attained through careful selection of N source and growth medium, may improve phenolic
compounds synthesis without severely compromising yield. Furthermore, the literature review
chapter concluded that a combination of NH4* plus NOs or NH4* alone, consistently promoted
superior growth and fruit quality compared to NO3™ alone, predominantly in acidic medium, which

is favourable for blueberry cultivation.

102



5.2 Recommendations

Although this study provides valuable insight into N sources and growth media dynamics in
blueberry cultivation, various research gaps remain unexplored. Zeolite can improve water
holding capacity, however, further research should be done to investigate the quantities of coir:
zeolite for optimal production, as the 20% granular zeolite seems to sink to the bottom of the pots
used over time, limiting nutrient availability to the shallow fibrous-structured blueberry root system.
Moreover, NH4* based fertilisers such as ammonium sulphate or urea should be prioritised for
blueberry cultivation as they acidify the soil to favour blueberry preference, however, the
combination of both NH4": NO3™ with mostly a higher ratio of NH4* has been proven to achieve

balanced growth and fruit quality.

Incorporation of different N sources into water conserving growth media can reduce resource
inputs, such as water and fertiliser without severely compromising yield. The slight yield reduction
observed with T> (80% coir: 20% zeolite + ammonium sulphate) may be compensated by the
reduction in water costs during cultivation compared to T4, highlighting potential economic

advantages.

Phenolic constituents accumulate naturally with plant maturity, regardless of the treatment
applied. Future management practices should aim to balance stress induced phenolic synthesis
with yield to optimise fruit quality with nutritional value. Furthermore, future studies should explore
the suitability of urea in blueberry container production, as the application of ammonium sulphate

may have long term negative impacts on soil toxicity due to acidification.

Further studies on how various blueberry cultivars respond to NH4*, NOs™ and different ratios of

NH4*: NOs would be beneficial. To conclude, the strong influence of year to year variation on the
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treatment’s dynamics highlight the need for further research on the plant age and environmental
interactions. Understanding how factors such as temperature and light affect the accumulation of
secondary metabolites, growth and yield would be crucial for optimising cultivation management

strategies in different growth media under container production.
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