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Abstract 

Nutrient management is a critical component to achieving sustainable productivity and premium 

quality of fruit tree crops such as apple. The macronutrients nitrogen (N), phosphorus (P), and 

potassium (K) are generally supplied as synthetic fertilisers in apple orcharding and are well 

known to affect fruit yield and quality. However, N uptake efficiency is generally low for apple 

trees, ranging between 10–40%, and studies on N, P and K nutrient management often report 

inconsistent results from various application rate and timing treatments. This thesis examined 

the uptake and remobilisation of N of mature apple trees in response to timing of fertiliser 

application, the contribution of N from residue as a source of N, how different rates of N, P and 

K interact to affect macro- and micro-nutrient uptake and fruit quality, and the effects of N and 

K application rates on the development of fruit cells in relation to the physiological disorder, 

bitter pit. 

Nitrogen uptake, allocation and remobilisation in mature apple trees were examined 

using 15N-isotope labelled fertiliser applications at pre-harvest, post-harvest, or 50:50 split 

between pre-and post-harvest timings in an orchard established on Dermosol in Tasmania, 

Australia. Whole trees were excavated at winter dormancy (June 2018) and commercial harvest 

(March 2019) in the following season to track the uptake and partitioning of N through the 

apple tree. Nitrogen uptake was most efficient when supplied at pre-harvest (32.0%) than other 

application timings (~17.0%). Leaf concentration of N derived from fertiliser, a good indicator 

of N uptake, concomitantly increased only when pre-harvest N was applied. Despite pre-harvest 

treated trees allocating more than half of the N taken up into fruit and leaves (65.2 %), an equal 

amount of fertiliser derived N (~3.5 g N tree-1) was stored into perennial organs for pre- and 

post-harvest treatments reflecting greater uptake efficiency from pre-harvest treatments. 

Consequently, subsequent spring remobilisation of N was not affected by N application timing 

of the previous season. Instead, a decline in root N status (4.5 g tree-1) and a reciprocal increase 

in branch N status (3.4 g tree-1) were observed between winter dormancy and the fruit harvest of 

the following season. The significant finding of this study that pre-harvest N application 

provides adequate storage N to support early spring growth the following season with no 

detriment to fruit quality shifts the long-held paradigm of post-harvest fertiliser application to 

boost tree reserves. 
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To better understand the contribution of tree (leaf and prunings) residue to N 

mineralisation, the decomposition dynamics of apple leaf foliage and pruned branches were 

examined over two growing seasons using a combination of 15N-labelled and non-labelled 

residue material on Dermosol in Tasmania, Australia. The loss of residue biomass was non-

linearly associated with time, whilst the rate of biomass loss was higher in leaf than branch 

residue. The total N content of both residue types also had a negative linear association with 

time, where N content of leaf residue [0.092 mg (residue g)-1 week-1] loss reduced at a higher 

rate than branch residue [0.006 mg (residue g)-1 week-1] which remained relatively unchanged 

throughout the experiment period. However, total N derived from residue, as determined by 15N 

atom percentage, was released in a non-linear association with time, and in general, at a higher 

rate than for branch residue. Over two growing seasons, ~96.2% of N derived from leaf residue 

was released compared to branch residue which released ~63.3%. The uptake efficiency of N 

released from both residue types recovered in potted apple trees was 7.7 and 79.4%, 

respectively. In an orchard with 1667 trees ha-1 which requires approximately 20-80 kg N ha-1 

yr-1 from fertilizer application, the amount of apple tree residue shed from one season 

contributed an insignificant amount (<1%) of the annual fertilizer N demand of trees over two 

seasons.  

Fertiliser treatments investigating the influence of N, P and K interactions at two 

different rates were tested on mature ‘Gala’ trees in a commercial orchard established on 

Dermosol in a one-year trial in Tasmania, Australia. Nutrient uptake and status were determined 

by leaf petiole and leaf lamina assessments at 8, 17 and 23 weeks after full bloom (WAFB) with 

fruit nutrient status and fruit quality attributes assessed at harvest. Synergistic impacts were 

found on the interaction between N and K application rates on the uptake of molybdenum (Mo) 

at 8 WAFB, and between N and P application rates on Zn uptake at 17 WAFB. In contrast, the 

interaction between N and P, and K and P had an antagonistic impact on the uptake of Mo at 8 

and 23 WAFB, respectively. Increasing N application rates was associated with increased leaf N 

but decreased leaf P after 17 WAFB. Increasing P application rates was associated with 

increased leaf and fruit B at harvest. The remaining leaf and fruit nutrient levels examined were 

not affected by the N, P, and K application rates and no influences on fruit yield and quality 

were observed suggesting that at least over one season the soil and/or apple tree reserves 

provide buffering capacity against excessive or deficient nutrient availability. 

The interaction of different N and K application rates on fruit cell and bitter pit 

development, and fruit quality was also examined in a one-year trial in Washington State, the 
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United States. Mature ‘Honeycrisp’ trees planted in Pogue soil, a cultivar that is large in fruit 

size and susceptible to bitter pit development, were studied. Two weeks prior to fruit harvest, 

structural properties of fruit cells were examined using synchrotron X-ray micro-computed 

tomography. Fruit porosity and cell size were reduced with increasing N and K application 

rates, while cell number increased. At fruit harvest, a moderate negative relationship (R2 = 

0.089, p = 0.0429) between fruit firmness and N rates was observed whilst other fruit quality 

attributes and occurrence of bitter pit were not affected by N and K application rates. After 10-

weeks storage at 0 ˚C, there was some indication (R2 = 0.137, p = 0.0331) that higher N and K 

application rates resulted in increased incidence of bitter pit. Leaf and fruit calcium (Ca) , K and 

magnesium (Mg) status were also examined at 6, 12, 18 (fruit harvest) WAFB. Different N and 

K application rates did not result in differences in leaf nutrients examined, except leaf Ca at 12 

WAFB, where leaf Ca was reduced with higher N and K application rates. Fruit Ca increased 

with N application rate at all three examined time points and increased with K application rate 

at 12 and 18 WAFB. Whilst both fruit K and Mg decreased with K application rate at 6 WAFB 

only.  

These studies improved the understanding of the physiology of tree N uptake and 

internal N cycling after various timings of fertiliser application, and the dynamics of tree residue 

decomposition. Complex interactions arising from N, P and K applications were demonstrated 

in relation to the acquisition and accumulation of mineral micronutrients. Application rates of N 

and K can affect the fruit firmness, Ca content, and cell properties of apple cultivar susceptible 

to bitter pit. These findings provide further knowledge of the tree physiological response and 

interactions to supply of mineral nutrients, which have important implications for N budgeting 

and sustainable nutrient management for apple orcharding.
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Chapter 1 General Introduction 

This chapter provides an overview of nutrient management in the apple production and the 

current understanding and challenges of mineral nutrition in apple production. This thesis aims 

to address these challenges through the four subsequent chapters and in the general discussion 

provides an overview of the implications of the research findings to precision nutrient 

management practice in the apple industry. 

1.1 Nutrient management and fertiliser usage in apple 
production 

Mineral nutrient management is one of the key factors affecting the apple (Malus domestica 

Borkh.) yield and fruit quality (Neilsen et al., 2008). Specifically, the macronutrients including 

nitrogen (N), phosphorus (P), potassium (K), and calcium (Ca) have received much attention 

due to their substantial impacts on fruit production (Marcelle, 1993), physiological disorders 

(Saure, 1996), soil health and the impacts on the environment (Swarts et al., 2016). Despite the 

extensive studies on the effects of N, P and K on apple production, the utilisation of mineral 

fertiliser, especially N fertiliser, has always been a ‘black box’ for orchardists and consultants to 

determine a N budget and balanced nutrient regime that optimises apple production for premium 

yields and fruit quality outcomes. In addition, that supply of macronutrients via fertilisers is 

relatively cheap compared to other orchard management costs (such as labour for harvesting and 

pruning), which means that fertiliser application is considered ‘cheap’ insurance to crop 

production. However, this can often lead to an over-supply of mineral nutrients that could 

actually reduce fruit quality and leach nutrients into the environment. Thus, there is a need to 

further understand how a precise application of mineral fertilisers can be used to optimise the 

sustainable production of high-quality fruit. 

1.2 Industry challenges and research aims 

An efficient and balanced N budget is key to nutrient management in apple orcharding to 

maintain balanced vegetative and fruit growth while minimising negative environmental 

impacts (Huett, 1996). In deciduous tree crops such as apple, the efficiency of N fertiliser, N use 

efficiency (NUE) is generally below 40% (Haynes and Goh, 1980, Neilsen and Neilsen, 2002) 
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and can be as low as 10% (Zhang et al., 2012). This can be attributed to the sparse root 

distribution of deciduous trees (Neilsen and Neilsen, 2002), complex tree N internal cycling 

(Millard and Grelet, 2010) and the mismatch of N supply to tree N demand. In addition, 

fertiliser N is predominantly present in aerobic soil in the form of nitrate (NO3
-) ion which is 

very mobile and susceptible to leaching below the root zone with excessive precipitation or 

over-supply of irrigation water (Sanchez et al., 1995, Hirel et al., 2011). Thus, timely matched 

N supply to tree N demand has the potential to increase NUE and optimise the usage of N 

fertiliser. In Chapter 2, we examined the uptake, allocation, and remobilisation of N of mature 

apple trees applied at various application timings to better understand tree temporal N demand 

and how N uptake contributes to current and subsequent season growth and fruit quality. 

 Nitrogen budgeting for efficient N management also requires accounting of the 

contribution of other N resources to tree nutrition. In an intensive orchard, the decomposition of 

plant residue generated during autumn leaf fall and winter pruning can provide a N source to 

tree nutrition through soil mineralisation processes. Annually, up to 30 kg ha-1 of N can be 

added to the soil from apple leaf foliage and pruned branches (Scandellari et al., 2008), where a 

portion of N will be gradually released via residue decomposition and mineralised for plant 

uptake (Tonon et al., 2007, Ventura et al., 2010). However, there is limited knowledge of the 

decomposition dynamics of apple residue generated in a N-rich (cultivated) environment when 

compared to the extensively studied residue from forestry sources. Nevertheless, it is known 

that the release of N often occurs during the first 2-3 years of residue decomposition for most 

examined forestry and fruit tree residue types (Berg and McClaugherty, 2008, Fahey et al., 

2011, Ventura et al., 2010), and the rate of residue decomposition and potential for N 

mineralisation are influenced by the initial residue quality (Zhang et al., 2016). Thus, research is 

required to better understand estimates of the contribution of N for apple tree uptake, derived 

from the decomposition of apple residue. In Chapter 3, we investigated the decomposition 

dynamics of different residue types generated from mature apple trees and quantified the uptake 

of N released from residue over two growing seasons. 

 As N application in apple orcharding is not managed in isolation, a balanced mineral 

nutrient regime is crucial for production of optimised fruit yield, and production sustainability. 

This is particularly important as reduced quality and storability (Tomala and Soska, 2004) and 

the occurrence of physiological disorders in apple (De Freitas et al., 2010) are often associated 

to fruit and tree nutrient status. Yet, findings from mineral nutrition studies are often 

inconsistent temporally and/or do not find any significant differences between treatments 



3 

 

(Marcelle, 1993, Raese and Drake, 1997). This could be affected by a range of factors including 

variation in soil type and chemical properties, and the concentration of other mineral ions within 

the soil. As plant-available nutrients are generally present in the soil solution in ionic forms 

(Mengel et al., 2001a), the accessibility of ions by plant root can be affected by the complex 

interaction between different ion species, and between ions and soil particles prior to root 

uptake (Epstein, 1956, Mengel et al., 2001b). During the uptake and translocation of mineral 

nutrients, the effectiveness of the uptake mechanisms and mobility within the vascular system 

can affect whether the nutrients reached the sinks which will eventually affect the vegetative 

growth and fruit quality (Mengel et al., 2001a). Despite numerous studies investigating the 

influence of different fertilizer rates affect nutrient uptake and apple fruit quality (Maathuis, 

2009, Milošević and Milošević, 2015, Musacchi and Serra, 2018), only a few studies 

investigated the interactions between mineral nutrients of different elements, such as N, P, and 

K (Aulakh and Malhi, 2005). Thus, there is a need to better understand how different 

application rates of N, P, and K macronutrients affect the acquisition of essential mineral 

nutrients, tree and fruit nutrient status, and fruit quality. This is the focus of Chapter 4 and we 

extend this further in Chapter 5, where we used a combined approach of mineral nutrient 

analysis and imagery analysis to investigate the impact of N and K application rates on fruit 

firmness, development of fruit cells and the association with bitter pit disorder. 

 In summary, this thesis aims to elucidate 1) the physiological response of mature apple 

trees to the timing of N supply in the current and subsequent season, 2) the contribution of plant 

residue as a tree available N source, 3) the short-term impacts of interactions between N, P, and 

K on nutrient acquisition, fruit yield and quality, 4) fruit nutrient status and physiological 

impact on cell development and bitter pit disorder as influenced by the interaction between N 

and K. The research findings and their implication to the industry, and future research directions 

are discussed in Chapter 6. 
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Chapter 2 Nitrogen Use Efficiency, Allocation, 
and Remobilization in Apple Trees: Uptake is 
Optimized with Pre-harvest N Supply 

A better understanding of tree temporal N demand and how N uptake contributes to current and 

subsequent season growth and fruit quality is essential for making an informed-decision nutrient 

management within an orchard for optimized fruit production. This study was essential to 

provide a quantified and detailed understanding of apple tree physiological response to N 

supply. This chapter provided a fundamental understanding of N utilization in apple trees and a 

section of the N cycle in an apple orchard related to fertilizer source. These acted as a 

“backbone” of this thesis, along with the remaining studies in this thesis to provide a more 

holistic understanding of N and its interaction with phosphorus and potassium mineral nutrition 

of apple trees. 

This chapter has been published in the international peer-reviewed journal ‘Frontiers in Plant 

Science’. 

2.1 Abstract 

Optimizing the utilization of applied nitrogen (N) in fruit trees requires N supply that is 

temporally matched to tree demand. We investigated how the timing of N application affected 

uptake, allocation, and remobilization within 14-year-old “Gala”/M26 apple trees (Malus 

domestica Borkh) over two seasons. In the 2017–2018 season, 30 g N tree−1 of 5.5 atom% 15N–

calcium nitrate was applied by weekly fertigation in four equal doses, commencing either 4 

weeks after full bloom (WAFB) (pre-harvest) or 1-week post-harvest, or fortnightly, divided 

between pre- and post-harvest (50:50 split). Nitrogen uptake derived from fertilizer (NDF) was 

monitored by leaf sampling before whole trees were destructively harvested at dormancy of the 

first season to quantify N uptake and allocation and at fruit harvest of the second season to 

quantify the remobilization of NDF. The uptake efficiency of applied N fertilizer (NUpE) was 

significantly higher from pre-harvest (32.0%) than from the other treatments (∼17%). The leaf 

NDF concentration, an indicator of N uptake, increased concomitantly only when pre-harvest N 

was applied. Pre-harvest treated trees allocated more than half of the NDF into fruit and leaves 
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and stored the same amount of NDF into perennial organs as the post-harvest treatment. 

Subsequent spring remobilization of NDF was not affected by the timing of N fertigation from 

the previous season. A seasonal effect of remobilization was observed with a decrease in root N 

status and a reciprocal increase in branch N status at fruit harvest of season two. These findings 

represent a shift in the understanding of dynamics of N use in mature deciduous trees and 

indicate that current fertilizer strategies need to be adjusted from post-harvest to primarily pre-

harvest N application to optimize N use efficiency. This approach can provide adequate storage 

N to support early spring growth the following season with no detriment to fruit quality. 

Keywords: nitrogen use efficiency, 15N, remobilization (nitrogen), partitioning (nitrogen), 

application timing, storage (nitrogen), nitrogen uptake 

2.2 Introduction 

Deciduous fruit trees internally cycle and reuse stored nitrogen (N) from one growing season to 

the next. Nitrogen is withdrawn from leaves prior to leaf abscission and stored in roots, 

branches, and the trunk for over-wintering (Millard and Thomson, 1989). Stored N is 

remobilized for early spring growth and makes an important contribution to the seasonal N 

budget for the fruit tree crops (Masclaux-Daubresse et al., 2010). Seasonal N requirements are 

thus comprised of internal stored N (Chapin III et al., 1990) and N taken up by roots during the 

growing season (Millard and Grelet, 2010). In a commercial orchard, root N uptake is 

predominantly from the application of N fertilizer, which has been demonstrated to be vital to 

supply the demands of vegetative and reproductive growth (Klein et al., 1989, Maathuis, 2009). 

However, N fertilizer can be oversupplied in production systems due to the perceived cost 

effectiveness of achieving increased yield per unit area (Drake et al., 2002, Neilsen et al., 2009). 

In apple orcharding, this can cause reductions in fruit quality (Carew, 2000) and low use 

efficiency of N resources (Neilsen et al., 2001a), contributing to the pollution of underground 

water supplies (Neilsen and Neilsen, 2002), and emissions of the potent greenhouse gas nitrous 

oxide (Freney, 1997, Swarts et al., 2016). Nitrogen is also commonly applied post-harvest either 

via fertigation or the application of foliar-applied urea, with the aim of increasing N reserves in 

storage organs (i.e., buds, spurs, and roots) and for faster decomposition of the leaf residue 

material (Han et al., 2011). However, there is currently limited knowledge of how postharvest N 

application contributes to the current season N storage and N sink for subsequent spring 

remobilization in mature apple trees (Millard and Grelet, 2010) and its effectiveness in 

improving fruit productivity and quality. In contrast, matching N supply with tree uptake 
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requirements optimizes marketable yield and minimizes environmental impact (Gebbers and 

Adamchuk, 2010), a primary objective of precision agriculture.  

Nitrogen uptake efficiency (NUpE), defined here as “the proportion of fertilizer N 

recovered in tree organs when applied in a growing season” (Neilsen et al., 2001b), has also 

been referred to as apparent fertilizer N recovery (Benincasa et al., 2011). Cassman et al. (2002) 

defined a similar term, fertilizer N recovery efficiency (NRec) for annual crops, which is 

modified for this study as the proportion of fertilizer N recovered in tree organs either in the 

year of application or any single subsequent year. Hill-Cottingham and Lloyd-Jones (1975) 

showed that NUpE for young apple trees was either about 40 or 16% when N fertilizer was 

applied in the early spring or soon after the fruit harvest, respectively. Low NUpE in perennial 

tree crops has been attributed to the sparse distribution of root systems (Neilsen and Neilsen, 

2002) and/or mismatched rate and timing of applied N to tree demand (Hill-Cottingham and 

Lloyd-Jones, 1975, Aguirre et al., 2001, Neilsen et al., 2001a, Drake et al., 2002).  

The allocation of fertilizer N throughout a fruit tree is strongly influenced by the timing 

of its application. Toselli et al. (2000) showed that the majority of spring applied N in apple 

trees was allocated into fruit and leaves (10.2 and 12.3% of total N, respectively), and a 

relatively small amount was stored in roots (1.6% of total N), whereas most of the summer 

applied N was allocated into the perennial structures such as roots and 2- to 4-year-old wood 

(18.0 and 12.9% of total N, respectively). Furthermore, an increase in stored N in the roots and 

wood of newly planted apple trees can influence the manner of N remobilization in the 

subsequent season. Neilsen et al. (2001a) showed that trees supplied with N in spring, 2–8 

weeks after planting in the following season remobilized from storage 7% more N into fruitlets 

(18% of total remobilized N) and 6% less N into leaves (77% of total remobilized N) than those 

with N applied in summer, 8–14 weeks after planting. Although N storage and uptake in young 

trees have been investigated (Dong et al., 2001, Neilsen et al., 2001a), a key knowledge gap 

exists in the uptake, allocation, and internal cycling of N in commercially managed mature 

apple trees. The fruit yield and quality associated with different N uptake and allocation from 

different N application timings are especially important to the sustainability and profitability of 

fruit production. This knowledge is key to establishing an accurate N budget and 

recommendations for precise N management in orchards.  

In earlier research, Scandellari et al. (2008) conducted a comprehensive 6-year study of 

the macronutrient (N, P, K, Ca, Mg, and S) and micronutrient (B, Fe, Mn, Zn, and Cu) budget in 

apple production through the destructive harvest of whole trees, followed by a mass balance of 

macronutrient content, to determine the nutrient supply, storage, and allocation, with the use of 
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conventional mineral (N, P, K, and Mg) fertilizer. However, the study neither differentiated 

between nitrogen derived from fertilizer (NDF) and pre-existing N in the soil nor investigated 

internal tree N remobilization. Applied N can be traced throughout the tree through the use of an 

N source enriched with the stable isotope 15N (Hauck and Bremner, 1976, Dong et al., 2002). 

This approach has been used to quantify fertilizer N uptake in deciduous fruit tree crops, 

including apples (Neilsen et al., 1997, Guak et al., 2003, Zhang et al., 2012), pears (Quartieri et 

al., 2002), cherries (San-Martino et al., 2010, Rivera et al., 2016), and evergreen fruit tree crops, 

such as citrus (Martínez-Alcántara et al., 2011). For example, when 10-year-old field-grown 

apple trees were supplied with 15N-labeled fertilizer at bud burst and destructively sampled 

periodically, the NUpE of 9.9 to 12.2% was quantified over two seasons and the majority of 

NDF was allocated to perennial organs (Zhang et al., 2012). A similar approach, with the 

inclusion of successive xylem sap sampling, was deployed on 2-year-old apple trees (Guak et 

al., 2003) demonstrating that leaf growth was mostly supported by remobilized N, and root 

uptake did not commence until 14 days after remobilization had begun.  

The majority of horticultural studies using the 15N isotope tracing method have been 

conducted in pot trials using young or newly planted trees, whereas the requirement for N varies 

with tree age and phenological stages (Schenk, 1996) and more significantly, in commercial 

settings with higher crop loads. A challenge to the success of this technique in situ has been the 

recovery of 15N in plant material from a large tree structure for complete mass balancing. 

However, the utilization of dwarfing rootstocks in modern apple orchards and the use of netting 

to capture all shed materials has made recovery of the whole tree structure a more practical 

procedure.  

This study aimed to address the knowledge gaps identified above in a high-density 

commercial orchard through the destructive sampling of whole trees at two different timings. 

Specifically, we aimed to (1) quantify apple tree N uptake and NUpE under early (pre-harvest), 

late (post-harvest), and split (50:50 split) N application, (2) determine the impact of N 

application timing on N allocation and storage, (3) quantify the remobilization of tree-stored N 

in the season following that of the applied-N treatments, and (4) assess the impact of N 

application timing on attributes of fruit quality. 
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2.3 Materials and Methods 

2.3.1 Experiment Site and Trees 

The experiment was conducted from August 2017 to June 2019 over two growing seasons in a 

commercial orchard located at Plenty in the Derwent Valley, southern Tasmania (42˚44′31′′S, 

146˚58′22′′E), Australia. Mean maximum and minimum temperatures are 11.5 and 1.5˚C in the 

winter months and 24 and 10˚C in the summer months, respectively. The mean annual rainfall is 

572.2 mm, with summer being the driest of a fairly even seasonal distribution. The orchard 

block was planted on a Dermosol with a sandy loam A horizon ∼40 cm deep. The apple trees 

were 14-year-old “Gala” cultivar grown on M26 rootstock planted in 2005 at a density of 1,667 

tree ha−1, trained to a central leader system supported by a trellis. A 1.0 m wide weed-free strip 

along the tree line was maintained with the applications of glufosinate-ammonium herbicide. 

The trees were subjected to commercial management practices prior to the experiment. Trees 

were irrigated throughout the growing season using microjet sprinklers (50 L h−1) for 2–3 h 

when low soil moisture levels were detected by soil moisture probes. 

2.3.2 Experimental Treatments and Design  

The experiment was established over three sampling rows, each containing a total of 33, 36, and 

15 trees, respectively, with two buffering rows of trees between each. The first, second, and 

third sampling rows contained 11, 12, and 5 sampling trees, respectively. Each sampling tree 

was buffered by one non-trial tree on each side. A set of 16 sampling trees from the first and 

third sampling rows, deployed in a complete randomized design, received all of four fertigation 

treatments replicated four times. The 12 trees from the second sampling row deployed a 

randomized complete block design with the 50:50 split treatment excluded, and the remaining 

treatments replicated four times. Different experimental designs were used for each set of tree 

plots as there were a limited number of trees per row that had soils of a similar type and profile.  

The experimental N treatments consisted of the application of 5.5 atom% 15N-labeled 

calcium nitrate (Nf) by fertigation at the rate of 30 g N tree−1 at different timings. The timings 

were pre-harvest (spring—commencing on November 7, 2017, 4 WAFB), post-harvest 

(autumn—commencing on March 21, 2018, 1-week post-harvest), 50:50 split (fertigation was 

equally divided to pre- and post-harvest), or control where N fertigation was excluded (Table 2–
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1). The pre- and post-harvest treatments were divided equally over four successive weekly 

applications. The 50:50 split treatment was divided equally over two pairs of fortnightly 

applications, each commencing at the same time as the pre- and post-harvest treatments. All 

treatments were also applied to one buffer tree on either side of a sampling tree. Treatments 

were delivered via a fertigation system with electric pumps (Shurflo 4009-101-A87, Pentair, 

Costa Mesa, CA, United States) at a flow rate of 11.3 L min−1, and four pressure compensated 

drippers (2 L h−1) placed 20 cm away from the tree trunk at the corners of a square grid 

formation. For each fertigation event, water was pumped through the fertigation line for 10min, 

followed by 30 min of Nf solution at 1.875 g N L−1, and finished by 10 min of flushing with 

water. No further N was applied for the duration of the trial, to allow an examination of the fate, 

in the 2018–2019 season, of Nf applied in the 2017–2018 season. All non-N nutrient 

application, pest, and weed control were carried out in line with a standard orchard practice. A 

timeline of key experimental events represented in weeks after full bloom relative to the tree 

phenological growth stage is presented in Table 2–1. 

2.3.3 Leaf, Fruit, Soil Sampling, and Whole Tree Excavation 

Ten randomly selected fully grown bourse leaves were sampled weekly from the middle section 

of each tree, from 3 WAFB until leaf fall throughout the 2017–2018 growing season. Leaf 

samplings at 4 and 23 WAFB were completed 1 day after the application of treatments. Orchard 

netting was installed below each tree early in the season and lifted after fruit harvest (22 

WAFB) to cover the whole tree canopy to ensure the capture of all leaves during autumn. All 

fruits were harvested at commercial maturity in both growing seasons on March 13, 2018 and 

February 28, 2019, respectively, to calculate total biomass and recovery of applied Nf. A 

subsample of 50 fruits was used for fruit quality assessment, 25 at harvest, and the remainder at 

8 weeks post-harvest, having been stored at ∼2 ˚C at normal atmosphere throughout that period. 

Soil samples of 0–10 cm depth were taken at about the middle of dormancy on July 11, 2018, 

14 weeks before bud break of the 2018–2019 season, using a step probe (2.2 × 10.0 cm cores). 

For each tree, two samples were taken from the soil within a 10 cm radius of two of the four 

fertigation drippers, another from midway between one of those drippers, and the remaining two 

from midway between those remaining two drippers. All four samples were homogenously 

mixed into one, air-dried until a constant weight, and then passed through a 2 mm sieve. The set 

of 16 trees were destructively harvested at dormancy of the 2017–2018 season (June 2018) to 

examine the uptake, allocation, and storage of NDF in the 2017–2018 season. The set of 12 

trees were destructively harvested 1 week after commercial fruit harvest of the 2018–2019 
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season (March 2019) to measure the contribution of stored and remobilized NDF to tree growth 

the subsequent season. First, the above-ground portions of the trees were removed to just above 

the graft union. The remaining tree structure including roots was then harvested by carefully 

digging the soil to 0.6 m depth and 1m radius around the tree trunk. The remaining soil was 

thoroughly examined for any broken root material by two independent groups of people to 

ensure recovery of as much of the root systems as possible. Trees were separated into different 

organs of leaf, bud, spur, 1st-year wood, branch (≥2 years), trunk, coarse root (>1 cm), medium 

root (<1 cm and >2 mm), and fine root (<2 mm) before fresh weight and a representative 

subsample were taken for each organ. Subsampled organs and collected leaf samples were dried 

at 60˚C until a constant weight was obtained, the ratio of dried to fresh weights for each 

subsample being applied to calculate the total dried weight of each harvested organ. Prior to the 

analysis, homogenized subsamples of plant material and sieved soil samples were ground into a 

fine powder using a MM400 Ball Mill (Retsch, Haan, Germany). 
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Table 2–1 Key management events and the respective growth stages over the 2017-18 and 

2018-19 growing seasons, related to weeks after full bloom (WAFB). 

Experiment timeline and management schedule 

Growth stage Time (WAFB) Key management event 

Season 1 (2017-18) 

Full bloom  
(10th October 2017) 0   

Petal fall 4 Pre-harvest N application start 

Early fruit set 7 Pre-harvest N application end 

Fruit ripening 22 Fruit harvest and quality assessment 

Leaf yellowing 23 Post-harvest N application start 

Leaf fall 26 Post-harvest N application end 

 30 Post-storage fruit quality assessment 

Winter dormancy 36-37 Whole tree excavation 

Winter dormancy 41 Soil sampling 

Season 2 (2018-19) 

Full bloom  
(8th October 2018) 0   

Fruit ripening 20 Fruit harvest and quality assessment 

Post-harvest 21 Whole tree excavation 

 28 Post-storage fruit quality assessment 

  

2.3.4 Total N and 15N Analysis 

Samples were analysed for N percentage and 15N atom percentage (15Napc) at the Central 

Science Laboratory, University of Tasmania. Stable N isotopes were analysed using the flash 

combustion isotope ratio mass spectrometry (varioPYRO cube was manufactured by Elementar, 

in Sydney, Australia. IsoPrime100 was manufactured by IsoPrime, in Cheadle, United 

Kingdom). Stable isotope abundances were reported in delta (δ) values as the deviations from 

conventional standards in parts per mil (‰) from the following equation: 
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δ 15N(‰) = [(15N/14Nsample)/(15N/14Nstandard) − 1] × 1000 

δ 15N values were reported relative to atmospheric air. Certified Reference Materials 

(USGS40, USGS41, IAEA-N1, and IAEAN2) were used to correct for instrumental drift and 

quality assurance purposes. As recommended by IUPAC (Coplen et al., 1992), the value of 272 

was employed for 14N/15N of N2 in the air for the calculation of atom fraction 15N from 

measured δ 15N values; the applied formula (Hauck, 1982) is valid for low enrichments (<5 

atom %). Enriched laboratory standards were prepared from mixtures of enriched and natural 

abundance fertilizer and calibrated against international reference standard IAEA311. The 

analytical performance of the instrumentation, drift correction, and linearity performance was 

calculated from the repetitive analysis of these standards. The precision of the elemental data 

was 0.2%. For isotopic measurements, the precision was <0.06‰ up to the highest enrichment 

level. The 15N atom percentage was calculated from the measured δ 15N values and the 

calibration curve produced from the enriched laboratory standards. Natural abundance (NA) of 
15N used in the calculation was the 15Napc measured from the leaf sample prior to the 

application of enriched calcium nitrate, which was 0.3689 ± 6.67 × 10−5 at 3 WAFB (Table B-

1). The proportion of N within a plant organ that was derived from Nf is represented by NDForgan 

and is given as: 

NDForgan = (15Napcorgan−NA) / (Nf−NA); 

NDFtree represents the sum of NDF of all organs, thus: 

NDFtree = ∑(NDForgan × dry weight of organ); 

NUpE represents NDFtree at 2018 dormancy as a percentage of Nf applied, and NRec 

represents NDFtree in the second season as a percentage of Nf applied (in the previous season). 

These were calculated with the formulae: 

NUpE = 
NDFtree at 2018 dormancy 

Nf applied 
 × 100 

NRec = 
NDFtree at 2019 harvest 

Nf applied 
 × 100 
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The N status of the tree represents the total N component of the whole tree structure at 

the time of measurement, comprised of native N (non-fertilizer-derived N) and NDF. Native N 

and NDF, of both leaf foliage and fruit organs for the first season, and of fruit at harvest for the 

second season, were excluded from N status calculation—so that the overall N remaining within 

the tree system at the time of storage and after remobilization could be compared on a 

standardized basis. 

2.3.5 Fruit Quality Analysis 

At fruit harvest, a subsample of 25 fruits from each treatment was taken for the assessment of 

fruit quality. The fruit was weighed on a GX-4000 laboratory balance (A&D, Tokyo, Japan) and 

its size was measured using Vernier callipers. Peel red colour coverage was visually rated using 

a colour chart ranging from 1 to 5, where 1 represented 0–20% red coverage over the fruit and 

successive ranks increased in 20% steps. Red colour intensity was measured visually with a 

“Royal Gala” colour chart (Enza, New Zealand) ranging from 1 to 11, where 1 represents light 

red and 11 represents a dark red colour. Background colour of peel where red pigmentation was 

not developed was visually assessed with a colour chart ranging from 1 to 10, with the colour 

graded from green (1), to light green (5), to yellow (10). A delta absorbance meter was used to 

assess the maturity of the fruit by measuring the chlorophyll-a in the fruit mesocarp (Costa et 

al., 2009). Peel blush colour was assessed using a CR-400 Chroma Meter (Konica Minolta, 

Ramsey, NJ, United States) and reported in the CIE L*a*b* colour space (CIE, 2019), with an 

average of three random measurements from that area of each fruit. A thin slice of peel was 

removed on the blush side of each apple to measure flesh firmness using a GUSS Fruit Texture 

Analyzer (GUSS, Cape Town, South Africa). Juice was collected to measure total soluble solids 

(TSS) by using a Digital Refractometer (Atago Co., Tokyo, Japan). The fruit was then cut 

horizontally in half, and the cut surface of the bottom half was sprayed with iodine solution and 

left to dry for 5 min before the starch index was visually assessed against the Cornell starch–

iodine index (1, full starch; 8, no starch) (Blanpied and Silsby, 1992). 

2.3.6 Statistical Analysis 

Statistical analysis was completed using the R statistic package (Team, 2019). Data were 

subjected to either one-way or two-way ANOVA test or t-test assumption tests prior to the 

analysis. The one-way or two-way ANOVA and Tukey’s HSD tests were used to compare the 

means of N application treatments at a 95% confidence level. An unpaired two-sample t-test 
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was used to compare means of NDF allocation and N status of organs after remobilization 

between pre- and post-harvest N application treatments, and means of organ N status were 

pooled from pre- and post-harvest N treatment between season 1 and season 2. 

2.4 Results 

2.4.1 Nitrogen Uptake Efficiency and Tree N Status 

At winter dormancy following treatment applications in the first season, NUpE of 32.0% in the 

pre-harvest treated trees was significantly higher (p < 0.05) than for the post-harvest and 50:50 

split treated trees, which had very similar NUpE of close to 17.2% (Figure 2–1). For the pre-

harvest treated trees, the NDF taken up in the first season was significantly greater (p < 0.05) 

than NDF recovered (11.6% NRec) in the second season (Figure 2–1). The NRec of trees 

receiving post-harvest N treatment (15.1%) was not significantly different from either the NDF 

taken up in the previous season (NUpE 17.2%) or the NRec of pre-harvest treated trees (Figure 

2–1). 

 
Figure 2-1 NUpE in the 2017-18 season and NRec in the 2018-19 season following different N 

application treatments. Different uppercase letters denote significant interaction (p < 0.05) 

between treatments and seasons and different lowercase letters indicate significant differences 

(p < 0.05) between treatments within a season (error bars represent ± standard error of the mean, 

n = 4). 



18 

 

At 2018 dormancy following treatment applications, trees that received pre-harvest and 

post-harvest treatments had an overall N status (Figure 2–2) of 33.8 and 35.0 g tree−1, 

respectively, not significantly different from each other, or the 23.8 g tree−1 for those of the 

50:50 split treatment. At the same time, post-harvest treated trees showed a non-significant 

trend toward higher NDF (5.2 g tree−1) than pre-harvest or 50:50 split treated trees (3.7 and 2.7 

g tree−1, respectively) (excluding fruit and leaf, Figure 2–2), yet their proportions of NDF to 

native N were not significantly different. At the 2019 harvest, the overall N status of trees that 

received the pre-harvest and post-harvest treatments, at 40.2 and 45.7 g tree−1, respectively 

(Figure 2–2), were neither significantly different and nor was their NDF status (3.5 and 4.5 g 

tree−1, respectively, Figure 2–2). Neither the native N nor NDF status of trees at 2018 dormancy 

significantly differed from those at the 2019 harvest, despite an apparent increase in native N 

status at the 2019 harvest. The exclusion of native N and NDF content of fruit and leaf organs 

represented the tree N storage status (Figure 2–3) at the 2019 harvest. Both tree native N and 

NDF storage status of any of the N-treated trees (Figure 2–3) did not significantly differ 

between 2018 dormancy and 2019 harvest.  

 
Figure 2-2 Amount of NDF and unlabelled N (Native N) for N-treated trees destructively 

harvested at 2018 dormancy (excluding fruit and leaf foliage) and 2019 harvest (including fruit 

and leaf) under different N fertigation treatments. Error bars represent ± standard error of the 

mean, n = 4. 
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Figure 2-3 Amount of NDF and unlabelled N (Native N) of perennial storage organs excluding 

fruit and leaf for N-treated trees destructively harvested at 2018 dormancy and 2019 harvest 

under different N fertigation treatments. Error bars represent ± standard error of the mean, n = 4. 

From soil sampled at 0–10 cm depth at 2018 dormancy (July 11), the [N] was not 

significantly different between any treatments. In the same samples, [15N] of post-harvest and 

50:50 split treatments were both significantly higher than that of the control treatment, whereas 

those from the pre-harvest treatment were not significant (Table 2–2).  

 

Table 2–2 The [N] and [15N] of soil samples taken from 0-10 cm depth on 11th July 2018, 

during winter dormancy. Mean values ± standard error, n = 4. 

Treatment [N] (% dry weight) [15N] (atom %) 

   Control 0.143 ± 0.013 0.3696 ± 2.2 × 10-4  

    Pre-harvest 0.146 ± 0.008 0.3773 ± 2.0 × 10-3 ns 

    Post-harvest 0.139 ± 0.005 0.3811 ± 3.0 × 10-3 ** 

   50:50 split 0.152 ± 0.005 0.3873 ± 2.5 × 10-3 *** 

[15N] values accompanied by a notation indicating the extent of difference from the Control for Dunnett’s test: ns p > 
0.05; ** p < 0.01; *** p < 0.001. 
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2.4.2 Leaf N dynamics 

Following the commencement of N application to pre-harvest and 50:50 split treatments at 4 

WAFB, leaf N concentration ([N], as % of leaf dry weight) of pre-harvest treated trees (Figure 

2–4a) was significantly higher (p < 0.05) than that of post-harvest and control trees for most of 

the period 7–20 WAFB, after which differences between all treatments were not significant 

(Table B-1). With a significant increase (p < 0.05) in leaf [N] of the pre-harvest trees (only) 

during their period of N application, all treatments were at maximum leaf [N] at or close to 5 

WAFB, of 2.0 to 2.4%, followed by a generally slow decline throughout the remainder of the 

season to values of 1.4 to 1.6% at 26 WAFB (Figure 2–4a; Table B-1). There was one marked 

increase in leaf [N] of all treatments from 22 to 23 WAFB, following fruit harvest, but 

thereafter the decline in values resumed (Figure 2–4a; Table B-1). 

Sharp increases in concentrations of leaf NDF ([NDF], as mg NDF (g dry leaf)-1) of pre-

harvest and 50:50 split treated trees (Figure 2–4b) closely followed their first applications of N 

at 4 WAFB. From then, leaf [NDF] for pre-harvest and 50:50 treatments increased steadily to 

respective maxima of 2.8 and 1.7 mg N (g leaf)-1 at 9 WAFB, before a gradual decrease to a 

respective 1.5 and 0.9 mg N (g leaf)-1 at 26 WAFB (Figure 2–4b). Leaf [NDF], for the whole of 

the period 4–26 WAFB for trees treated pre-harvest and for 7–26 WAFB for the 50:50 split 

treatment (Figure 2–4b), was significantly higher (p < 0.05) than that of those treated post-

harvest (commencing 23 WAFB). Also, for much of this latter period leaf [NDF] for the pre-

harvest treatment was significantly higher (p < 0.05) than that of the 50:50 split treatment 

(Table B-1). The only reflection in leaf [NDF] of post-harvest N application was a slight, but 

insignificant, increase to a maximum of 0.07 mg N (g leaf)-1 at 25 WAFB (Figure 2–4b; Table 

B-1). 
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Figure 2-4 Dynamics of leaf N concentration [N] (A) and concentration of NDF [NDF] (B) for 

N-treated trees during the 2017-18 season following different N application timings. Error bars 

represent ± standard error of the mean, n = 4. Fruit was harvested at 22 WAFB. 

2.4.3 N allocation and remobilization 

The NDFtree (including fruit) of pre-harvest treated trees was significantly higher (p < 0.05) and 

nearly double that of post-harvest and 50:50 split treated trees, at 9.6, 5.2 and 5.2 g N tree-1 

respectively (Table B-2) at dormancy in 2018. Pre-harvest treated trees allocated significantly 

higher (p < 0.05) percentages of NDF into fruit, leaves and other first-year growth organs (that 

included buds, spur growth and first-year wood) of 53.0, 7.6 and 4.6% respectively, than post-

harvest treated trees of 0.0, 0.1 and 2.8% respectively (Figure 2–5a). The amounts of NDF 

allocated to fruit, leaves and first-year growth organs (Figure 2–5b) were also significantly 

higher (p < 0.05) for pre-harvest treated trees than to those of post-harvest (Table B-2). In 
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contrast, the percentages of NDF allocated to perennial organs (Figure 2–5a; branches, trunk, 

and roots) by post-harvest treated trees (13.6, 36.1 and 47.3% respectively) were significantly 

higher (p < 0.05) than by pre-harvest treated trees (5.4, 12.5 and 26% respectively). However, 

despite the differences in percentages of allocation, the amounts of NDF allocated to branches, 

trunk or roots (Figure 2–5b) were not significantly different between pre- and post-harvest 

treatments. 

The N status of each tree organ when the trees were destructively harvested in March 

2019, one week after fruit harvest, is shown in Figure 2–6. The N status consisted of that 

remobilized in spring (native N and NDF stored from the previous season) and any native N and 

remaining Nf taken up in the current season. For specific organs of these trees, no significant 

differences were found between pre- and post-harvest treatments, in their NDF or native N 

(Table B-3 & B-5). For these pre- and post-harvest treatments, higher total N was observed in 

leaf (8.4 and 11.0 g tree-1 respectively) than in fruit (3.0 and 3.9 g tree-1).  

For either of the two seasons, fertigation timing of pre- and post-harvest treatments did 

not result in significant differences in native N or NDF content within the tree organ groups of 

root, trunk, branch and first-year wood, or in N content of bud and spur. While there were 

significant differences in NDF content of both bud and spur between the pre- and post-harvest 

treatments at 2018 dormancy (only), the combined NDF totals for these organs only constituted 

6.7 and 1.0% respectively of their total tree NDF contents at that time. Hence, it was considered 

reasonable for the purpose of comparison of organ N and NDF contents between seasons, to 

pool the two treatments (by taking the mean) to give season values for these two parameters for 

each organ group (Figure 2–7). The changes in N status of perennial organs from 2018 

dormancy to 2019 harvest represent both the net native N and NDF remobilization and 

translocation, and any further N uptake from any source during that period. The total N status of 

root organs declined significantly (p < 0.05) between 2018 dormancy (15.2 g tree-1) and 2019 

harvest (10.7 g tree-1) (Table B-4 & B-5). Similarly, NDF in the roots and trunk declined 

significantly (p < 0.05) over the same period. However, the total N of the trunk (Figure 2–7) did 

not significantly change over that period. A comparison was made between the N and NDF 

content of branches, including first-year wood, at 2018 dormancy, with that of the same wood 

tissue following 2019 harvest, i.e., branches, not including new first-year growth. This 

comparison revealed that the total N (Table B-4 & B-5) of branches increased significantly (p < 

0.05) from 2018 dormancy (4.5 g tree-1) to 2019 harvest (7.9 g tree-1), while NDF (Table B-2 & 

B-3), at 0.7 g N tree-1, was not significantly altered. Overall, a comparison of the (pooled) tree 
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total N contents at 2018 dormancy with those following 2019 harvest found no significant 

changes in total N (34.41 and 42.99 g tree-1 respectively) or NDF (4.45 and 4.01 g tree-1 

respectively), however, the tree total native N over the same period increased significantly (p < 

0.05) from 30.65 to 38.97 g tree-1.  

From the proportion perspective, NDF and native N stored in roots were 43.2 and 

49.7% respectively of their total tree contents at 2018 dormancy. The corresponding values for 

trunk and branch (including first-year wood) were 35.7 and 31.9%, and 17.7 and 14.7% 

respectively – in total, the NDF and native N in the three organs constituted > 96% of their total 

tree content at 2018 dormancy. In each case of roots, trunk and branch, the proportions of NDF 

and native N stored were not significantly different. At 2019 harvest, the proportions of NDF 

and native N stored in the branch (excluding first-year wood) were both 18.6 % and were not 

significantly different. However, the corresponding values for trunk and root were 15.7 and 

24.5%, and 17.2 and 24.7% respectively and for each the proportions of NDF and native N were 

significantly different (p < 0.05). In total, the three organs constituted 51.5 and 67.8% of the tree 

total NDF and native N contents at 2019 harvest. The remaining 48.5 and 32.2% of tree total 

NDF and native N contributed to the new growth of fruit and vegetative organs.  
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Figure 2-5 Proportion (a) and total amount (b) of NDF allocated into different organs for N-

treated trees destructively harvested at dormancy of the 2017-18 season under different N 

application treatments. Error bars represent ± standard error of the mean, n = 4. For each organ, 

notation indicating the extent of difference between treatments from unpaired two-sample t-test: 

ns p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 2-6 Total N in each organ showing composition of native N and NDF at one week after 

fruit harvest of the 2018-19 season under different N application treatments. Error bars 

represent ± standard error of the mean, n = 4. 

 

 
Figure 2-7 Total N contained in the roots, trunk, branches, and seasonal canopy showing the 

composition of N derived from native N and NDF at winter dormancy of 2017-18 season and at 

one week after fruit harvest timing of the 2018-19 season (March 2019).  Error bars represent ± 

standard error of the mean, n = 12. For each organ, notation indicating the extent of difference 

related to the time of sampling from unpaired two-sample t-test: ns p > 0.05; * p < 0.05; ** p < 

0.01; *** p < 0.001. 



26 

 

2.4.4 Fruit quality 

Fruit yield and quality attributes (Table 2–3a and 2–3b), except for dry matter content and skin 

colour, were not significantly different between treatments within each season of assessment. In 

the first season, post-harvest treated trees had fruit of significantly higher (p < 0.05) dry matter 

content than that of 50:50 split treated trees. Fruit of the post-harvest treatment also had 

significantly higher (p < 0.05) a* index (higher a* indicates more redness), higher peel redness 

and red colour coverage than that of the 50:50 split treatment in the first season. Also in the first 

season, the fruit of the post-harvest trees had a significantly yellower (p < 0.05) peel 

background colour than that of the 50:50 split treatment.  

 

Table 2–3a Fruit yield and quality parameters at fruit harvest and post-harvest in 2017-18 

season under the impact of different N fertigation timings.  Within each parameter, different 

letters indicate significant differences (p < 0.05) between treatment means (n = 4). 

Treatment 
Yield (kg 

tree-1) 
Weight 

(g) 
Dry matter 
content (%) 

L index a index 
Delta 

absorbance 
Control 16.98 166.22 13.45 ab 44.11 ab 32.07 a 0.33 

Pre-harvest 18.42 155.95 13.31 ab 43.71 ab 31.91 ab 0.40 
Post-

harvest 
14.57 172.59 14.19 a 42.16 b 32.78 a 0.33 

50:50 split 14.63 138.12 12.43 b 47.65 a 27.71 b 0.47 

 
Red 

intensity 
Red 

coverage 
Background 

colour 
Length 
(mm) 

Diameter 
(mm) 

Firmness 
(kg) 

Control 5.50 ab 4.03 a 7.73 ab 69.71 70.65 7.61 
Pre-harvest 5.69 ab 3.99 ab 7.62 ab 68.07 69.67 8.11 

Post-
harvest 

6.43 a 4.38 a 8.09 a 70.64 71.68 7.56 

50:50 split 4.30 b 3.28 b 6.64 b 64.99 66.52 7.89 

 
Starch 
index 

TSS 
(Brix˚) 

 

Post-
harvest 
firmness 

(kg) 

Post-
harvest 

TSS 
(Brix˚) 

 

Control 5.46 11.80  5.69 11.70  
Pre-harvest 5.68 11.45  5.38 11.55  

Post-
harvest 

5.15 12.21  5.81 12.16  

50:50 split 5.52 10.78  5.59 11.02  
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Table 2–3b Fruit yield and quality parameters at fruit harvest and post-harvest in 2018-19 

season under the impact of different N fertigation timings. Within each parameter, different 

letters indicate significant differences (p < 0.05) between treatment means (n = 4). 

Treatment 
Yield 
(kg  

tree-1) 

Weight 
(g) 

Dry matter 
content (%) 

L index a index 
Delta 

absorbance 

Control 6.84 156.71 15.18 45.74 33.06 0.45 
Pre-harvest 8.1 176.48 14.64 43.32 35.89 0.45 

Post-
harvest 

9.56 173.79 14.94 44.98 34.43 0.45 

 
Red 

intensity 
Red 

coverage 
Background 

colour 
Length 
(mm) 

Diameter 
(mm) 

Firmness 
(kg) 

Control 5.50 3.83 6.67 71.69 66.55 9.14 
Pre-harvest 5.96 4.31 6.74 75.17 68.98 8.82 

Post-
harvest 

5.32 3.79 6.95 73.54 69.06 8.91 

 
Starch 
index 

TSS 
(Brix˚) 

 

Post-
harvest 

firmness 
(kg) 

Post-
harvest 

TSS 
(Brix˚) 

 

Control 4.87 14.17  6.45 14.05  
Pre-harvest 4.68 13.58  6.49 14.33  

Post-
harvest 

4.98 14.08  6.64 14.20  

2.5 Discussion 

In an intensive apple orchard, this study found that the uptake of fertilizer N was most efficient 

when sink organs were actively growing in spring and that mature trees relied on the 

remobilization of stored N for new growth that can buffer single-season variation in N supply. 

When N was applied post-harvest, the allocation of NDF to tree organs was predominantly to 

storage organs with little allocation to leaves (Figure 2–4). In contrast, leaf [NDF] was found to 

be a good indicator for the timing of uptake of N applied pre-harvest (Figure 2–4b, pre-harvest 

and 50:50 split treatments) and greater NDF was allocated to spurs and buds in the pre-harvest 

applied N treatment. These differences and their importance in the timing and uptake of applied 

N, its allocation to tree organs and its remobilization for the following season, are examined in 

detail in the discussion that follows. 
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2.5.1 N uptake and allocation 

Pre-harvest N application had NUpE of 32.0% in the 2017-18 season, nearly double that of the 

other treatments (Figure 2–1; ~17.2%). Although the 50:50 split treatment received, up to 

harvest, only half the rate of N of the pre-harvest treatment, its NUpE was not significantly 

different from that of the post-harvest treatment. This suggests that NUpE was dependent on the 

availability of Nf in the soil at the time of highest demand and thus, a crucial factor in 

optimizing NUpE. Comparable NUpE was found for 3-year-old apple trees (22.3%, Neilsen et 

al. (2001b) and apple trees in newly planted orchards (16-19%, Neilsen et al. (2001a) with pre-

harvest N applied via dripper fertigation. San-Martino et al. (2010) also found that NUpE was 

higher with spring N fertilizer application (65.7%), compared to summer application (37.4%), in 

7-year-old sweet cherry trees. The much higher NUpE of that study relative to the current study 

might be due to a combination of: hand application of fertilizer below the soil surface; 

installation of plastic barriers 2 m from the trunk and 1 m deep around each tree, and the 

application of ammonium nitrate, with ammonium being much less prone to leaching than 

nitrate – these factors all potentially reducing N loss (San-Martino et al., 2010). In addition, the 

extended post-harvest transpiration of cherry as a summer crop, relative to that of apple with a 

later harvest, could account for greater N uptake in the intervening period. The latter factor is 

also consistent with the much-reduced NUpE of post-harvest fertilizer application observed in 

our study, where the amount of N taken up is likely to be limited by the lessened transpirational 

pull associated with reduced sap flow activity (Fujii and Kennedy, 1985) later in the season. 

While there were indications of some fertilizer N remaining in the soil at 2018 dormancy (Table 

2– 2), it is very likely that some of that not utilized by the trees may have been lost to the 

immediate environment either via leaching (Hardie et al., 2018), taken up by roots of 

neighbouring trees or undergone a transformation to other N forms, e.g. by denitrification to 

nitrous oxide (Swarts et al., 2016), dinitrogen gases, or by dissimilatory nitrate reduction to 

ammonium (Giblin et al., 2013). 

A significantly higher (p < 0.05) proportion of NDF was allocated to perennial organs 

from post-harvest applied N than from the pre-harvest or 50:50 split treatments (Table B-2). 

However, given the reduced NUpE of post-harvest applied N, the absolute amount (as opposed 

to %) of NDF allocated into perennial organs was not significantly different between treatments 

(Figure 2–5b, Table B-2). This indicates that the allocation of NDF was dependent on the timing 

of N application, as has been reported in sweet cherry (San-Martino et al., 2010) and nectarine 

(Tagliavini et al., 1999). A large difference in the amount of NDF allocated to leaves, buds and 
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spurs was observed between treatments. Post-harvest treated trees allocated 0.01 and 0.04 g 

NDF tree-1 into buds and spurs respectively, each significantly less (p < 0.05) than the 

respective 0.04 and 0.21 g NDF tree-1 for pre-harvest treated trees (Table B-2). This suggests 

that the allocation of N into the buds and spurs occurred earlier in the season, rather than post-

harvest and so can depend on early season soil N availability. Strong additional support for this 

proposal is found in the % of N in the buds and spurs that was derived from fertilizer (Table B-

2), in each case there being significant declines (p < 0.05) from pre-harvest > 50:50 split > post-

harvest. Furthermore, it has been shown that for apple trees, subsequent season buds develop in 

early summer (Landsberg, 1974) and this is likely to be improved by non-limiting N supply 

during that period. These results contradict the general grower practice of applying N post-

harvest with the intent to improve N nutrition of buds and spurs, and subsequently improving 

fruit quality in the following season (Rainham, 2016). 

2.5.2 Influence of N application timing on leaf N dynamics 

The rapid uptake of applied N by the pre-harvest treated trees (Figure 2–4a) was reflected in 

their leaf [N] becoming significantly higher (p < 0.05) than for the post-harvest and control 

treatments from three weeks after the commencement of pre-harvest N application. This 

remained so, with little exception, until fruit harvest at 22 WAFB (Table B-1). The leaf [N] for 

the 50:50 split treatment did not differ significantly from any other treatment throughout the 

monitored period (except at 20 WAFB, this being of seemingly little consequence). The rapid 

uptake of applied N by pre-harvest and 50:50 split treated trees was also clear from their marked 

increase in leaf [NDF] following the commencement of N application (Figure 2–4b). Leaf [N] 

of all treatments peaked at around 4–5 WAFB (one week after pre-harvest N application 

commenced), which coincided with the commencement of fruit cell expansion.  From that time 

leaf [N] decreased gradually over the season in all treatments until fruit harvest, as has been 

reported elsewhere (Aguirre et al., 2001, Grassi et al., 2002). The gradual seasonal decrease is 

likely due to the fruit becoming a stronger sink for N than leaves as the season progresses 

(Neilsen et al., 2005), with the result of a decline in the ratio of N content to leaf biomass. 

Leaf [N] increased sharply a week after fruit harvest, at 22 WAFB, for all treatments 

(Figure 2–4a). This rapid increase indicates that prior to harvest, fruit was a stronger sink for N 

than leaves and that with the fruit removed, N from ongoing uptake and/or internal re-allocation 

led, via vascular transfer, to a brief surge in leaf [N]. From this point onward leaf [N] continued 

to drop, this being consistent with the onset of leaf senescence accompanied by a reduction of 
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chlorophyll level and related activity (Fang et al., 1998), even when N availability was high as 

with the post-harvest application (Figure 2–4b). In addition, the sink of N became oriented 

towards storage organs in the lead-up to dormancy (Munoz et al., 1993). Thus, the reduction in 

transpiration-facilitated N uptake, in combination with N translocation to perennial organs, can 

explain the reduced N demand and uptake of post-harvest treated trees.  

The dynamics of leaf [NDF] clearly reflected the movement of all pre-harvest NDF into 

or away from the leaf after N application (Figure 2–4b). After pre-harvest N application 

commenced at 4 WAFB, leaf [NDF] increased rapidly until 9 WAFB (one week after cessation 

of all pre-harvest N application), before decreasing slowly towards dormancy. Over the period 

4–9 WAFB the rate of NDF uptake for the pre-harvest treatment was almost double that of the 

50:50 split treatment, indicative of its greater N supply. At the commencement of leaf fall (26 

WAFB), leaf [NDF] had decreased to 1.7 and 0.9 mg NDF (g leaf)-1 for pre-harvest and 50:50 

split treated trees, respectively, from their respective 9 WAFB maxima of 2.8 and 1.7 mg NDF 

(g leaf)-1. This decline indicated that a respective 39 and 47% of NDF was either translocated to 

fruit or recycled into perennial organs before dormancy. The proportions of NDF from leaves 

translocated into fruit or withdrawn into storage could not be distinguished, as the labelled N in 

both fruit and perennial organs could have originated from either root N uptake or translocation. 

Millard and Thomson (1989) reported that one-year-old apple trees that were fertigated with N 

withdrew approximately 69% (summer fertigation) or 41% (autumn fertigation) of N from the 

leaves into perennial storage organs prior to dormancy. Whilst the N withdrawal from that 

summer fertigation (Millard and Thomson, 1989) was 30% higher than of the pre-harvest 

treatment of our finding, these trees did not have fruit, thus the impact of crop load on N 

withdrawal to perennial organs cannot be determined. Importantly, leaf [NDF] of our post-

harvest treatment was 0.0 mg NDF (g leaf)-1 for the duration of the experiment (Figure 2–4b), 

with only an insignificant increase from 24 to 26 WAFB, indicating little relationship between 

N supplied and leaf [NDF] after fruit harvest. The poor relationship between fertilizer N supply 

and leaf [NDF] for the post-harvest treatment, in addition to the preferred allocation of post-

harvest NDF towards perennial organs, gives further support that the tree has greatly reduced N 

demand post-harvest, at a time when it has begun to shift physiologically from an active, 

growing phase toward a winter, dormant phase (Fadón et al., 2020). 
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2.5.3 N storage and remobilization 

Tree N status at 2018 dormancy was comprised of NDF and native N of the tree organs of roots, 

trunk, branches and first-year wood. By destructive harvest in 2019, the NDF components of 

these treatments, including that in removed fruit and leaf, showed no significant change and in 

fact, a slight decrease (Figure 2–2). In contrast, there were indications (inconclusive) of 

continued uptake of native N (Figure 2–2). This outcome strongly suggests that, despite there 

being elevated 15N content in the soil sampled from the post-harvest and 50:50 split treatments 

at 2018 dormancy (Table 2–2), there was no significant uptake from the soil of any remaining 

Nf between that time and the destructive harvest in 2019. Consequently, we consider that the 

NDF component of the 2019 harvested trees, including that removed in fruit and leaf, to have 

come solely from remobilization of that stored at 2018 dormancy. On the other hand, the native 

N component of the trees was made up of remobilized N and possibly an additional amount 

taken up from the soil following 2018 dormancy, with it not being possible to apportion their 

relative contributions. 

Although the NDF taken up by pre-harvest treated trees (9.6 g NDF tree-1) was 

significantly more (p < 0.05) than that of the other applied-N treatments (5.2 g NDF tree-1), the 

difference of 4.4 g NDF tree-1 was only equivalent to ~10% of tree N status at 2018 dormancy, 

at which time the overall tree N status (Figure 2–2) did not significantly differ between any 

applied-N treatments. This was because: 1) NDF made up only a small portion of the trees’ N 

status, and 2) 60% and 47% of NDF taken up by pre-harvest and 50:50 split treated trees, 

respectively, was allocated to fruit and leaves and lost from the system via fruit harvest and leaf 

fall (Table B-2). On the other hand, at 2019 harvest both tree native N and NDF storage status 

(fruit and leaf organs excluded, Figure 2–3) of pre- and post-harvest treated trees were not 

significantly different from those of the previous season when no additional N had been 

provided in the interim. This suggests that the 14-year-old trees had an N storage capacity 

sufficient to buffer the impact of a single season variation in N supply. In contrast, it has been 

demonstrated that levels of remobilized N in much younger trees with less biomass of perennial 

organs (and presumably less N storage capacity) were highly dependent on the rate of N 

supplied the previous season (Cheng and Fuchigami, 2002, Millard and Proe, 1993). Hence, 

while N status at dormancy is particularly important for deciduous fruit trees, as it determines 

the N available for the remobilization in the following season, it is very likely that a tree’s 

age/size is an influence in its ability to buffer seasonal variation in soil N availability related to 

environmental conditions or orchard practices.  
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Remobilization of stored N into fruit and new vegetative organs has been found to be 

critical to fruit development (Neilsen et al., 2001a) and shoot growth (Millard et al., 2006). 

From this study, despite the significantly higher (p < 0.05) amounts of NDF stored in both buds 

and spurs of the pre- than post-harvest treated trees at 2018 dormancy (Table B-2), the amounts 

of NDF remobilized into fruit, leaves and first-year growth organs in the 2018-19 season 

(Figure 2–6) did not significantly differ between the treatments. This indicates that the amount 

of NDF remobilized into new growth was not affected by the differences in NDF of bud and 

spur organs. This is perhaps to be expected, as the N content in buds and spurs only contributed 

~3% of the N content of the whole trees, and of that 3%, ~87% was constituted of native N. A 

study of three-year-old apple trees compared low (30 mg dm-3) and high (150 mg dm-3) N 

supply, fertigated in summer, and found that remobilized N contributed a respective 87 and 61% 

of total N to shoot tissues (spur, shoot, and reproductive tissues) (Guak et al., 2003). Another 

study of two-year-old apple trees, found that the contribution of remobilized N in stems to leaf 

growth was 28 and 34% respectively when N was supplied in the spring or autumn of the 

previous season (Millard and Thomson, 1989). The findings from these two trials suggest that 

stored N in older trees generally provides a greater proportion of the following season’s N 

requirements than in younger trees. We found strong evidence for this in our 14-year-old apple 

trees where 48.5% (pooled data) of stored NDF from 2017-18 season was remobilized to newly 

grown tissues in the subsequent season and, this was only 13.3% of total N in new growth 

(Figure 2–7). This implies that, with there not being a significant increase in total N content of 

the trees between seasons, the 87% of total N required for new growth came from the previous 

seasons’ reserves. A review of other studies has also concluded that the contribution from 

previously-stored N relative to NDF stored from the previous single-season may generally 

increase with tree age (Millard and Grelet, 2010).  

Our finding that N remobilization was not affected by the timing of N application was 

not consistent with the report of preferential remobilization of N taken up in autumn over that 

taken up in spring and summer by two-year-old apple trees (Millard and Thomson, 1989). 

Again, the substantially greater N reserves likely to have been held within our 14-year-old trees 

quite possibly played a part in the insignificant impact of N application timing on N 

remobilization found in our study, as NDF contributed only a small fraction (9.1%) of total 

remobilized N. If 15N-labelled N had been applied to our older trees at different timings for 

multiple seasons (e.g., ≥ 2), any significant impact on remobilization of N related to application 

timing might have been more clearly identified. 
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Between 2018 dormancy and 2019 harvest, significantly decreased (p < 0.05) native N 

and NDF were found in the roots and NDF only in the trunk. Decreased N in the roots and trunk 

coincided with elevated N levels in fruit and new vegetative growth. A significant increase (p < 

0.05) of native N in branches was also observed during that period. However, the substantial 

amount of native N within the trunk did not vary between seasons. These changes, between 

2018 dormancy and 2019 harvest, suggest that roots were the main source of both remobilized 

NDF and native N. The trunk was also another main source of NDF and the main sinks in the 

2019 harvest, for both, were new vegetative growth and fruit and; branches for native N only. It 

is important to acknowledge that the inter-seasonal increase of native N in branches, vegetative 

organs and fruit was 11.0 g N tree-1 greater than its decrease from the root organ. This suggests 

that the increase in native N in branches, vegetative organs and fruit could originate from native 

N remobilized from roots and in addition, some soil N uptake throughout the 2018-19 season. 

Further native N uptake is supported by the significant increase (p < 0.05) of 8.3 g N tree-1 in 

native N status found at 2019 harvest, despite there being no significant change in NDF, with 

this increase not being significantly different from the aforementioned 11.0 g N tree-1. 

Studies of two-year-old trees found that apples utilized the main trunk (Millard and 

Neilsen, 1989) and sweet cherry utilized roots (Grassi et al., 2002) as their primary sources of 

remobilized N. However, a comparison of non-fruiting young trees of these studies with the 

remobilization characteristics of the 14-year-old trees of our study would seem difficult. We 

conclude that for older trees, with relatively high capacity for N storage, the effects of seasonal 

N deficit are buffered. This is well supported by our findings that withholding of additional N 

supply to the 14-year-old trees for one season had no significant impact on fruit yield, quality, 

or new season’s growth. Such an N buffering capacity of mature deciduous trees could explain 

why the impact of many N fertilization studies requires multiple seasons of repeated treatments 

to show a significant impact on fruit quality. Indeed, in this study there were limited differences 

in fruit quality outcomes associated with the timing of N application. Importantly, this indicates 

that pre-harvest N taken up into fruit does not negatively impact colour development or 

firmness, as has been reported in some cases where excessive N was applied pre-harvest 

(Neilsen et al., 1999, Shear and Faust, 1980). 

2.6 Conclusion 

From our application of 15N-enriched fertilizer to commercial apple trees at different timings we 

have made important findings that could assist industry in better utilization of N, to the benefit 
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of growers and the environment. We found that the significantly highest NUpE (32.0%) of the 

pre-harvest treated trees, when compared with that of the post-harvest and 50:50 split treatments 

(each ~17.2%), was likely due to soil N availability being greatest during the period of highest 

tree N demand. Such demand was likely driven by fruit development, in combination with 

canopy and new wood tissue development occurring predominately in early to mid-season. In 

contrast, the lower NUpE by the post-harvest treated trees was likely related to reduced N 

demand as the physiology of the fruit-free trees shifted towards dormancy. Our results clearly 

indicate that pre-harvest N application optimizes fertilizer N uptake, with no impact on fruit 

yield or quality or compromise to winter N storage. Additionally, this practice would leave less 

fertilizer N in the soil with the potential to cause environmental pollution. Thus, the 

commencement of supply of pre-harvest N fertilizer at around four weeks after full bloom can 

be recommended. The uptake of such supply can be clearly traced by leaf N analysis, unlike that 

of post-harvest N uptake where such analysis, as a result of contrasting N allocation, is of little 

benefit. 

Growers commonly practice post-harvest N application with the aim of increasing stored 

N in buds, spurs, and roots, to be remobilized in the following season for improved bloom and 

fruit quality. However, our results indicate greater uptake into buds and spurs from pre-harvest 

N application and that the practice of post-harvest application of N for storage to support the 

next season’s growth is not recommended from a resource use efficiency perspective, nor as a 

practice to improve fruit quality. This study, through considerably improved understanding of N 

dynamics in mature apple trees, has important implications for commercial producers by 

indicating that N fertilizer strategies need to pivot from post-harvest to primarily pre-harvest N 

application. Such a change will assist in reducing N lost to the environment whilst providing 

adequate N supply to meet tree demands. 
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Chapter 3 Decomposition of apple (Malus 
domestica) plant residue and uptake of residue 
derived N 

Improving the N utilization in apple orchards requires a comprehensive understanding of the N 

cycle. Plant residue is an important source of N that can contribute N to tree growth via 

decomposition and mineralization. Whilst previous studies examined the apple leaf residue 

decomposition in various modified conditions, including powdered plant residue or plant with 

shallow root system that is distinct to apple tree. No study had investigated the dynamic of both 

leaf and branch residue decomposition in situ and under orchard conditions. This chapter 

provides industry-relevant findings and knowledge for the development of precision nutrient 

management within an apple orchard. This includes a direct quantification of temporal supply of 

residue N, that add additional pieces of information in the N cycle in an apple orchard. 

This chapter has been submitted for peer review as an original research paper. 

3.1 Abstract 

This study examined the decomposition dynamics of apple (Malus domestica) plant residue 

(senesced leaves and pruned branches) and the uptake of residue derived N (NDfR) in apple 

trees. Residue mass, nitrogen (N), and carbon (C) content were monitored over two growing 

seasons using a modified litter bag technique in orchard soils (Dermosol, 1.76% soil organic 

carbon) containing 15N-labelled and non-labelled residues. Applying the same technique to 

potted apple trees, we quantified the uptake of NDfR from residue sources. Decrease of residue 

mass, C concentration and 15N atom percentage excess best fit an exponential decay model for 

leaf and branch residue, whilst N concentration increased exponentially. NDfR was greater and 

released faster from leaf than branch residue, yet total NDfR taken up by apple trees was not 

significantly different between leaf and branch residue. Total N of branch residue remained 

relatively unchanged from trial commencement, which suggested fixation of external N. Despite 

differences in decomposition dynamics, both residue types provide a similar amount of N for 

plant uptake in the short term (2 years). The contribution from residue N (approximately 1 kg N 
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ha-1), although small relative to fertilizer inputs, should be considered for improving N use 

efficiency in tree crop growing systems. 

Keywords: Nitrogen mineralization,  plant litter, pruned wood, abscised leaf 

3.2 Introduction 

Optimizing N use efficiency (NUE) in intensive fruit tree crop production is a critical 

component of sustainable agriculture that is driving consumer purchasing decisions. 

Understanding the range of nutrient sources within an orchard growing system is key to the 

production of good quality fruit, optimizing NUE whilst minimizing negative environmental 

impacts associated with leakage of N from the system (Quin et al. 2021; Swarts et al. 2016). 

Although fertilizer inputs are the main source of N in an orchard, plant residue including 

senesced leaves and pruned branches is also an important N source (Han et al. 2011; Scandellari 

et al. 2008) that can become plant available via decomposition and mineralization (Berg and 

Charles 2003). In an intensively managed apple orchard, mature trees can generate leaf and 

branch residue containing up to 16 and 17 kg ha-1 of N, respectively (Scandellari et al. 2008). 

Nitrogen and other nutrients are then released from the residue at varying rates depending on a 

range of intrinsic plant residue and extrinsic factors (Berg and McClaugherty 2008; Zhang et al. 

2016). 

 Intrinsic factors include initial concentration of soluble compounds, N, and carbon to 

nitrogen (C:N) ratio. A higher initial concentration of soluble compounds and N is directly 

proportional to the decomposition rate in the early phase (Berg and Ekbohm 1991), while a 

higher residual N at the later stages (usually >2 years) of decomposition can inhibit the 

degradation and mineralization of lignin compounds (Berg et al. 2015). A higher C:N value 

indicates a greater decomposition potential but at a slower rate (Berg 2000; Moore et al. 2011) 

before reaching a stable state. Surface area to volume ratios of the residue types can also affect 

the decomposition rate. Leaf material provides more surface of contact for microbial interaction 

and chemical weathering per unit volume than woody material. The decomposition of woody 

residue has been less frequently examined and is complicated due to the large variation in size, 

nutrition level, and slower rate of decomposition (Berg and McClaugherty 2008). Extrinsic 

factors including high soil N content can negatively impact the decomposition rate of the 

residue (Magill and Aber 1998; Zhang et al. 2016). This is particularly important for orchard 

systems, where substantial N is supplied via chemical fertilizer application. 
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Tonon et al. (2007) utilized ryegrass, with a relatively shallow root system, as a 

technique to estimate uptake of plant-available N derived from residue. For the decomposition 

dynamics of pear and peach leaf residue, the release and leaching of N were examined using soil 

cores (Neto et al. 2009) or with a soil-only pot-lysimeter design (Ventura et al. 2010). The 

current literature (Neto et al. 2009; Tagliavini et al. 2007; Tonon et al. 2007) lacks reporting of 

N inputs derived from pruned branches as an N source and how leaf- and branch-inputs 

contribute to short term tree N requirements in commercial orchard settings. 

This study examined the dynamics of senesced leaf and winter-pruned branch 

decomposition over a two-season period in a commercial apple orchard using a modified litter 

bag technique with 15N-labelled and non-labelled residue sources. Further, using destructively 

harvested apple trees grown in pots, we quantified the release and uptake of 15N-labelled N 

derived from apple leaf and branch residue applied at a rate that reflects commercial orchard 

conditions over two seasons. We aimed to determine the contribution of apple leaf and branch 

residue-derived N to the annual requirements of commercially grown apple trees. 

3.3 Materials and methods 

This study examined the dynamics of apple plant residue decomposition in an orchard context 

(Experiment 1), and the uptake of N released from decomposed residue through a pot-trial 

approach (Experiment 2).  

3.3.1 Experiment sites and plant material 

Experiment 1 was conducted from August 2018 to September 2020 over two growing seasons 

in a commercial orchard located at Plenty, Tasmania (42°44'31"S 146°58'22"E), Australia. The 

area has a cool temperate climate with mean maximum and minimum temperatures of 11.5 ˚C 

and 1.5 ˚C in the winter months and 24 ˚C and 10 ˚C, respectively, in the summer months. The 

mean annual rainfall is 572.2 mm. The orchard block was planted on a Dermosol with a sandy 

loam texture of 40 cm deep and 1.76% soil organic carbon content. Thirteen-year-old ‘Gala’ 

apple trees were grafted on M26 rootstock and planted in 2005 at a density of 1667 tree ha-1, 

trained to a central leader system supported by trellis. The trees were subjected to commercial 

practices for weed, nutrient and pest management prior to the experiment, and microjet 

sprinklers (50 L hr-1) were used for the irrigation treatment.  
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Experiment 2 was conducted over two growing seasons from August 2018 to July 2020 

at the University of Tasmania (42°54'29"S 147°19'27"E), Australia. The mean maximum and 

minimum temperatures are 11.8 ˚C and 4.6 ˚C in the winter months and 21.8 ˚C and 12.0 ˚C 

respectively in the summer months. The mean annual rainfall is 612.2 mm. On 1st August 2018, 

18 ‘Granny Smith’ apple saplings (1-year-old) grafted on M26 rootstock were planted in a 45 L 

woven planter bag at 15 cm depth and filled with Dermosol collected from the Plenty orchard 

and layered from the bottom with 10 cm of soil from the B horizon and 25 cm of soil from the A 

horizon. Flowers were removed in the 2018-19 growing season to optimize vegetative growth. 

The bagged trees were spaced 1.5×2 m apart and spread over three rows. Weeds were manually 

removed, and 56.5 g controlled-release fertilizer (N, P and K ratio: 21:0.5:6 , Scotts Osmocote, 

Australia) was broadcasted to each tree on 31st Jan 2019. Irrigation was delivered via drip 

irrigation system.  

 The apple leaves and branch prunings used in both experiments originated from an 

apple tree in the orchard at Plenty. The tree received a total of 30 g N of 60 atom % excess 15N-

labelled calcium nitrate split between four weekly fertigations of equal doses, commencing at 

four weeks after full bloom. The tree was covered with netting over the whole canopy after 

commercial harvest on 13th March 2018. On 1st May 2018, both senesced leaves and branch 

prunings (1–3-year-old-wood, cut into 8-10 cm sections) were collected, hereon referred to as 

‘residue’, and were air-dried at room temperature until the commencement of experiments. On 

the same day, the density of leaf and branch residue present on the orchard floor was determined 

by measuring the dry weight of the residues collected from the herbicide strip. This field density 

(Table 3–1), was set as a benchmark for the determination of the amount of leaf and branch 

used in the experiments to reflect real orchard conditions. 

Table 3–1 The initial C, N, and 15N enrichment level of leaf and branch plant residue prior to 

establishment of experiments 1 and 2 in May 2018. 

Residue type Initial C (%) Initial N (%) 
Initial 15N enrichment  
(15N atom % excess) 

Field density  
(g m-2) 

Leaf 46.1 1.25 11.8 135 

Branch 45.2 0.93 8.6 105 
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3.3.2 Experiment 1 – decomposition of apple residue in orchard 
condition 

A modified litter bag technique (Berg et al. 2015) was used to determine residue decomposition 

dynamics over the experimental period. Both dried leaf and branch residue were placed into 

litter bags comprising a 20×20 cm folded fiberglass mesh (Cyclone, Australia) bag with a mesh 

size of 1.4×1.8 mm at a density described in Table 3–1. A total of 11 leaf and 8 branch litter 

bags were filled with 15N-labelled residue, and another total of 88 leaf and 64 branch litter bags 

were filled with non-labeled residue.  

All litter bags were randomly installed along the weed-free strip at the Plenty orchard 

on 7th September 2018. Leaf residue samples were collected following the schedule: 4, 8, 16, 

24, 32, 42, 52, 66, 76, 90 and 106 weeks after installation (WAI); and the collection schedule 

for branch residue samples was: 6, 12, 20, 34, 50, 68, 88 and 104 WAI. The frequency of litter 

bag sampling was rationalized by the higher decomposition rate of plant residue in the early 

stages (0-52 weeks). During each litter bag collection, one 15N-labelled and eight non-labelled 

litter bags were collected. Soil and foreign plant debris were carefully removed before drying at 

60 ˚C until a constant weight was obtained. 

3.3.3 Experiment 2 – uptake of N derived from apple residue 

This experiment deployed a complete randomized design. A basin with the same pot-rim 

diameter was placed under each potted tree. Any water leached below each pot was poured back 

to the bag to avoid any loss of NDfR. The treatments implemented were control with no residue, 
15N-labelled leaf and branch residue applied at 135 g m-2 and 105 g m-2, respectively. Each 

treatment was replicated six times. Plant residue was placed in litter bags comprised of two 

layers of 45×45 cm of fiberglass mesh (Cyclone, Australia) and installed on the soil surface of 

the potted trees on the 27th December 2018. The fruit was harvested on 4th May 2020 and 

weighed, before drying at 60 ˚C. Netting was placed over the tree canopy to capture the leaf 

foliage. On 10th July 2020 (90 WAI), the plant residue in the litter bags were cleaned and dried 

as in Experiment 1. The leaf foliage was collected, and trees were then uprooted and cleaned 

before separating into different organs, including bud, spur, branch, trunk, root (>2 mm) and 

fine root (<2 mm). A representative sub-sample was taken for each organ. Sub-sampled organs, 

leaf foliage, and cut fruit were dried at 60 ˚C until a constant weight was obtained. The total 
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dried weight of each harvested organ was calculated from the dry matter content of the 

subsamples obtained. 

3.3.4 Total N, total C and 15N analysis 

All dried 15N-labelled and non-labeled residue samples, and sub-sampled plant material samples 

were ground homogeneously to pass a sieve of 2 mm using a ball mill (Retsch, Haan, Germany) 

prior to analysis.  

15N-enriched samples were analyzed for N and C percentage, and 15N atom percentage 

excess (15Napc) using flash combustion isotope ratio mass spectrometry (varioPYRO cube 

coupled to Isoprime100 mass spectrometer). The reporting and calculation of stable isotope 

abundances, and instrumental and 15N-enriched references calibration were performed as 

described in Chapter 2. 

The following calculations related to the 15N enrichments of plant materials and plant 

residue were modified from Chapter 2. Natural abundance (NA) of 15N used in the calculation 

was the 15Napc measured from the leaf sample prior to the application of enriched calcium 

nitrate. The proportion of N within a plant organ that was derived from apple residue is 

represented by NDfRorgan, and: 

NDfRorgan (%) = (15Napc of an organ - NA) / (15Nt0 - NA);  

At the time of sampling (t1), the 15Napc of residue is represented by 15Nt1, and the 

proportion of N within a remaining residue that was derived from residue is represented by 

NDfRresidue,t1, and: 

NDfRresidue,t1 (%) = (15Nt1 - NA) / (15Nt0 - NA);  

NDfRtree represents the sum of NDfR of all organs, and uptake efficiency of NDfRtree 

(NUpE) at July 2020 dormancy as a percentage of residue N released, where DWresidue,t0 

represents the initial dry weight of residue or DWresidue,t1 at t1 and: 

NUpE (%) = NDfRtree /[( NDfRresidue,t0 × DWresidue,t0) – (NDfRresidue,t1 × DWresidue-

,t1)] x 100 

The non-15N-enriched samples were analyzed for N and C percentages using a flash 

elemental analyzer (Thermo Finnigan EA 1112 Series, California, USA). Between 0.7 and 1.7 

mg of sample were weighed into tin capsules using an ultra-microbalance (Sartorius SE2, 



46 

 

Göttingen, Germany) with an accuracy of 0.1 microgram. Combustion of the pressed tin cups 

was achieved in ultra-high purity oxygen at 1000˚C using tungstic oxide on alumina as an 

oxidizing agent followed by reduced copper wires as a reducing agent. The results were 

calibrated using a certified sulphanilamide standard.  

The initial C (Ct0) and N (Nt0) concentration, and 15N atom percentage excess (15Nt0) of 

leaf and branch residues were quantified from a pooled sample of the five sub-samples. The 

initial chemical composition and field density of the plant residue were summarized in Table 3–

1. 

3.3.5 Statistical analysis 

R software version 4.0.4 (R Core Team 2019) was used for statistical analysis of the data. In 

Experiment 1, a t-test was used to test the null hypothesis that the total N content and dry weight 

of 15N-labelled residue does not differ from the sample population of non-labeled residue at 

each sampling time. The total NDfR of non-labelled residue was only extrapolated using the 
15Napc of the 15N-labelled residue sample when the null hypothesis stated above is true. Residue 

properties data from Experiment 1 were then fitted into linear and non-linear models against 

time, week after installation of residue. Non-linear models tested include logarithmic model, 

second to fourth-degree polynomial models, and single exponential model (Berg and 

McClaugherty 2008). A model of best fit was selected using ∆AIC model selection method and 

rules (Richards 2008), and assumption tests were tested prior to regression analyses. Half-life 

(t0.5), the time required for 50% of residue in biomass to be decomposed, were also calculated 

using decomposition rate constant, k (Gholz et al. 2000) was derived from the fitted single 

exponential models; and: 

 t0.5 = -0.6931÷k  

Data from Experiment 2 were subjected to one-way ANOVA assumption tests prior to analyses. 

Tukey’s HSD test were used to compare treatment means at 95% confidence level. 
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3.4 Results 

3.4.1 Decomposition dynamics of apple leaf and branch residue 

The change in residue dry weight, N concentration and C concentration (both %DW) of both 

leaf and branch residue were best described by a single exponential model (Figure 3–1a, b and 

c). In general, the leaf residue decomposed at a higher rate than branch residue, as reflected in 

the decrease in dry weight and C concentration, whilst the change in N concentration for both 

residue types was the opposite over the examined period. Leaf residue lost dry weight at a 

higher rate resulting in a more negative k constant (-0.03030 week-1, R2 = 0.89) than branch 

residue (-0.00553 week-1, R2 = 0.71) (Figure 3–1a and Table 3–2). The half-life (t0.5), calculated 

from the k constant, was estimated to be approximately 23 and 125 weeks for leaf and branch 

residue, respectively. The N concentration of the decomposing residue remained relatively 

unchanged for leaf residue (k = 0.00171 week-1, R2 = 0.07) at approximately 1.08% and 

increased from 1.15 to 1.92% for branch residue (k = 0.00491 week-1, R2 = 0.58) during the 

examined period (Figure 3–1b). Over the same period, the C concentration (Figure 3–1c) of 

decomposing leaf residue (k = -0.00327 week-1, R2 = 0.66) decreased at a higher rate than that 

of branch residue (k = -0.00089 week-1, R2 = 0.25) with decreases from 45.1 to 40.8% and from 

46.1 to 32.8%, respectively (Table 3–2).  

The residue decomposition dynamics of total N and NDfR were best described by 

polynomial models, and the 15N atom percentage excess dynamics by an exponential model 

(Figure 3–2a, b, c and Table 3–2). In the first year (0–52 WAI), the total N of leaf residue 

decreased rapidly from 63.2 mg to 9.7 mg before a slow decrease to 3.7 mg in the second year 

(Figure 3–2a). Whilst the total N of branch residue ranged between 42.2 and 55.8 mg (litter 

bag)-1 throughout the examined period (Figure 3–2a). The 15N atom percentage excess of 

labelled leaf residue (11.8 to 4.4 15N atom % excess) decreased at a higher rate than branch 

residue (8.6 to 5.7 15N atom % excess) over the examined period (Figure 3–2b and Table 3–2). 

Over the examined period, the total NDfR of leaf residue generally decreased at a higher rate 

than that of branch residue from 63.2 to 1.3 mg compared to from 42.2 to 29.0 mg, respectively 

(Figure 3–2c). 
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Figure 3-1 Dynamics of dry weight (a), N (b), and C (c) concentration of decomposing leaf and 

branch residue between August 2018 to September 2020 in Experiment 1.  
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Figure 3-2 Dynamics of total N (a), 15N atom percentage (b), and total NDfR (c) of 

decomposing leaf and branch residue between August 2018 to September 2020 in Experiment 1. 
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Table 3–2 Model of best fit, k constant (negative represents decay, positive represents growth), 

sample size (n), p-value and adjusted R2 for leaf or branch residue decomposition parameters 

from August 2018 to September 2020. 

 

3.4.2 Release of N derived from residue and tree uptake 

In the potted tree experiment, a significant reduction (p < 0.05) in residue weight and a greater 

proportion of weight loss was observed for leaf residue (16.3 g and 91.2%, respectively) 

compared to branch residue (6.1 g and 41.9%, respectively) throughout the examined 

decomposition period (Table 3–3). At the end of the experiment, 90 WAI, the N concentration 

of remaining branch residue (1.89%) increased to nearly two-fold of the initial value (0.93%) 

and was significantly higher (p < 0.05) than leaf residue concentration of 1.72%, that was 

initially 1.25% (Table 3). The initial amounts of N were equal to the NDfR prior to the 

experiment and were 223.9 and 136.9 mg N (litter bag)-1 for leaf and branch residue, 

respectively. At 90 WAI, the N content of leaf residue was reduced by 87.8% relative to the 

y-variable Residue 
type 

Model of best fit 
[x-variable: time 

(week)] 

k 
constant 
(week-1) 

n p-value Adjusted 
R2 

       

Dry weight Leaf 6.1043 × e-0.0303x -0.03030 100 < 0.001 0.8888 
Branch 4.5545 × e-0.00553x -0.00553 73 < 0.001 0.7063 

       
N 

concentration 
Leaf 0.97916 × e0.001713x 0.00171 100 0.004 0.0708 

Branch 1.15770 × e0.00491x 0.00491 73 < 0.001 0.5790 
       

C 
concentration 

Leaf 48.327 × e-0.003269x -0.00327 100 < 0.001 0.6632 
Branch 47.111 × e-0.0008881x -0.00089 73 < 0.001 0.2486 

       

Total N 

Leaf 
44.18+1.20x-0.084x2+ 
0.0012x3 -0.0000053x4 - 100 < 0.001 0.854 

Branch 
48.31+0.673x-0.0322x2+ 

0.0005439x3 -
0.00000289x4 

- 73 0.0215 0.1036 

       
15N atom 

percentage 
Leaf 9.151 × e-0.00828x -0.00828 12 < 0.001 0.7773 

Branch 9.261× e-0.004268x -0.00427 9 < 0.001 0.8928 
       

Total NDfR 

Leaf 
41.18 - 1.41x + 

0.01735x2 - 0.0000715x3 - 100 < 0.001 0.7058 

Branch 
49.60 + 1.259x - 

0.06703x2 + 0.00103x3 - 
0.000005003x4 

- 73 < 0.001 0.6073 
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initial amount and was significantly greater (p < 0.05) than branch residue where a 1.4% 

reduction was observed. The 15N-labelled portion (NDfR) of leaf residue was reduced by 96.8% 

for leaf residue and was significantly greater (p < 0.05) than that found for branch residue which 

was reduced by 4.9%. 

The efficiency of NDfR uptake (Figure 3–3) was significantly higher (p < 0.05) for 

trees supplied with branch residue compared to leaf residue. An average of 79.5% of NDfR 

released from branch residue (6.7 mg N (litter bag)-1) was recovered in potted trees compared to 

7.6% of NDfR released from leaf residue (216.6 mg N (litter bag)-1). 

 

Table 3–3 The baseline (X0), the difference between the end of trial and baseline (ΔX), and the 

difference in percentage (ΔX/X0) of dry weight, N concentration, N content, and N derived from 

residue of leaf or branch residue after decomposition between August 2018 and July 2020. 

Other than the baseline sample (n = 1), each value represents mean ± standard error, n = 5. 

Different letters indicate significant differences (p < 0.05) between residue type. 

 X0 ΔX ΔX/X0 (%) 

Residue type Leaf Branch Leaf Branch Leaf Branch 

Dry weight  
(g) 

17.9 14.6 -16.3 ± 0.2a -6.1 ± 0.3b -91.2 ± 1.9a -41.9 ± 4.1b 

N concentration  
(%) 

1.25 0.93 0.47 ± 0.12b 0.96 ± 0.17a 37.7 ± 9.7b 102.5 ± 18.3a 

N content  
(mg (litter bag)-1) 

223.9 136.9 -196.5 ± 3.3a -1.9 ± 1.9b -87.8 ± 9.7a -1.4 ± 1.4b 

N derived from 
residue (mg (litter 

bag)-1) 
223.9 136.9 -216.6 ± 1.2a -6.7 ± 4.5b -96.8 ± 0.7a -4.9 ± 4.9b 
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Figure 3-3 Uptake efficiency of NDfR (left-axis) and NDfR uptake (right-axis) of leaf and 

branch residue after decomposition between August 2018 and July 2020. Error bars represent ± 

standard error of the mean, n = 5. Different letters indicate significant differences (p < 0.05) 

between residue type. 

 

The total N of all types of organ examined (Table 3–4) were not significantly different 

between the control and the residue treatments, except for the trunk of trees applied with leaf 

residue (1.35 g N tree-1) that was significantly higher (p < 0.05) than trees applied with branch 

residue (0.94 g N tree-1). The NDfR portion of the whole trees applied with leaf and branch 

residue comprised 0.29 and 0.19% of total N, respectively (Table 3–4). When comparing the 

allocation of total NDfR, that allocated to the trunk was significantly higher (p < 0.05) when 

leaf residue, relative to branch residue, was applied (Figure 3–4 and Table 3–4). Although not 

significant, NDfR allocated to other organs (bud and spur, leaf foliage, branch, root, with the 

exception of fruit) tended towards being higher in trees applied with leaf residue than branch 

residue. The proportion of NDfR to total N and allocation of NDfR taken up were not 

significantly different between residue types (Table 3–4). 
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Table 3–4 Total N and NDfR, proportion of NDfR to total N, and allocation of NDfR taken up 

into different organs of trees treated with different residue treatments in July 2020. Mean values 

(n = 5) accompanied by different letters indicate significant differences (p < 0.05) between 

residue treatments for the same organ. 

Organ type 
Bud and 

spur 
Leaf 

foliage 
Branch Trunk Root Fruit 

 Total N (g tree-1) 
Control 0.14 0.43 0.52 1.22 ab 1.79 1.19 

Leaf residue 0.19 0.52 0.53 1.35 a 1.93 0.89 
Branch 
residue 

0.17 0.62 0.50 0.94 b 1.74 1.02 

 Total NDfR (mg tree-1) 
Control 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b 

Leaf residue 0.61 a 1.75 a 1.56 a 3.63 a 6.37 a 1.97 a 
Branch 
residue 

0.34 ab 1.03 ab 0.92 ab 1.56 b 3.28 ab 2.65 a 

 Proportion of NDfR to total N (%) 
Control 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b 

Leaf residue 0.31 a 0.31 a 0.29 a 0.25 a 0.30 a 0.32 a 
Branch 
residue 

0.19 a 0.19 a 0.18 a 0.17 a 0.18 a 0.20 a 

 Allocation of NDfR taken up (%) 
Control 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b 

Leaf residue 3.6 a 9.8 a 9.2 a 21.7 a 36.0 a 19.7 a 
Branch 
residue 

3.7 a 11.4 a 10.0 a 17.3 a 35.6 a 21.9 a 
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Figure 3-4 Status of NDfR of tree organs of residue-treated trees destructively harvested in July 

2020 under different residue type treatments. Error bars represent ± standard error of the mean, 

n = 4. Different letters indicate significant differences (p < 0.05) between residue types for the 

same organ. 

3.5 Discussion 

3.5.1 Dynamics of decomposition and release of N 

Weight loss and change in C concentration and 15Napc of both apple leaf and branch residues 

were best described by an exponential decay model (Figure 3–1 and 3–2) with time during 

decomposition of fruit tree residues. Branch residue decomposed at a much slower rate than leaf 

residue. This could be due to more balanced stoichiometric ratios of leaf residue resulting in a 

greater resource use efficiency by microbes and N mineralization then branch residue. Leaf 

decomposition rates of this study (0.0302 week-1) were much higher than that reported for 5-

year-old apple (0.0118 week-1, Tagliavini et al., 2007), but comparable to leaf residue of 6-year-

old pear trees (0.0329 week-1, Neto et al., 2009). Differences are likely due to the nutrient and 

soluble lignin levels in the plant residues that can relate to tree age (Neto et al., 2009). As trees 

mature, the leaf N content may change depending on the soil N availability and increasing 

seasonal N demand in planta (Tagliavini et al. 2007), and C and foliar lignin contents often 

increase with tree age and size for structural support and metabolic efficiency (Steppe et al. 

2011). 
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The substantially higher decomposition rates of plant residues in this study relative to 

that of Tagliavini et al. (2007) had comparable C:N ratios of 36.9 and 34.4, respectively, 

suggesting an influence of other factors such as climate, atmospheric N deposition (Han et al. 

2011) , and soil properties (Schmidt et al. 2011). Seasonal temperature and precipitation 

variation can affect residue decomposition directly via impacting the rates of physical 

breakdown or indirectly via microbial decomposition (Berg and McClaugherty 2008). A higher 

N deposition associated with precipitation events can also inhibit residue decomposition (Knorr 

et al. 2005). The distribution of precipitation was relatively even in this study compared to that 

reported in Tagliavini et al. (2007) with greater reported N deposition in the region (Ventura et 

al. 2008). Soil properties, especially soil organic matter and N content can influence the 

decomposition of residue through changes in both metabolism and community structure of the 

soil micro-organisms (Schmidt et al. 2011). 

During plant residue decomposition, net changes in N concentration of plant residue can 

be attributed to the release of N into the soil, loss of C-based biomass and the accumulation of 

microbial N (Thorn and Mikita 1992). Nitrogen concentration of both leaf and branch residue of 

this study increased exponentially (Figure 3–1b, Table 3–2), albeit at a relatively slower rate for 

leaf residue. This could be due to a faster loss of biomass than N release or the accumulation of 

microbial N during the decomposition process (Ventura et al., 2010). The latter is supported by 

comparing the residue N dynamic to the residue 15Napc and NDfR dynamics (Figure 3–2a, b and 

c). For branch residue, the N content remained relatively unchanged (43.7 mg (litter bag)-1 at 

104 WAI) over two years while both the 15Napc and the NDfR N portion that was labelled prior 

to decomposition, decreased from 42.2 to 29.0 mg (litter bag)-1. The deficit between the total N 

and NDfR at 104 WAI must be attributed to external N sources, most likely microbial N. This 

phenomenon is less obvious in leaf residue due to the more rapid decomposition that occurred in 

the first year, where the total N and NDfR contents at 106 WAI were 3.7 and 1.3 mg (litter bag)-

1, respectively (Figure 3–2a and 3–2c). 

Another important aspect of plant residue decomposition is the release of N into the 

soil. In this study, the release of N from residue sample into the soil was substantially higher in 

leaf than branch residue (91.9 and 49.4% of initial NDfR, Figure 3–1a and 1c) over a two-year 

period. These values are much higher than that of other apple leaf residue studies (40% over 102 

weeks, Tagliavini et al., 2007). Possible factors include the addition of external N source (Han 

et al. 2011), nutrient level and lignin concentration of plant residue, climatic differences, 

irrigation regimes, and susceptibility of residue breaking down into finer particles as a 

consequence of orchard management (i.e. slashing regimes). Plant residue breakdown into fine 
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particles can contribute to large variation in rates of decomposition (Tonon et al. 2007), and this 

is a challenge for residue decomposition studies that use the litter bag technique. This was 

observed in this study with smaller standard errors between replicates of leaf residue compared 

to branch residue treatments (Figure 3–3 and 3–4). Further, it is important to acknowledge the 

difficulty in measuring residue N released into the soil, due to the amount of soil sample 

required and the heterogeneity of the soil, especially for in situ experiments. As a result, N 

released into the soil can often be overestimated due to the limitation of the sampling technique. 

Since the root structure of apple trees are relatively sparse (Neilsen and Neilsen 2002), we used 

potted apple trees to quantify the efficiency of NDfR recovered relative to the N released 

through leaf and branch residue decomposition over two growing seasons. 

3.5.2 Efficiency of NDfR uptake and allocation 

The significantly higher NUpE for trees applied with branch (79.4%) than leaf (7.6%) residue 

(Figure 3–3), indicated that only a small portion of NDfR released from leaf residue was taken 

up by the tree and the remaining was not recovered via unsynchronized N release and plant N 

demand. Potential N loss pathways could include microbial utilization or stabilization (Vitousek 

and Hobbie 2000; Woitchik et al. 1997) and leaching or volatilization (Hardie et al. 2018; Xu et 

al. 2017). In comparison, Tagliavini et al. (2007) demonstrated a relatively high NUpE (16%) of 

two-year-old apple leaf residue over a two-year period that could be due to the relatively high 

initial N content (1.7%) and lower C:N ratio (26.2) than our findings. A higher initial N 

concentration can lead to rapid early decomposition and release of N (Melilo et al., 1982), and 

hence, a greater amount of mineralized or plant available N in the short term (<2 years) in 

Tagliavini et al. (2007).  

In this study, the remaining NDfR released from leaf residue could be present in the soil 

in a more stable form, fixed by soil microbes (Vitousek and Hobbie 2000; Woitchik et al. 1997) 

or lost into the environment via leaching and denitrification (Hardie et al. 2018; Xu et al. 2017). 

The amount of NDfR recovered in potted trees from leaf and branch residue were both 

approximately 7% of their initial value after 90 WAI (Tables 3–3 and 3–4). This value can be 

compared to 6 and 12% of NDfR recovered from perennial ryegrass applied with much smaller 

particle sized (<2 mm) apple leaf and branch residue pieces which decomposed over an eight-

month period (Tonon et al., 2007). However, it is important to note that there are temporal and 

physiological differences in nutrient uptake between evergreen perennial ryegrass and 

deciduous apple trees. Hence, the use of unchopped leaf residue and small sections (8–10 cm) of 
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branch residue in our study better reflects typical orchard conditions that can be easily achieved 

by a slasher or mulcher (Mueller et al. 1998).  

Despite the significant difference in NUpE, the amount of NDfR recovered in potted 

trees did not significantly differ between residue types in this study, and it was generally lower 

when trees received branch (9.69 mg N tree-1) than leaf (15.89 mg N tree-1) residue (Figure 3–

3). Similarly, the amount and the proportion of NDfR allocated to all the organs examined, 

except branch and trunk, were also not significantly different between residue types, yet it 

tended towards being lower when trees received branch than leaf residue (Figure 3–4). This 

suggests that the release and mineralization of plant residue N, regardless of source, did not 

have substantial temporal differences. Timing of N application can affect the allocation of N to 

different organs (Tan et al. 2021), where N applied between 4-7 weeks after full bloom was 

mainly (65%) allocated into newly grown organs and N applied between 23-27 weeks after full 

bloom was exclusively (97%) allocated to perennial organs (Tan et al. 2021).  

The contributions of NDfR to total N were also not significantly different between 

residue types, however, NDfR only contributed to approximately 0.2% and 0.3% of total N for 

the whole tree after residue decomposition for two growing seasons (Table 3–4). By 

extrapolating the NDfR recovered in potted trees to a mature intensive apple orchard (4×1 m 

spacing) with 2223 trees ha-1, apple leaf foliage and pruned branches can contribute 367.2 and 

602.1 g of N supply, respectively, over a two-year period. Increased root volume and 

distribution as well as increased tree canopy volume of larger apple trees (>3-year-old) in the 

orchard suggest that this extrapolation is likely underestimated. 

3.6 Conclusion 

This study demonstrated that pruned branches have distinctly different decomposition dynamics 

compared to senesced leaves, yet both residue types could contribute similar amounts of N to 

the seasonal demand of the tree. Over two seasons, the N contributed from both residue types 

combined was only 1–5% of annual apple tree N requirements (20–80 kg N ha-1). However, 

given that we applied the plant residue once only then studied the uptake over two seasons, it 

should be considered that this study does not capture the cumulative impact of year-on-year 

plant residue addition and decomposition, and that additional N is likely to be released and 

taken up over longer periods (>2 years). In the ongoing challenge to improve the efficiency of N 

uptake, tree residue makes an important sustainable and recycled N source for orchard growing 
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systems, that should be accounted for in N budgeting for precision horticulture to optimize fruit 

production while minimizing environmental impact.  
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Chapter 4 Interactions of nitrogen, phosphorus 
and potassium fertilization on ‘Gala’ apple tree 
nutrition, fruit yield and quality 

Mineral ions of different elements co-exist in the soil system and the interaction between these 

can either inhibit or improve the plant acquisition of mineral nutrients. This chapter addresses 

the research aim to understand the interactions between macronutrients, N, P, and K that affect 

tree macro- and micronutrient acquisition and status, and fruit production. The findings from 

this chapter provides a clearer understanding of the antagonistic or synergistic relationships 

between N, P, and K that enables apple orchardists to make better nutrient management 

decisions. 

The abstract of this chapter has been accepted for oral presentation at the IX International 

Symposium on Mineral Nutrition of Fruit Crops 2021, and a manuscript has been submitted for 

peer review as an original research paper to the Acta Horticulturae research journal. 

4.1 Abstract 

Interactions between key macronutrients and their effects on micronutrient uptake are likely to 

influence tree nutrition and fruit yield and quality. This study investigated how different 

nitrogen (N), phosphorus (P), and potassium (K) application rates affected the uptake and status 

of mineral nutrients within 15-year-old ‘Gala’/M26 apple trees (Malus domestica Borkh) over 

the 2018-19 growing season. A factorial design of medium or high application rates of N (10 or 

50 kg N ha-1), P (10 or 40 kg P ha-1), and K (50 or 150 kg K ha-1) were applied weekly in four 

equal doses, commencing at four weeks after full bloom (WAFB). Nutrient uptake and leaf 

nutrient status were monitored by sampling and analysis of leaf petiole and leaf lamina, 

respectively, at 8, 17, 23 WAFB. Fruit nutrient status, yield, and quality were assessed at fruit 

harvest at 20 WAFB. Synergistic relationships were observed between K-N treatments and 

molybdenum (Mo) uptake at 8 WAFB and N-P treatments and zinc (Zn) uptake at 17 WAFB. 

Antagonistic relationships were observed between Mo uptake and both P-N treatments at 8 

WAFB and K-P treatments at 23 WAFB. After 17 WAFB, trees treated with higher N rate had 

higher leaf N but lower leaf P. Whilst both leaf and fruit boron (B) at harvest increased with 
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high rates of P. The status of other nutrients examined were not affected by the N, P and K 

rates. This study of only one season did not result in differences in yield and fruit quality. 

Keywords: Leaf petiole, synergistic, antagonistic, nutrient uptake, vascular sap 

4.2 Introduction 

Nutrient management via the application of fertilizer is a key factor influencing sustainable 

production of high-quality fruit in apple orcharding. The challenges of negative environmental 

impacts from excessive fertilizer application (Neilsen and Neilsen, 2002, Swarts et al., 2016), 

depletion of natural resources and increasing demand for sustainable production from retailers 

and consumers requires precise management of mineral nutrition in fruit production. Whilst 

macronutrients N, P, and K have been shown to affect apple fruit quality (Neilsen et al., 2008, 

Wojcik and Wojcik, 2007, Marcelle, 1993) and yield (Nava and Dechen, 2009, Drake et al., 

2002), there is limited understanding on the how interactions between these macronutrients and 

can affect uptake and fruit quality and yield at harvest. 

 Uptake of macronutrient minerals from the soil is determined by both plant-ion 

transport mechanisms and the physicochemical properties of the ions (Mengel et al., 2001a). 

Each form of ion has various specific transport mechanisms across the soil-root interface 

including both active and passive transport (Mengel et al., 2001a). The ions in the soil solution 

can also interact with other forms of ion, transport across root epidermis, and/or be fixed onto 

the soil surface to maintain electrochemical equilibrium (Mengel et al., 2001b). As a result, the 

interactions between mineral ions within the soil solution and the soil-root interface are crucial 

to the understanding of how nutrient applications affect macro- and micro-nutrient uptake and 

their influence on fruit production and quality. 

 N, P and K fertilizers applied through fertigation systems allow for precise nutrient 

management to replace nutrients lost through harvest and pruning. In a typical orchard soil, N is 

predominantly present for plant uptake in the form of nitrate (NO3
-), rather than ammonium 

(NH4
+)(Miller and Cramer, 2005). The nitrate ion has high mobility in the soil solution which 

renders it prone to leaching below the rootzone after an irrigation or rainfall event (Neilsen and 

Neilsen, 2002). However, a relatively high abundance of nitrate ensures it is more likely to flow 

to the root epidermis for uptake. In contrast, more than 90% of P is fixed as insoluble phosphate 

of Ca, Fe and Al, and humus P and are generally not available for plant uptake (Mengel and 
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Kirkby, 2001). The remaining P in the inorganic form is released extremely slowly into soil 

solution as the plant available dihydrogenphosphate ion (H2PO4
-) (Maathuis, 2009). As a result, 

plant roots mostly rely on active uptake to transport the H2PO4
- ion across the root epidermis so 

there is no competition for uptake with N. On the other hand, K, present as potassium ion (K+) 

in the soil solution, is readily taken up through both active and passive uptake pathways. 

Although cations such as K+ can be bound onto negatively charged clay particles and organic 

matter, the abundance and the monovalency of K+ results in exchange with other cations of 

more valence electrons, such as Ca2+ and Mg2+ into the soil solution (Dontsova et al., 2004). It is 

believed that constant cycling of K+ in and out of the vascular system can mediate the uptake 

and translocation of anions to the shoot (Maathuis, 2009) in order to maintain electrochemical 

neutrality within the plant system.  

Due to the distinct uptake mechanisms and physicochemical characteristics of N, P and 

K, there is a need to understand antagonistic or synergistic effects on uptake of these 

macronutrients and potential effects on cationic micronutrients into the apple tree and fruit. This 

study aimed to examine the interactions between N (NO3
-), P (H2PO4

-), and K (K+) applied at 

various rates on the dynamics of apple macro- and micro-nutrient uptake and fruit quality 

outcomes. 

4.3 Materials and Methods 

4.3.1 Experimental site and plant materials 

The experiment was conducted from April 2018 to June 2019 over one growing season in a 

commercial orchard located in the Derwent Valley, southern Tasmania (42°44'31"S 

146°58'22"E), Australia. The region has a cool temperate climate with a cool and rainy winter, 

and a mild summer. Mean maximum and minimum temperatures are 24 ˚C and 10 ˚C 

respectively in the summer months, and 11.5 ˚C and 1.5 ˚C respectively in the winter months. 

Mean annual rainfall is 572.2 mm, with summer being the driest of a fairly even seasonal 

distribution.  

The apple trees used in the trial were ‘Gala’ cultivar grown on M26 rootstock planted in 

2005 at a density of 1667 tree ha-1, trained to a central leader system supported by a trellis. The 

trees were planted on a Dermosol with a sandy loam A horizon approximately 40 cm deep and 
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subjected to commercial management practices prior to the experiment. Prior to the experiment, 

a total of 254 mm of water was irrigated over the winter dormancy period from 8th to 12th April 

2018 attempting to deep drain the mobile mineral nutrients from the top soil. Following the 

deep drainage irrigation, the soil P and K were within the optimal range when measured at 3 

WAFB (Table 4–1) (see below for methods), before the application of treatments. No 

recommendation for optimal soil N was found in the current literature, as both NH4
+ and NO3

- 

are high in both soil mobility in soil and temporal variability. Orchard management included 

‘Basta’ herbicide application to maintain a 1.0 m wide weed-free strip along the tree line and 

irrigation using microjet sprinklers (50 L hr-1) when required. 

 

Table 4–1 Soil mineral nutrients concentration and chemical properties of soil at 0-10 cm depth 

measured at 3 WAFB, prior to application of experiment treatments and the recommended 

fertilizer treatments for the commercial orchard. 

 
NH4+ 

(mg kg-

1) 

NO3- 

(mg kg-

1) 

P 
(mg kg-

1) 

K 
(mg kg-

1) 

Corganic 
(%) 

EC 
(dS m-

1) 

pH 
(CaCl2) 

pH 
(H2O) 

3 WAFB 4.36 3.14 95.1 274.5 1.4 0.082 6.5 7.3 

Recommended 
level/s 

(Bernardita et al., 
2019) 

  45-120 120-300 1.5-3.0 < 0.5 6.0–7.5  

 

4.3.2 Experiment treatments and design 

This experiment deployed a 2 × 2 × 2 factorial completely randomized design of N, P and K 

fertilizer rate, replicated five times to give a total of 40 tree plots. Each plot consisted of three 

sampling trees and one buffering tree on both sides. Nitrogen fertilizer was applied in the form 

of calcium nitrate, Ca(NO3)2, either at the rate of 10 (N1) or 50 (N2) kg N ha-1; P fertilizer was 

delivered in the form of calcium phosphate monobasic, Ca(H2PO4)2, either at the rate of 10 (P1) 

or 40 (P2) kg P ha-1; K fertilizer was delivered in the form of K sulphate, K2SO4.  either at the 

rate of 50 (K1) or 150 (K2) kg K ha-1. Fertilizer treatments were divided equally over four 

successive weekly applications from 8th November 2018, 4 WAFB. During each application, 

calcium phosphate monobasic was broadcasted manually focusing on the tree line, and calcium 
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nitrate and potassium sulphate were dissolved in 5 L of water separately and fertigated evenly 

within the herbicide strip of each tree plot. 

4.3.3 Leaf petiole sampling and vascular sap analysis 

The uptake and translocation of mineral nutrients to the tree canopy was assessed by monitoring 

the nutrient concentration of vascular sap of leaf petioles over the growing season. The leaf 

petiole samples were collected on: 1; 3rd December 2018 (8 WAFB), 2; 4th February 2019 (17 

WAFB), and 3; 18th March 2019 (23 WAFB). The respective sampling times were selected as 

they represented the vascular sap status: 1; during active uptake of nutrients to the canopy, 2; 

ceased to translocate nutrient into fruit, and 3; the physiological change post- harvest. Samples 

were taken between 8–10 a.m. for consistency when the leaf tissue had high turgor. Forty fully 

expanded leaves were randomly sampled from the middle section of each tree and separated 

into leaf petiole and lamina. Leaf petiole samples were packed in zip-lock bags and kept in an 

insulated cooler box during transportation.  

Vascular sap of leaf petiole was extracted within 48 hours of sampling using an in-

house designed and manufactured precision hydraulic press (AgVita, Australia), filtered, and 

diluted for chemical analysis. Ammonium-N, nitrate-N, and chloride (Cl) were measured using 

QUIKCHEM® 8500 Series 2 flow injection analyser (Lachat, USA). Other macro-nutrients 

including phosphorus (P), potassium (K), calcium (Ca), sulphur (S), magnesium (Mg), and 

micro-nutrients including boron (B), molybdenum (Mo), copper (Cu), iron (Fe), manganese 

(Mn), zinc (Zn), sodium (Na) of the diluted sap samples were measured using a 5110 

inductively coupled plasma-optical emission spectrometer (Agilent Technologies, USA). 

4.3.4 Plant tissue and soil sampling  

Fruit was harvested on 28th February 2019 (20 WAFB) from the middle tree of each sampling 

plot and yield was measured. Twenty fruit were randomly selected and subsampled for fruit 

quality analysis and other five fruit were randomly selected and subsampled for mineral nutrient 

analysis. Leaf lamina and cut fruit samples were dried at 60 ˚C until a constant weight was 

obtained.  

Soil was sampled on 2nd November 2018 (3 WAFB) and 18th March 2019 (23 WAFB), 

which were prior to the application of fertilizer treatments and three weeks after harvest, 
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respectively. At each sampling, a step probe was used to collect four 2.2×10.0 cm soil core 

samples. Two samples were taken from soil midway between two trees, another two were taken 

within 10 cm radius of two randomly selected tree trunks from each sampling plot. All four 

samples were homogenized and air dried until a constant weight and passed through 2 mm 

sieve. 

4.3.5 Plant tissue and soil mineral nutrient analysis 

Dried leaf and fruit samples, and sieved soil samples were sent to CSBP Soil and Plant Analysis 

Laboratory, Western Australia, for chemical properties and mineral nutrient analysis. Leaf and 

fruit samples were measured for total N with Dumas method using a Truspec FP628 high 

temperature combustion analyser (LECO Corporation, USA), and nitrate-N and Cl were 

analysed using a QUIKCHEM® 8500 Series 2 flow injection analyser (LaChat, USA) 

(Rayment and Lyons, 2011). Samples (200 mg) were sat overnight and digested at 90 ˚C for one 

hour with 6 mL of concentrated nitric acid. The digest was cooled to room temperature, mixed, 

and filtered using a 0.45 µM PTFE filter and then diluted 100× with ICP grade deionized water. 

Phosphorus, K, Ca, S, Mg, B, Cu, Fe, Mn and Na were measured using an iCAP6500 Radial 

inductively coupled plasma spectrometer (Thermo Scientific, Germany) (McQuaker et al., 

1979). 

Soil ammonium-N and nitrate-N were measured as described above. Total organic 

carbon was measured colorimetrically using Ledetect 96 (Dynamica, USA). P and K was 

prepared using the Colwell method (Rayment and Lyons, 2011) and measured colorimetrically 

using an AquaKem 600 Series (Thermo Scientific, Finland) and a SpectrAA 55 atomic 

absorption spectrometer (Varian, Australia), respectively. Electrical conductivity (EC) was 

measured using a 122216 EC Probe (TPS, Australia), while pH (water) and pH (CaCl2) were 

measured using a LL Solitrode pH Electrode (Metrohm, Switzerland).   

4.3.6 Fruit quality assessment 

Fruit quality attributes of the 20 fruit harvested from each tree were assessed at harvest. Weight 

was weighed on a GX-4000 laboratory balance (A&D, Tokyo, Japan) and size was measured 

using Vernier callipers. Peel red colour coverage was visually rated using a colour chart ranging 

from 1–5, where 1 represented 0-20% red coverage over the fruit and successive ranks increased 

in 20% steps. Red colour intensity was measured visually with a ‘Royal Gala’ colour chart 
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(Enza, New Zealand) ranging from 1-11, where 1 represents light red and 11 represents a dark 

red colour. Background peel colour where red pigmentation was not developed was visually 

assessed with a colour chart ranging from 1-10, where the colour shifts from green (1) to light 

green (5) to yellow (10). A Delta absorbance meter was used to assess the maturity of the fruit 

by measuring the chlorophyll-a in the fruit mesocarp (Costa et al., 2009). Peel blush colour was 

also assessed by using a CR-400 chroma meter (Konica Minolta, USA) to take an average of 

three random measurements from the red blush area of each fruit. Peel blush colour was 

reported in CIE L*a*b* colour space(CIE, 2019). A thin slice of peel was removed on the blush 

side of each apple to measure flesh firmness using a GUSS Fruit Texture Analyser (GUSS, 

South Africa). Juice was collected to measure total soluble solids (TSS) by using a digital 

refractometer (Atago, Japan). The fruit was then cut horizontally in half, the cut surface of the 

bottom half was sprayed with iodine solution and left to dry for five minutes before starch index 

was visually measured against the Cornell Starch-Iodine Index (1, full starch; 8, no starch) 

(Blanpied and Silsby, 1992). 

4.3.7 Statistical analysis 

Data were subjected to three-way ANOVA test assumption tests prior to analysis, including 

tests for normality and homogeneity of variance. Complete factorial three-way ANOVA and 

Tukey’s HSD test were used to compare treatment means at 95% confidence level using the R 

software version 4.0.4 (R Core Team 2019). 

4.4 Results 

4.4.1 Mineral nutrition of petiole sap  

Following the commencement of fertilizer treatments at 4 WAFB, there were significant 

interactions (p < 0.05) between N×P, N×K and P×K in the Mo and Zn concentration of sap of 

the leaf petiole. Petiole Mo concentration (Figure 4–1) was significantly lower (p < 0.05) in the 

N2P2 treatment relative to N2P1 at 8 WAFB. Further, petiole Zn concentration (Figure 4–1) 

was significantly higher (p > 0.05) in N2P1 relative to N1P1 at 17 WAFB.  

The significant interaction (p > 0.05) between N×K on Mo uptake (Figure 4–2) was 

associated with significantly higher petiole Mo levels in N1K2 relative to N1K1 but not in other 

N×K treatments at 8 WAFB. For the P×K treatment, petiole Mo (Figure 4–3) at 23 WAFB was 
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significantly higher (p < 0.05) in P1K1 relative to P1K2 yet there was no difference between 

other P×K treatments. Petiole Mn concentration was significantly lower (p < 0.05) in trees that 

received N2 treatment than those of N1 treatment at both 17 and 23 WAFB (Table C–1). There 

were no significant treatment interactions or main effects at 8, 17, and 23 WAFB on the 

remaining petiole sap concentration of macronutrients, including nitrate-N, ammonium-N, P, K, 

Ca, and Mg (Table C–2), and micronutrient, B (Table C–1). 
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Figure 4-1 Molybdenum (left axis) at 8 WAFB and Zn (right axis) at 17 WAFB of leaf 

petioles of ‘Gala’ apple in the 2018-19 season associated with treatments of N and P fertiliser 

rates. Different letters denote significant difference (p < 0.05) between treatments according 

to the Tukey’s HSD test. Error bars represent ± standard error of the mean, n = 5. 

Figure 4-2 Molybdenum at 8 WAFB of leaf petioles of ‘Gala’ apple tree in 2018-19 

season associated with treatments of N and K fertiliser rates. Different letters denote 

significant difference (p < 0.05) between treatments according to the Tukey’s HSD 

test. Error bars represent ± standard error of the mean, n = 5. 
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4.4.2 Leaf and fruit mineral nutrient composition  

The N concentration [N] of the leaf lamina (Figure 4–4a) assessed at 8, 17, and 23 WAFB was 

consistently significantly higher (p > 0.05) in the N2 than the N1 treatment, gradually 

decreasing with time in a similar trend. The P concentration [P] of the leaf lamina (Figure 4–4b) 

was significantly higher (p > 0.05) for the N1 than N2 treatment at 17 and 23, but not at 8, 

WAFB.  

Leaf lamina [P] was significantly affected (p > 0.05) by the interaction between N×K at 

23 WAFB (Figure 4–5). Specifically, leaf lamina [P] of trees treated with N1K2 was 

significantly higher (p > 0.05) than trees receiving N1K1, N2K1 and N2K2 treatments. At 17 

WAFB there was a similar trend though results were not significantly different. There were no 

significant interactions or main effects of N, P and K treatments on leaf lamina concentrations 

of other macronutrients including K, Ca and Mg, and micronutrients, including Zn and Mn, 

except for B, at 8, 17, and 23 WAFB (Table C–3 and C–4). 

Figure 4-3 Molybdenum at 23WAFB of leaf petioles of ‘Gala’ apple tree in 2018-19 

season associated with treatments of P and K fertiliser rates. Different letters denote 

significant difference (p < 0.05) between treatments according to the Tukey’s HSD 

test. Error bars represent ± standard error of the mean, n = 5. 
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Both leaf lamina B concentration [B] at 23 WAFB and fruit [B] at 20 WAFB (Figure 4–

6) were significantly higher (p > 0.05) for trees treated with P2 relative to P1 regardless of any 

other nutrient applied. No significant interactions or treatment main effects were observed for 

the concentration of macronutrient, including N, P, K, Ca and Mg, and micronutrients, including 

Zn and Mn, in fruit at harvest, 20 WAFB (Table C–5). 

 

(b) 

(a) 

Figure 4-4 Leaf lamina N (a) and P (b) concentration (% dry weight) of ‘Gala’ apple tree 

at 8, 17 and 23 WAFB of the 2018-19 season influenced by different N rates. Different 

letters denote significant difference (p < 0.05) between treatments for Tukey’s HSD test. 

Error bars represent ± standard error of the mean, n = 5. 
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b 

b 

b 

a 

Figure 4-5 Leaf P concentration (% dry weight) of ‘Gala’ apple tree at 8, 17 and 23 

WAFB of the 2018-19 season influenced by the interactions between N and K rates. 

Different letters denote significant interaction (p < 0.05) between treatments for Tukey’s 

HSD test. Error bars represent ± standard error of the mean, n = 5. 

Figure 4-6 Impact of P rates on fruit and leaf lamina B concentration (mg kg-1) from 

‘Gala’ apple tree as at 20 and 23 WAFB, respectively. Different letters denote 

significant difference (p < 0.05) between treatments for Tukey’s HSD test. Error bars 

represent ± standard error of the mean, n = 5. 
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4.4.3 Fruit yield and quality 

The fruit yield of the investigated season was 7.17 ± 2.3 kg tree-1 and was not significantly 

different between treatments (Table C–6). All the assessed fruit quality attributes were also not 

significantly affected by the fertilizer treatments (Table C–6). 

4.5 Discussion 

4.5.1 Impact of N, P and K fertilization on mineral nutrition of 
petiole sap 

The petiole sap concentration of nutrients can represent the uptake and translocation (in the case 

of mobile nutrients) of nutrients combined at a particular point in time (White, 2012b). In this 

study, the factorial application of N, P, and K at two different rates had a complex interaction on 

the uptake of the micronutrients Mn, Mo and Zn, this is assumed given the immobile 

physiochemical properties of the micronutrient ions. Specifically, P and high N rate at 8 WAFB 

and K with medium P rate at 23 WAFB had antagonistic effects on the uptake of Mo reflected 

in the significantly lower leaf petiole Mo concentrations under these treatments. In contrast, a 

synergistic relationship with K and medium N rate was observed on leaf petiole Mo uptake at 8 

WAFB. For Zn leaf petiole concentrations, a synergistic relationship with N and medium P rate 

was observed at 17 WAFB. The interaction between soil mineral ions can directly or indirectly 

affect plant uptake. The former via competition for the same transporters on plasma membrane 

of root epidermis (White, 2012a), while the latter could be via the dynamic physicochemical 

interaction between ion-ion and ion-soil (Naidu and Rengasamy, 1993). For instance, a direct 

synergistic impact of K from medium N-K treatments (N1K2) on higher Mo uptake is possible, 

as higher K+ concentration from the treatment may facilitate the uptake of Mo, in MoO4
2-, via 

balancing the electrochemical gradient across the cell membrane. Although sulphate ions from 

K treatments are known to depress Mo uptake via direct anionic selectivity competition 

(Hamlin, 2016), the impact of the sulphate ion could be masked by the excess amount of Ca 

from N treatments in this specific instance. Similarly, the synergistic impact on Zn uptake, as 

Zn2+, with N-medium P treatments could also be the result of electrochemical balancing from 

Zn2+ and NO3
-. However, an indirect antagonistic impact of K on Mo uptake was observed from 

the K-medium P treatments, where excessive sulphate ion from K fertilizer inhibited the uptake 
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of Mo. As the Ca from P fertilizer can form a relatively insoluble precipitate, CaSO4 which is 

likely to suppress the physiochemical interaction of the sulphate ion. 

An antagonistic relationship between the uptake of Mn with increased rates of N was 

also observed, where Mn uptake as determined by leaf petiole analysis was significantly lower 

for trees receiving high, compared to medium rates of N. The mechanism of Mn acquisition and 

uptake is understood to be via facilitated diffusion of Mn2+ across plasma membrane Ca2+ 

channels (Alejandro et al., 2020). This uptake mechanism is similar to other divalent cation 

species including Ca2+ which can lead to competition between cations for uptake (Fox and 

Guerinot, 1998). Importantly, the much greater (>10 times) abundance of Ca2+ than Mn2+ in 

general soil profile (Broadley et al., 2012) also lowers the competitiveness of Mn2+ relative to 

Ca2+. Hence, we speculate that the reduced uptake of Mn observed in this study was due to 

inadvertent high levels of Ca2+ from incorporation into the fertilizer Ca(NO3)2. 

The interaction between N, P and K rates on micronutrient uptake was observed at 

different times. This could be due to the difference in ion selectivity by plant roots, availability 

of ions at a certain soil pH and the mechanisms of nutrient acquisition via plant roots (White, 

2012a). After the application of fertilizer, K and N are readily available for plant uptake, but P 

is released comparatively slower. This explains why the interaction of K and N treatments on 

micronutrient uptake were observed at 8 WAFB, in contrast to the interactions of P with K or N 

treatments which did not become apparent until 17 or 23 WAFB. Hence, the rate of 

solubilization of nutrients can be a key factor influencing the timing of micronutrient uptake 

following fertilizer application. 

 The leaf petiole concentration of macronutrients including ammonium-N, nitrate-N, P, 

K, Ca, and Mg were not affected by the fertilizer treatments. This suggests that application rates 

of the N, P, K treatments were not limiting the uptake of macronutrients, providing that the tree 

received sufficient nutrient in the previous seasons. Specifically, previous nutrient management 

may have resulted in sufficient plant available N, P and K remaining in the soil and/or sufficient 

remobilized nutrient resources from internally stored reserves. Previous studies investigating the 

impact of timing of N application in 14-year-old apple trees have demonstrated the buffering 

capacity of older trees to temporal variation in N availability (Swarts et al., 2014) which may 

hold more generally for mobile nutrients at least. In contrast, in an annual crop that has 

substantially lower nutrient buffering capacity, petiole sap N and K concentrations closely 

correlate with the application of mobile plant nutrients (Westermann et al., 1994, Reis Jr and 

Monnerat, 2000). Thus, it is presumed that the limited impact from the treatments on 

macronutrients in this study could be due to the nutrient buffering capacity of mature perennial 
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trees, the efficient internal uptake and recycling mechanisms of macronutrients by apple trees, 

and/or that the nutrient supply from medium fertilizer application rates are sufficient. 

4.5.2 Impact of N, P and K fertilization on leaf and fruit mineral 
nutrient content 

Leaf N and P concentrations were affected by the different N and K application rate treatments. 

Leaf N was consistently higher for trees receiving N2 than compared with N1 at the three 

assessment dates. In contrast, leaf P was significantly lower (p < 0.05) at 17 and 23 WAFB for 

trees receiving N2 compared with N1. This suggests that N and P could have an antagonistic 

relationship where the more efficient uptake mechanism of N may result in reduced P uptake. 

Plant available P, in the form of negatively charged phosphate ions, can be adsorbed to clay 

surfaces, and precipitated to form stable salts (do Nascimento et al., 2018) that are relatively 

immobile. Additional nitrate supply from the N2 treatment may have increased soil pH around 

the root surface by reducing soil H+ via recycling of H+ into cytosol via H+/NO3
- cotransport. 

Any further increase of pH of the root surface from soil above pH(CaCl2) 6.49 as determined at 3 

WAFB may reduce the availability of phosphate ions for plant uptake by forming relatively 

insoluble Ca phosphate salts (Mengel and Kirkby, 2001), including hydrated calcium phosphate 

(CaHPO4·2H2O), hydroxyapatite (Ca10(PO4)6(OH)2) or octacalcium phosphate 

(Ca8H2(PO4)6·5H2O) (do Nascimento et al., 2018). 

Leaf P was affected by the interaction between N and K treatments. A high K fertilizer 

rate (K2, 150 kg K ha-1) was associated with a significantly higher leaf P concentration when N 

fertilizer rate was adequate (N1, 10 kg N ha-1). However, the leaf P was not significantly 

different between medium and high K fertilizer rates when N fertilizer was also high. This 

suggests that K application could have a synergistic relationship with leaf P concentrations only 

when N fertilizer rate is at low to adequate levels. High concentration of Ca2+ from high N rate 

could reduce the availability of P for plant uptake via precipitation to calcium salts as described 

above (do Nascimento et al., 2018). The synergistic relationship between K and P possibly only 

occurs when there are no other cations such as Ca2+, Al3+, Fe3+ present, and/or acidic or basic 

soil pH conditions that drastically reduce plant available P in soil solution. 

Fruit B concentration at harvest and leaf B at three weeks post-harvest were 

significantly increased when treated with increased P fertilizer rate. This is despite petiole B 

concentration not being significantly affected by fertilizer treatment. A synergistic relationship 

between B and P is not well documented. Root uptake of B is mainly in the form of 
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undissociated boric acid, B(OH)3 that can be adsorbed to soil by Al and Fe oxides, clay 

minerals, calcium carbonate and organic matter (Mengel et al., 2004). As P is also present in the 

soil in anionic forms and may also be adsorbed to similar soil constituents at acidic (less than 

6.0) or basic soil (greater than 6.5) pH (Marsh et al., 1987), increasing P application rate may 

increase the abundance of P to be adsorbed to the soil surface. Hence, this may indirectly 

release more B to the soil solution that can readily be taken up by plant roots. 

Leaf lamina and fruit Mn, Mo and Zn that were not affected by N, P and K treatment 

application differed in their response to leaf petiole analysis. The non-significant treatment 

effects on leaf and fruit micronutrient concentrations can be attributed to either, insufficient 

time post application for uptake to result in a significant difference; and/or the asynchrony 

between the timing of micronutrient uptake and the physiological stage when the nutrient is 

actively taken up by fruit or leaf. Significant differences in concentrations of Mo, Mn and Zn 

observed in leaf petiole assessments were not consistent throughout the season, and only three 

time points were examined in this study. It is possible that treatment influences observed in leaf 

petioles did not persist enough to translate to an overall difference in nutrient status in leaf and 

fruit at the times assessed. In addition, the translocation of nutrients into apple fruit tends to 

cease around 17 WAFB (3-5 weeks before harvest) (Cheng and Raba, 2009, Toselli et al., 

2000), and after fruit harvest, the tree shifts towards a winter dormant phase (Fadón et al., 

2020), where the uptake of nutrients into the tree canopy is progressively limited. This is the 

likely explanation for why leaf petiole Zn and Mo did not reflect respective leaf and fruit 

nutrient concentrations at the same assessment dates. 

4.6 Conclusions 

This study revealed complex interactions of N, P and K application rates on the uptake of 

micronutrients, and the nutrient status of apple tree leaf lamina and harvested fruit. We found 

both synergistic and antagonistic relationships between the uptake of Mo, Zn, and Mn and the 

application of different rates of N, P, and K fertilizer, although the impacts were not consistent 

throughout the growing season. Both targeted ions (i.e., NO3
-, H2PO4

-, and K+) and non-targeted 

ions (i.e., Ca2+ and SO4
2-) of the fertilizer salts had demonstrated importance in the uptake and 

status of mineral nutrients. The differences in ion selectivity and uptake by apple trees and the 

availability of P from P treatments resulted in later detection of treatment interactions with other 

nutrients than observed for N and K treatments. Except for leaf N and P, and leaf and fruit B, 

the status of other leaf and fruit nutrients, fruit yield and quality were not affected by the N, P, 
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and K application rate treatments. This suggests that previous season’s nutrient management 

and soil nutrient status provided sufficient nutrient supply for the apple trees trialled in this 

single-season study.  

That fruit yield and quality outcomes were not immediately affected by treatment 

applications suggests a buffering capacity by apple trees to not only draw from nutrient reserves 

when current season nutrient supply is limited (for example, N1K2 and N2P1) but also limit 

nutrient uptake under conditions of luxurious nutrient supply (for example, N2P2 and P1K2). 

Over a longer experimental period under the same set of treatments, compromised fruit quality 

outcomes are inevitable due to nutrient deficiencies and excesses. A multi-season trial of 

repeated treatments would confirm the carry-over effects of the interactions between key 

macronutrients at these application rates and would benefit development of precision nutrient 

management recommendations for improved orchard sustainability and productivity. 
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Chapter 5 Impact of nitrogen and potassium 
fertilization on ‘Honeycrisp’ apple tree nutrition, fruit 
development and bitter pit development 

In addition to Chapter 4, to gain a deeper understanding of the impact of N and K application rates on 

apple fruit production, a collaborative research opportunity was proposed by the field experts utilizing 

a combination of chemical and imagery analysis. This resulted in a field research conducted in the 

Washington State University, the United States and imagery analysis in Canadian Light Source, 

Canada. This chapter enabled the study of the apple physiological disorder, bitter pit, from a micro-

imagery perspective, and findings from this chapter provide preliminary indications of the relationship 

between fruit cell structure and physiological disorder. 

 Due to the distinct nutrient buffering impact from perennial tree structures and the soil 

system, this experiment will be extended for multiple seasons after this PhD study before being 

submitted for publication. 

5.1 Abstract 

The macronutrients, nitrogen (N) and potassium (K), may interact to affect nutrient uptake and 

consequently fruit nutrition, yield and quality. The balance between these nutrients and calcium (Ca) 

is important because it is a major factor for bitter pit development that can make fruit unmarketable. 

This study examined the impact of different N and K application rates on leaf and apple fruit cell 

properties, nutrition and quality of regrafted ‘Honeycrisp’/M9-T337 apple trees (Malus domestica 

Borkh) over the 2019 growing season. N-K application rate treatments of control, conventional, 

medium N, high N, medium K, and high K (respective application rates kg N ha-1-vs K2O ha-1: 5.6-

52.1, 12.3-56.0, 31.4-56.0, 49.3-56.0, 12.3-140.1, 12.3-224.2) commenced at 4 weeks after full bloom 

(WAFB). Leaf and fruit nutrient status were monitored at 6, 12, and 18 WAFB, fruit quality was 

assessed at harvest and 10-weeks post-harvest. Fruit cell properties were assessed by imagery analysis 

using synchrotron X-ray microcomputed tomographs (SXRµCT) of fruit at 17 WAFB. At higher N 

and K rates, fruit porosity and cell size decreased, whilst the cell number per unit area increased. 

Although the bitter pit intensity and frequency were not significantly affected by the N and K 

treatments at harvest,  higher rates of bitter pit were found after storage when trees were treated with 
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high K rate. Fruit firmness at harvest was also significantly reduced with increased N rates. Among 

the leaf and fruit nutrients examined, at 12 WAFB, leaf Ca was negatively affected by N and K rates, 

but the impact on fruit Ca was the opposite. Balanced and adequate application rates of N and K is 

recommended to prevent reduction in fruit firmness and development of bitter pit at post-storage. 

Keywords: Cell number, cell size, fruit porosity, synchrotron X-ray microcomputer tomography 

(SXRμCT) 

5.2 Introduction 

Application of appropriate quantities and ratios of essential elements (Bramlage, 1992) at biologically 

relevant timing (Drake et al., 2002) are essential to replenish the nutrient loss from the previous 

season and maintain high yields of quality fruit in deciduous tree crops. Nitrogen (N) and potassium 

(K) fertilizers are key macro-nutrients that have a large impact on apple quality (Neilsen et al., 2008), 

and yield (Nava and Dechen, 2009), and can induce the development of bitter pit, a calcium-related 

disorder (Ferguson and Watkins, 1992). N is crucial for the constitution of amino acids, energy 

homeostasis, protein regulation, and is essential for non-protein compounds such as photosynthetic 

pigments, and secondary metabolites (Maathuis, 2009). Although acidic or anaerobic soil conditions 

can lead to greater uptake of N in ammonium form (Youngdahl et al., 1982, Mota et al., 2011), most 

plants take up N in the nitrate form in agricultural soils (Miller and Cramer, 2005). Ammonium-N 

represents a relatively small portion (~0-53%) of N uptake by utilizing K+ channels to enter the plant 

cell via facilitated diffusion (Nadelhoffer et al., 1984, Lajtha, 1994), although the channel is more 

selective for K+ (Mengel et al., 2004). Due to higher mobility, Nava and Dechen (2009) reported that 

high N fertilizer rates can dilute the fruit concentration of less mobile ions such as calcium (Ca). Iuchi 

et al. (2001) observed an increase of Ca-related physiological disorders, such as bitter pit, in apples 

treated with high rates of N fertilizer.  

K is an essential nutrient that governs water homeostasis, activation of enzymes and 

facilitates nutrient uptake and translocation (Maathuis, 2009). K is taken up more effectively than 

other mineral nutrients via both high- and low-affinity systems (Mengel et al., 2004), which are 

represented by selective and non-selective protein transporters, respectively. The former utilizes a 

proton cotransport mechanism that has a high K+ affinity to transport K+ into the cytosol when K+ 

concentration is low in the nutrient solution. In contrast, the latter acts as the main transport 

mechanism to passively take up K+ along an electrochemical gradient via ion channels when K+ 

concentration is relatively high in the nutrient solution. Due to the higher efficiency of K+ uptake, and 

the antagonistic relationship of K+ to other cations such as Ca2+ (Mengel et al., 2004), decreased 
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uptake of Ca2+ can lead to the development of the physiological disorder bitter pit (De Freitas et al., 

2010). However, the physiological processes of apple trees and fruit Ca response to high rates of N 

and K fertilizer warrants further research to effectively manage tree and fruit mineral nutrition and 

quality via nutrient management of high input fertilizers such as N and K. 

Bitter pit is a common physiological disorder of apple related to localized Ca deficiency. 

Cultivars such as ‘Honeycrisp’, ‘Golden Delicious’ and ‘Granny Smith’, are particularly prone where 

bitter pit incidence can be as high as 50% in some years (Rosenberger et al., 2001, Lötze and Theron, 

2007). The disorder usually begins below the skin surface close to the calyx region. Collapsed plasma 

membranes lead to water-soaked symptoms, followed by necrosis of the tissue and darkening and 

depression of the affected spot (Fuller, 1980). Fruit Ca content is correlated with the occurrence of 

bitter pit, as Ca is an essential element that covalently complexes phospholipids and proteins in the 

plasma membrane in concert with pectins and hemicelluloses (Clarkson and Hanson, 1980, Hirschi, 

2004). White and Broadley (2003) and De Freitas et al. (2010) showed that ~60% of Ca2+ is fixed 

within the vacuole and binds cell walls, hence directly accessible free apoplastic Ca2+ is vital for 

stabilizing the plasma membrane.  

Ca2+ is relatively immobile in the phloem. Chiu and Bould (1976) indicated the importance of 

a constant supply of adequate Ca2+ level in the xylem sap to maintain an adequate concentration of 

apoplastic Ca2+ to stabilize the plasma membrane of the fruit cell. Thus, application of foliar calcium 

chloride spray, to overcome the limited supply via the roots, is now the most common way to 

effectively suppress the development of bitter pit, however, the results are not always consistent 

(Tomala and Soska, 2004, Neilsen et al., 2005). Mengel et al. (2004) summarized that the occurrence 

of bitter pit in apple is often reported to accompany indirect Ca deficiency instead of deficiencies in 

the soil or leaves. As such, the mechanisms underlying the observed interactions between N, K, and 

Ca on the occurrence of bitter pit are required to effectively manage bitter pit incidence in susceptible 

cultivars.  

Mitigation of bitter pit is critically important to improve the economic sustainability of some 

cultivars for apple growers. Nearly 30% of the harvested apples are downgraded for juicing or culled 

each season due to failure to meet industry fruit quality standards and the development of 

physiological disorders like bitter pit at postharvest (Finger, 2020). Although many have studied the 

role and impact of individual elements on apple fruit quality and physiological disorder development 

(Marcelle, 1993, Raese, 1998, Drake et al., 2002), less attention has been paid to interactions of tree 

nutrients and utilization (Aulakh and Malhi, 2005, De Freitas et al., 2010). Hence, further study on 

how external mineral nutrient supply interacts and impacts apple tree nutrition and fruit quality are 

required to effectively reduce fruits that are unmarketable due to physiological disorders like bitter pit. 
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In this study, we deployed synchrotron X-ray micro-computed tomography (XRµCT) to 

investigate the impact of N and K fertilization on fruit tissue at the cellular level in fruit, and effect on 

fruit quality and development of physiological disorders. In particular, fruit porosity and cell size 

were assessed as both attributes are directly related to the space available in the apoplast to contain 

free Ca2+ for plasma membrane stability. The aims of this study were to investigate how interaction 

between N and K rates affect uptake, and leaf and fruit mineral nutrient concentrations. We also 

examined how the nutritional variation from N and K rates impact apple fruit at the cellular level and 

the relationship with fruit quality and the occurrence of bitter pit. 

5.3 Materials and methods 

5.3.1 Site, plant material and experimental design 

This experiment was conducted from April to September 2019 at Washington State University Tree 

Fruit Research and Extension Center Sunrise Orchard in Washington state (47°18'41" N 120°04'06" 

W), USA. The area is a semi-arid temperate environment with a hot and dry summer season. The 

average annual precipitation is 243 mm and is concentrated in the November-February period. The 

average monthly maximum and minimum temperatures are 29.2 ˚C and 13.7 ˚C respectively in the 

summer months, and 3.2 ˚C and -4.1 ˚C respectively in the winter months. The Pogue soil type is 

characterized by a shallow sandy loam with low organic matter. The apple trees (Malus domestica 

Borkh.) were ‘Honeycrisp’ cultivar apple regrafted in 2016 on a M9-T337 rootstock, with a ‘Granny 

Smith’ interstem, grown in a high-density system with a tree spacing of 0.9 m intra-row by 3 m inter-

row (2928 trees ha-1). Trees were trained to a three-axis planar structure, supported by trellis and with 

a weed-free strip of 0.6 m width. The trees were fertilized annually with 5.6 kg ha-1 N, 17.9 kg ha-1 of 

P, 52.7 kg ha-1 of K, and, 47.1 kg ha-1 of Ca since 2016 and were based on annual soil testing and 

agronomic recommendations. 

A complete randomized design with 6 treatments of nitrogen (N) and potassium (K) 

fertilization rates and timings was deployed (details see Table 5–1.). Each treatment was replicated six 

times and each replicate consisted of a plot of six trees with the outer two trees acting as buffer trees. 

A base fertilizer regime of N, P, K, Ca, magnesium (Mg), and other essential nutrients rates was 

broadcast applied to every tree four weeks after full bloom (WAFB). This rate represented the control 

rate, being a standard nutrient application for this orchard. The differences in N and K level between 

the control and other treatments were achieved by supplementing with additional broadcast 

ammonium sulfate and potash (potassium chloride), as the N and K source, respectively, on top of the 
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base fertilizer regime onto the bare soil strip maintained by herbicide application. Supplementary N 

and K fertilizer application were applied at four WAFB (Table 5–1). Trees received drip irrigation 

from emitters spaced 0.9 m apart at 3.78 L hr-1 for two hours per day because of the low annual 

precipitation and irrigation represents between 90 and 95% of total water delivery to the trees during 

the growing season. 

Table 5–1 Rates of nitrogen (N) and potassium (K) fertilizer, and application timing of each fertilizer 

treatment. 

Treatment 
N rate  

(kg N ha-1) 
K rate  

(kg K2O ha-1) 

Control 5.6 52.1 

Conventional 12.3 56.0 

Medium N 31.4 56.0 

High N 49.3 56.0 

Medium K 12.3 140.1 

High K 12.3 224.2 

 

5.3.2 Leaf and fruit sampling and nutrient analysis 

Ten mature leaf and five fruit samples from each plot were randomly collected from the mid-portion 

of the canopy at three and nine WAFB and at commercial harvest. All samples were oven-dried at 60 

˚C, before grinding into powder with a high-throughput homogenizer (VWR, Radnor, PA, USA) and 

analyzed for the mineral composition of K, calcium (Ca), and magnesium (Mg) using the nitric acid 

digestion approach (Campbell et al., 1998). Leaf and fruit subsamples (200 mg) were sat overnight 

and digested at 90 ˚C for one hour with 6 mL of concentrated nitric acid. The digest was cooled to 

room temperature, mixed and filtered using a 0.45 µM PTFE filter and then diluted 100 × with ICP 

grade deionized water. The digestion procedure was repeated for the fruit samples. The diluted 

solutions were then analyzed with an atomic emission spectrometer (4100 MP-AES, Agilent, USA) 

for K, Ca, and Mg concentration in leaf and fruit tissue. Subsamples were also analyzed for N 

concentration using a flash elemental analyzer (Thermo Finnigan EA 1112 Series, California, USA). 

Another set of eight fruits from each treatment were randomly collected a week prior to commercial 
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harvest. One fruit of the median width from each replicate was sub-sampled to represent the 

experimental plot and cooled to 0 ˚C before transporting in an insulated cooler for XRµCT analysis. 

 

5.3.3 Fruit cell structure analysis using synchrotron X-ray 
computed microtomography (XRµCT) 

Synchrotron XRµCT was used to examine treatment effects on fruit cell porosity, density, and 

incidence of bitter pit. The tomographic images were obtained at the Canada Light Source Inc using 

the Biomedical Imaging and Therapy Insertion Device BMIT-ID (05ID-2) beamline. The system was 

set up with specifications of 30 keV beam energy, 19 photon energy, large area type high resolution 

X-ray imaging system (AA40, Hamamatsu, Japan) placed 0.15 m away from the center of the rotating 

stage, 6.5 µm pixel size. A horizontal section of the fruit of approximately 17 mm in diameter and 30 

mm in depth was cut along the equator of the apple, fitted into a transparent centrifuge tube, and fixed 

onto a high precision rotation platform for XRµCT scan. Tomograms were recorded by taking dark 

and flat field images prior to each scan to correct the background noise and the sample was rotated 

180° around its vertical axis at a 0.087° step, taking 2048 images in total. Tomograms were then 

reconstructed following the reconstruction procedure (see detail in Appendix D.1). Reconstructed CT 

images of apples were analyzed with ImageJ image analytical software (Schneider et al., 2012). 

5.3.4 Fruit quality assessment 

Fruits were harvested at commercial harvest (18 WAFB) with 36 fruits being subsampled from each 

replicate. Fruit quality assessment and mineral analysis were conducted on 16 fruits at harvest and 

quality assessment was repeated ten weeks after harvest (following storage at 0 ˚C under normal 

atmosphere). Fruit weight and diameter (width and height) were measured. Skin color was visually 

rated using a color chart with a range from 1-4, where 1 represents 0-25% red coverage and each rank 

increased at 25% step. The background color was visually measured with color chart with a range 

from 1-4, each rank represents ‘green’, ‘yellowish-green’, ‘yellow’, and ‘pink or red’, respectively. 

Red color intensity was measured with a digital colorimeter (CR-410, Konica Minolta, Japan). A thin 

slice of peel was removed on the side of each apple to measure flesh firmness using the GUSS Fruit 

Texture Analyzer (GUSS, South Africa). The juice was collected to measure total soluble solids 

(TSS) by using a digital refractometer (Atago, Tokyo, Japan). The fruit was then cut horizontally in 
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half, the cut surface of the bottom half was sprayed with iodine solution and left to dry for five 

minutes before the starch index was measured by using Washington State Scale (1, full starch; 6, no 

starch). Incidence of bitter pit formation was counted for each plot of apple and bitter pit intensity was 

measured as a percentage of peel covered with bitter pit.  

5.3.5 Statistical analysis 

R statistic software (R Core Team, 2019) was used for statistical analysis of the data of this study. All 

data were fitted into linear models against N application rate, K application rate and interactions 

between the two. A model that best fit the data was selected using ∆AIC model selection method and 

selection rules (Richards, 2008). Once the best models were selected, regression analysis assumption 

tests were tested prior to regression analyses. 

5.4 Results and Discussion 

5.4.1 Impact of N and K on leaf and fruit mineral nutrient content 

In this study, the impact of the interaction between N and K application rates was not observed in leaf 

and fruit macronutrient content. The regression model fitted with the main effect of N and/or K for 

each leaf and fruit nutrient content at the respective sampling times were presented in Table 5–1 and 

5–2. The leaf Mg measured at 6 WAFB was significantly predicted by N application rate (p < 0.05, 

adjusted R2 later referred as adj. R2 = 0.301), and leaf Ca measured at 12 WAFB was significantly 

predicted by N and K rates (p < 0.05, adj. R2 = 0.311) (Table 5–1). Specifically, leaf Mg at 6 WAFB 

decreased by 0.9 g kg-1 for each unit increase in N rate. This antagonistic relationship could be due to 

an over-abundance of ammonium ion (NH4
+) from the N fertilizer which may compete with Mg2+ for 

root uptake and translocation via the electrochemical balance requirement of the negatively charged 

cytosol (Mengel and Kirkby, 2001). Leaf Ca at 12 WAFB decreased significantly (p < 0.05) with both 

N and K rates consistent with findings reported in other studies (Nava and Dechen, 2009, Neilsen et 

al., 2008). Similarly, this could be due to competition between NH4
+ and K+ with positively charged 

Ca2+, where the NH4
+ and K+ were taken up more rapidly than Ca2+ with a more competitive uptake 

mechanism (Mengel et al., 2004). In addition, the application of ammonium-based fertilizer can 

decrease the soil pH (Vitousek et al., 1997) which could further reduce the plant availability of Ca2+ 

by immobilization in aluminum- and iron-calcium complexes. 
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On the other hand, at 6 WAFB, fruit Ca was significantly predicted by N application rate (p < 

0.05, adj. R2 = 0.126), and fruit K (p < 0.05, adj. R2 = 0.341) and Mg (p < 0.05, adj. R2 = 0.169) were 

both significantly predicted by K application rates (Table 5–2). At 12 WAFB, only the fruit Ca was 

significantly predicted by both N and K application rates (p < 0.05, adj. R2 = 0.428). During the 

period of active fruit development (6-12 WAFB), fruit Ca was positively affected by N rate and K rate 

only at 12 WAFB. In this study, the impact of N and K fertilization on fruit Ca was the opposite to the 

impact on leaf Ca and contradictory to the other long-term (Nava and Dechen, 2009, Neilsen et al., 

2004) N and K application rate studies on apple. These studies had the same fertilization treatments 

repeated for five (Neilsen et al., 2004) and eight (Nava and Dechen, 2009) growing seasons, which 

allow the soil N and K levels to be depleted or enriched by the application rates. In contrast in the 

current study, N and K treatments were only applied once to a mature apple tree, which prioritized the 

translocation of Ca to fruit (< ~12 WAFB) than to leaf when increased N and K rate is possibly 

inhibiting the root uptake of Ca. However, the impact of N and K rates on fruit Ca diminished at 18 

WAFB (harvest). This could possibly be due to a combination of ceased nutrient translocation into 

fruit and enlargement of fruit size (Cheng and Raba, 2009, Toselli et al., 2000), where the latter was 

the result of carbohydrate and water accumulation which could dilute the impact of N and K rate in 

fruit Ca concentration. 

The remaining of the leaf and fruit macronutrients measured throughout the season were not 

significantly predicted by any of the main effects of N and/or K application rates. This could be due to 

adequate levels of native mineral N, K, Ca, and Mg, and the buffering capacity of the mature apple 

tree provided by remobilized storage N (Tan et al., 2021) (and other stored nutrients) to meet the tree 

N requirement and negate single season variation in nutrient supply.  
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Table 5–2 Model of best fit (n = 36), significance level of regression coefficients [N rate (kg N ha-1), 

N; K rate (kg K2O ha-1), K], p-value and adjusted R2 for leaf macronutrient (N, Ca, K, Mg) level at 6, 

12, and 18 week after full bloom (WAFB) in 2019 season. 

WAFB 
y-variable  

(%) 
Model of best fit N K p-value 

Adjusted 
R2 

6 
Ca  y = – 0.003N + 2.95 ns - 0.107 0.047 
K y = – 0.003N + 2.02 ns - 0.290 0.004 

Mg y = -0.001N + 0.0001K + 0.339 ** ns 0.001 0.301 

12 
Ca y = – 0.013N – 0.004K + 2.95 ** *** < 0.001 0.311 
K y = 0.002N + 1.43 ns - 0.440 0.011 

Mg y = 0.0001K + 0.34 - ns 0.293 0.004 

18 

N y = -0.001K + 2.35 - ns 0.159 0.030 
Ca y = 0.006N + 0.001K + 1.82 ns ns 0.163 0.050 
K y = 0.006N + 0.001K + 1.33 ns ns 0.100 0.078 

Mg y = -0.001N + 0.43 ns - 0.108 0.047 
Notation under the regression coefficient columns indicates the significance of the coefficient as a predictor of the respective 
y variable: ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

Table 5–3 Model of best fit (n = 36), significance level of regression coefficients [N rate (kg N ha-1), 

N; K rate (kg K2O ha-1), K], p-value and adjusted R2 for fruit macronutrient (N, Ca, K, Mg) level at 6, 

12, and 18 week after full bloom (WAFB) in 2019 season. 

WAFB y-variable 
(g kg-1) Model of best fit N K p-value Adjusted 

R2 

6 
Ca  y = 0.67N – 0.07K + 63.13 * ns 0.044 0.126 

K y = – 6.2N – 3.4K + 2015.7 ns *** < 0.001 0.341 

Mg y = – 0.11K + 86.4 - ** 0.008 0.169 

12 
Ca y = 1.38N + 0.22K + 9.84 *** ** < 0.001 0.428 

K y = 0.48K + 1194.6 - ns 0.106 0.048 

Mg y = 0.001K + 44.7 - ns 0.925 0.029 

18 

N y = -0.04K + 286 - ns 0.575 0.020 

Ca y = 0.69N + 0.17K + 19.22 ns ns 0.210 0.049 

K y = 1.61N + 1532.4 ns - 0.643 0.023 

Mg y = 0.08N + 57.1 ns - 0.639 0.023 

Notation under the regression coefficient columns indicates the significance of the coefficient as a predictor of the respective 
y variable: ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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5.4.2 Impact of N and K on fruit cell structure and fruit quality 

A week prior to fruit harvest, the fruit cell structure properties (Table 5–4) including fruit porosity (p 

< 0.05, adj. R2 = 0.056), cell number (p < 0.05, adj. R2 = 0.307), and cell size (p < 0.05, adj. R2 = 

0.049) were significantly predicted by the interaction between N and K application rates. The vein 

number (Table 5–3) on the other hand was significantly predicted by the main effects of N and K 

application rates (p < 0.05, adj. R2 = 0.066). However, the adj. R2 of these models that predicted the 

measured fruit cell properties were very low which only explained 4.9 – 30.7% of the variability 

within the data population. The fruit cell properties were necessarily assessed from the computed 

tomography images (n > 100) pooled from only three individual fruits for each treatment. The 

findings from this study indicated that the variation in fruit cell properties was relatively high within 

each fruit, and N and K rates have a weak relationship with the assessed fruit cell properties. 

Nevertheless, the prediction models indicated that fruit porosity and cell size decreased with 

increasing N and K application rates, which aligned with the increased cell number per unit area with 

increased N and K application rates. These could directly impact the fruit firmness, and possibly but 

not necessary the development of bitter pit. The former is due to the reported relationship of higher 

fruit firmness to higher number of cells within an apple cultivar (Martin et al., 1965, Wojcik and 

Wojcik, 2007), whilst the differences in firmness and fruit softening progress between different 

cultivar were shown to closely related the expression of certain genes that regulates the dismantling of 

the cell wall/middle lamella structure (Wakasa et al., 2006, Di Guardo et al., 2017). Whilst the latter 

could be due to the decrease in cell wall to number ratio that indirectly increase the need for more 

nutrient, especially Ca2+, for a more structurally stable cell wall and  membrane to prevent membrane 

breakdown that can lead to the formation of bitter pit (De Freitas et al., 2010). 
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Table 5–4 Model of best fit, significance level of regression coefficient [N rate (kg N ha-1), N; K rate 

(kg K2O ha-1), K; N×K interaction, N×K], sample size (n), p-value and adjusted R2 for fruit cell 

properties one week before harvest in 2019 season. 

y-variable Model of best fit N K N×K n p-value Adjusted 
R2 

Fruit porosity  
( air space %) 

y = -0.012N – 0.0026K + 
0.0003N×K + 0.381 ** ** ** 1818 < 0.001 0.056 

Cell number 
(mm-2) 

y = 316.4N + 68.7K  7.0 N×K - 
2075.8 *** *** *** 198 < 0.001 0.307 

Cell size (mm) y = -0.017N – 0.0036K + 
0.0004N×K + 0.390 ** ** ** 198 < 0.001 0.049 

Vein number 
(mm-2) y = -0.015N – 0.006K + 2.81 ns * - 198 < 0.001 0.066 

Notation under the regression coefficient columns indicates the significance of the coefficient as a predictor of the respective 
y variable: ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

In this study, the intensity and frequency of incident bitter pit (Table 5–4) were not 

significantly affected by N and K rates at harvest. However, after a ten-week storage at 0 ˚C the 

changes in bitter pit incident frequency (Table 5–4) significantly increased with K application rate (p 

< 0.05, adj. R2 = 0.242) and was also increased with fruit weight at harvest. This provided further 

evidence that increasing K rates can increase the incidence of bitter pit after post-harvest storage 

which could be related to the K-associated reduced fruit Ca content and increased cell number as 

discussed above. 

Among the assessed fruit quality attributes (Table 5–4), fruit firmness was significantly 

decreased (p < 0.05, adj. R2 = 0.089) with increasing N rates, from 6.60 to 6.41 kg when N rate was 

increased from 5.6 to 49.3 kg N ha-1. Such impact from increasing N rates was also reported in other 

studies (Raese and Drake, 1997, Nava et al., 2007). Increasing N rates also significantly increased 

redness (p < 0.05, adj. R2 = 0.162) of skin color in terms of hue angle, where the lower hue angle 

represents increasing redness. This finding contradicted that of Nava et al. (2007), where hue angle 

was increasing with higher N rate. The difference in findings could be due to the small range of N 

rates (5.6-49.3 kg N ha-1) examined in this study, in contrast to the 0-200 kg N ha-1 which was 

examined in Nava et al. (2007). Although red color coverage of skin (adj. R2 = 0.146) and fruit 
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diameter (adj. R2 = 0.934) were both significantly predicted (p < 0.05) by K rates and fruit weight at 

harvest, the changes in these two quality attributes were minimal with per unit change in K rates. 

In general, mineral nutrition of less mobile nutrients such as Ca and Mg in ‘Honeycrisp’ apple, 

a cultivar of large fruit size that is susceptible to bitter pit development, can be affected by the 

application rates of N and K. This study also demonstrated the need to avoid excessive application of 

N to prevent reduction of fruit firmness related to higher N rate and K to prevent increasing post-

storage bitter pit frequency related to higher K rate. The insignificant impacts of single season 

variation in N and K application rates on other examined leaf and fruit nutrient concentrations and 

fruit quality attributes could be due to the buffering capacity from the tree reserve and adequate soil 

nutrient-availability. A multi-season approach of repeated treatments is required to evaluate the long-

term effect of N and K application rates on the development of bitter pit and fruit quality associated 

with the leaf and fruit nutrient status. 
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Table 5–5 Model of best fit (n = 36), significance level of regression coefficients [N rate (kg N ha-1), 

N; K rate (kg K2O ha-1), K; initial fruit weight, Wf], p-value and adjusted R2 for fruit quality attributes 

at harvest and post-storage in 2019 season. 

 y-variable Model of best fit N K Wf p-value Adjusted 
R2 

A
t h

ar
ve

st
 

Fruit height 
(mm) y = 0.093Wf + 45.8 - - *** < 0.001 0.927 

Fruit diameter 
(mm) 

y = -0.02N – 0.007K + 
0.097Wf + 62.2 

ns * *** < 0.001 0.934 

Fruit weight (g) y = 0.084K + 309.3 - ns - 0.458 -0.013 

Red color 
coverage 

y = 0.008N + 0.003K – 
0.004Wf + 3.54 

ns * * 0.046 0.146 

Background 
color y = -0.0008K + 1.80 - ns - 0.137 0.036 

Starch index y = 0.008N - 0.006Wf + 
6.53 

ns - ** 0.010 0.197 

Hue y = -0.245N - 0.045K + 
0.064Wf + 34.18 

* ns ns 0.034 0.162 

Total soluble 
solid (Brix˚) y = 0.005Wf + 12.33 - - ns 0.060 0.073 

Firmness (kg) y = -0.006N + 6.63 * - - 0.043 0.089 

Bitter pit 
intensity (%) y = -0.148N + 14.7 ns - - 0.190 0.022 

Bitter pit 
frequency y = 0.010Wf - 4.42 - - ns 0.014  

        

Po
st

-s
to

ra
ge

 
 

Fruit weight (g) y = 0.326N + 0.769Wf + 
63.26 

ns - *** < 0.001 0.625 

Fruit weight loss y = -0.326N + 0.241Wf - 
63.26 

ns - * 0.047 0.118 

Bitter pit 
frequency (%) 

y = 0.003N + 0.004Wf – 
0.994 

ns - *** < 0.001 0.4501 

Change in bitter 
pit frequency 

(%) 

y = 0.004N + 0.001K+ 
0.002Wf – 0.635 

ns * * 0.007 0.242 

Notation under the regression coefficient columns indicates the significance of the coefficient as a predictor of the respective 
y variable: ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001. 

5.5 Acknowledgements 

Part or all of the research described in this paper was performed at the Canadian Light Source, a 

national research facility of the University of Saskatchewan (project 27G086940,  which is supported 

by the Canada Foundation for Innovation (CFI), the Natural Sciences and Engineering Research 

Council (NSERC), the National Research Council (NRC), the Canadian Institutes of Health Research 

(CIHR), the Government of Saskatchewan, and the University of Saskatchewan. This project was 

part-funded by Hort Innovation, using the apple and pear research and development levy and 

contributions from the Australian Government, and University of Tasmania, using the CoSE Graduate 



95 

 

Travel Scheme. Hort Innovation is the grower owned, not-for-profit research and development 

corporation for Australian horticulture. We thank Michelle Reid, Raquel Gomez, Nadia Valverdi, 

Erica Casagrande-Biasuz for field and laboratory assistance. We also thank Prof. David Ratkowsky 

for advice on the statistical analysis of this study. 

 

5.6 References 

AULAKH, M. S. & MALHI, S. S. 2005. Interactions of nitrogen with other nutrients and water: effect 

on crop yield and quality, nutrient use efficiency, carbon sequestration, and environmental 

pollution. Advances in Agronomy, 86, 341-409. 

BRAMLAGE, W. J. Interactions of orchard factors and mineral nutrition on quality of pome fruit.  

International Symposium on Pre-and Postharvest Physiology of Pome-fruit 326, 1992. 15-28. 

CAMPBELL, C., PLANK, O. & KALRA, Y. 1998. Handbook of reference methods for plant 

analysis. 

CHENG, L. & RABA, R. 2009. Accumulation of macro- and micronutrients and nitrogen demand-

supply relationship of ‘Gala’/‘Malling 26’ apple trees grown in sand culture. Journal of the 

American Society for Horticultural Science J. Amer. Soc. Hort. Sci., 134, 3. 

CHIU, T. F. & BOULD, C. 1976. Effects of shortage of calcium and other cations on 45Ca mobility, 

growth and nutritional disorders of tomato plants (Lycopersicon esculentum). Journal of the 

Science of Food and Agriculture, 27, 969-977. 

CLARKSON, D. T. & HANSON, J. B. 1980. The Mineral Nutrition of Higher Plants. Annual Review 

of Plant Physiology, 31, 239-298. 

DE FREITAS, S. T., DO AMARANTE, C. V., LABAVITCH, J. M. & MITCHAM, E. J. 2010. 

Cellular approach to understand bitter pit development in apple fruit. Postharvest Biology and 

Technology, 57, 6-13. 

DI GUARDO, M., BINK, M. C. A. M., GUERRA, W., LETSCHKA, T., LOZANO, L., BUSATTO, 

N., POLES, L., TADIELLO, A., BIANCO, L., VISSER, R. G. F., VAN DE WEG, E. & 

COSTA, F. 2017. Deciphering the genetic control of fruit texture in apple by multiple family-

based analysis and genome-wide association. Journal of Experimental Botany, 68, 1451-

1466. 

DRAKE, S., RAESE, J. & SMITH, T. 2002. Time of nitrogen application and its influence on 

‘Golden Delicious’ apple yield and fruit quality. Journal of Plant Nutrition, 25, 143-157. 



96 

 

FERGUSON, I. B. & WATKINS, C. B. 1992. Crop Load Affects Mineral Concentrations and 

Incidence of Bitter Pit in `Cox's Orange Pippin' Apple Fruit. Journal of the American Society 

for Horticultural Science, 117, 373. 

FINGER, N. 2020. Apple and Pear Crop Estimate 2020. In: FINGER, N. (ed.). Australia: Horticulture 

Innovation Australia Limited. 

FULLER, M. M. Cell ultrastructure in apple fruits in relation to calcium concentration and fruit 

quality. 1980. International Society for Horticultural Science (ISHS), Leuven, Belgium, 51-

56. 

HIRSCHI, K. D. 2004. The calcium conundrum. both versatile nutrient and specific signal. Plant 

Physiology, 136, 2438-2442. 

IUCHI, V. L., NAVA, G. & IUCHI, T. 2001. Distúrbios fisiológicos e desequilíbrios nutricionais em 

macieira, Epagri/Jica. 

LAJTHA, K. 1994. Nutrient uptake in eastern deciduous tree seedlings. Plant and Soil, 160, 193-199. 

LÖTZE, E. & THERON, K. I. 2007. Evaluating the effectiveness of pre-harvest calcium applications 

for bitter pit control in ‘Golden Delicious’ apples under South African conditions. Journal of 

Plant Nutrition, 30, 471-485. 

MAATHUIS, F. J. 2009. Physiological functions of mineral macronutrients. Current Opinion in Plant 

Biology, 12, 250-258. 

MARTIN, D., STENHOUSE, N., LEWIS, T. & CERNY, J. 1965. The interrelation of susceptibility 

to breakdown, cell size, and nitrogen and phosphorus levels in Jonathan apple fruits. 

Australian Journal of Agricultural Research, 16, 617-625. 

MENGEL, K., KIRKBY, E. & LAWLOR, D. 2004. Principles of plant nutrition. Oxford University 

Press. 

MENGEL, K. & KIRKBY, E. A. 2001. Magnesium. In: MENGEL, K. & KIRKBY, E. A. (eds.) 

Principles of Plant Nutrition. 5 ed.: Klewer Academic. 

MILLER, A. & CRAMER, M. 2005. Root nitrogen acquisition and assimilation. Root physiology: 

From gene to function. Springer. 

MOTA, M., NETO, C. B., MONTEIRO, A. A. & OLIVEIRA, C. M. 2011. Preferential ammonium 

uptake during growth cycle and identification of ammonium transporter genes in young pear 

trees. Journal of Plant Nutrition, 34, 798-814. 

NADELHOFFER, K. J., ABER, J. D. & MELILLO, J. M. 1984. Seasonal patterns of ammonium and 

nitrate uptake in nine temperate forest ecosystems. Plant and Soil, 80, 321-335. 

NAVA, G. & DECHEN, A. R. 2009. Long-term annual fertilization with nitrogen and potassium 

affect yield and mineral composition of 'Fuji' apple. Scientia Agrícola, 66, 377-385. 



97 

 

NAVA, G., DECHEN, A. R. & NACHTIGALL, G. R. 2007. Nitrogen and potassium fertilization 

affect apple fruit quality in southern Brazil. Communications in Soil Science and Plant 

Analysis, 39, 96-107. 

NEILSEN, G., NEILSEN, D., DONG, S., TOIVONEN, P. & PERYEA, F. 2005. Application of 

CaCl2 sprays earlier in the season may reduce bitter pit incidence in 'Braeburn' apple. 

HortScience, 40, 1850-1853. 

NEILSEN, G., NEILSEN, D., HERBERT, L. & HOGUE, E. 2004. Response of apple to fertigation of 

N and K under conditions susceptible to the development of K deficiency. Journal of the 

American Society for Horticultural Science, 129, 26-31. 

NEILSEN, G., NEILSEN, D., PERYEA, F., FALLAHI, E. & FALLAHI, B. Effects of mineral 

nutrition on fruit quality and nutritional disorders in apples.  VI International Symposium on 

Mineral Nutrition of Fruit Crops 868, 2008. 49-60. 

RAESE, J. T. & DRAKE, S. 1997. Nitrogen fertilization and elemental composition affects fruit 

quality of ‘Fuji’ apples. Journal of Plant Nutrition, 20, 1797-1809. 

RICHARDS, S. A. 2008. Dealing with overdispersed count data in applied ecology. Journal of 

Applied Ecology, 45, 218-227. 

ROSENBERGER, D., SCHUPP, J., WATKINS, C., IUNGERMAN, K., HOYING, S., STRAUB, D. 

& CHENG, L. 2001. Honeycrisp: promising profit maker or just another problem child. NY 

Fruit Quarterly, 9, 9-13. 

SCHNEIDER, C. A., RASBAND, W. S. & ELICEIRI, K. W. 2012. NIH Image to ImageJ: 25 years 

of image analysis. Nature methods, 9, 671. 

TAN, B. Z., CLOSE, D. C., QUIN, P. R. & SWARTS, N. D. 2021. Nitrogen use efficiency, 

allocation, and remobilization in apple trees: uptake is optimized with pre-harvest N supply. 

Frontiers in Plant Science, 12. 

TEAM, R. C. 2019. R: A language and environment for statistical computing. Vienna, Austria: R 

Foundation for Statistical Computing. 

TOMALA, K. & SOSKA, A. 2004. Effect of calcium and/or phosphorus sprays with different 

commercial preparations on quality and storability of šampion apples. Hort Sci.(Prague), 31, 

12. 

TOSELLI, M., ZAVALLONI, C., MARANGONI, B. & FLORE, J. A. 2000. Nitrogen partitioning in 

apple trees as affected by application time. HortTechnology, 10, 136-141. 

VITOUSEK, P. M., ABER, J. D., HOWARTH, R. W., LIKENS, G. E., MATSON, P. A., 

SCHINDLER, D. W., SCHLESINGER, W. H. & TILMAN, D. G. 1997. Human alteration of 

the global nitrogen cycle: sources and consequences. Ecological applications, 7, 737-750. 



98 

 

WAKASA, Y., KUDO, H., ISHIKAWA, R., AKADA, S., SENDA, M., NIIZEKI, M. & HARADA, 

T. 2006. Low expression of an endopolygalacturonase gene in apple fruit with long-term 

storage potential. Postharvest Biology and Technology, 39, 193-198. 

WHITE, P. J. & BROADLEY, M. R. 2003. Calcium in plants. Annals of Botany, 92, 487-511. 

WOJCIK, P. & WOJCIK, M. 2007. Response of mature phosphorus-deficient apple trees to 

phosphorus fertilization and liming. Journal of Plant Nutrition, 30, 1623-1637. 

YOUNGDAHL, L., PACHECO, R., STREET, J. & VLEK, P. 1982. The kinetics of ammonium and 

nitrate uptake by young rice plants. Plant and Soil, 69, 225-232. 

 



99 

 

Chapter 6 General discussion 

This chapter summarises the body of work presented in this thesis, discusses the implications of the 

relevant findings for the apple industry, how the findings improve the understanding of apple tree 

nutrition and physiology and addresses the research aims as set out in Chapter 1.  

6.1 Overview of research findings – N cycle and impact of 

macronutrient fertilization 

The research findings generated from this thesis improve the current knowledge on the utilization of 

key mineral nutrients, i.e., N, P, and K, in apple trees and may assist apple orchardists to make 

informed decisions for more sustainable management of mineral nutrients. The research chapters 

elucidated the dynamics of uptake and utilization of N from different timings of supply and N sources, 

and the impact of interactions between N, P and K fertilization on the production and quality of fruit 

of mature, commercially relevant apple trees. 

Optimization of N management in apple production requires understanding of N demand and 

utilization both quantitatively and temporally. This is described in Figure 6–1 via a quantified N cycle 

of mature apple trees informed by the findings of Chapter 2 and 3.  

6.1.1 Summer – temporal variation in N uptake and allocation 

The fate of N fertilizer begin when the fertilizer was applied to the tree-soil system. Upon the ceasing 

of spring N remobilization (~4 week after full bloom), apple trees commenced the uptake of soil N 

from roots with fertilizer N being the largest source and contributor to the tree requirement. Chapter 2 

demonstrated that tree N demand is time dependent, and the amount of root N uptake after receiving 

N application corresponds to the demand. The fertilizer N uptake was nearly double when applied at 

four weeks after full bloom (pre-harvest, 32% of total fertilizer applied) than at one week after fruit 

harvest (post-harvest, 17% of total fertilizer applied) and this aligned to the finding in a study of six-

year-old apple tree (Cheng and Raba, 2009), where rapid N uptake occurred from bloom to end of 

shoot growth in response to pre-harvest application, and ~50% N uptake efficiency was achieved 
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using potted sand culture system (Cheng and Raba, 2009). This was possibly associated to the 

presence of strong N sinks such as developing leaves and fruits when fertilizer was applied. This was 

evidenced from the observation of increased N accumulation in fruit and leaf when the crop load and 

tree vigour were relatively high, respectively (Neilsen et al., 2005). 

 

Figure 6-1 An overview of the N cycle of a 14- year-old apple tree when fertilizer N (50 kg N ha-1) is 

applied at pre-harvest (4 weeks after full bloom) or post-harvest (1 week post-harvest). Values were 

collated from Chapters 2 and 3. Red arrows indicate N import to soil or tree N storage. Yellow arrows 

indicate utilization of N from root uptake or remobilization from N storage. Black arrows indicate N 

export from the tree system. 

 

At post-harvest, fruit as a strong N sink was removed from the system and this could reduce 

the overall sink strength for N and trigger the onset of leaf senescence. The onset of winter dormancy 

is closely related to the tree N demand and this physiological stage is characterized by the chlorophyll 

breakdown and recycling of N from leaf to storage organs prior to leaf fall (Tartachnyk and Blanke, 
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2004). Chapter 2 demonstrated that during this time, the sinks for N uptake were the perennial organs 

including the trunk and roots, while the fertilizer N was not incorporated into the leaves even when 

the majority of the leaves remained green. However, it is important to note that the tree temporal N 

demand and uptake efficiency could also vary with cultivar, nutrient availability, and local climate. 

These factors could impact the duration of the physiological stages which determines the length of the 

period which N can be efficiently taken up, allocated, and stored. This can be especially apparent 

when comparing early-maturity cultivars and late-maturity cultivars, where the former has a shorter 

active fruit development period than the latter. Increased nutrient availability has been shown to delay 

leaf senescence in deciduous tree species (Fu et al., 2019), and climatic factors such as photoperiod 

and temperature are also important environmental cues for the onset of winter dormancy (Fadón et al., 

2020). 

6.1.2 Autumn – An estimation of autumn N recycling and plant 

residue as a source of N 

Prior to leaf fall, apple trees will prepare to recycle a portion of N by withdrawing N from leaf to 

storage organs. This is an important characteristic of deciduous trees to efficiently utilize N, where 

stored N is required to support the early growth of the following season. The leaf N dynamic data 

from Chapter 2 was unable to provide an accurate quantification of N recycling at leaf fall, due to the 

lack of information regarding the onset of N recycling and the changes in leaf N content and mass 

during the recycling process. However, an approximate estimation of N recycled can be derived from 

the decrease of N concentration between post-harvest (~1.83% dry weight) and senesced leaf (~1.05% 

dry weight). Assuming that dry mass of leaves remained the same, the mature apple trees studied in 

Chapter 2 recycled 42% of leaf N or an approximately 7.8 kg N ha-1 allocation to storage organs prior 

to leaf fall. Few studies have quantified the N recycling to perennial organs prior to leaf fall due to the 

challenge of determining the onset of N recycling in order to measure the leaf N concentration for 

comparison with the abscised leaf. Norby et al. (2000) found that maple trees recycled 71-73% of leaf 

N prior to leaf abscission with the assumption of N concentration of green leaf as the initial 

concentration prior to N recycling. However, a substantial physiological difference is the relatively 

low nutrient demand of maple tree species than cultivated apple trees that could be a factor in the 

difference in the efficiency of leaf N recycling between maple and the findings of this study. 

After leaf fall, leaf foliage and branch prunings, collectively termed plant residue, became the 

other major N source. The leaf residue was generated from plant metabolism and the branch prunings 
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was generated from orchard management that usually occurred during late autumn or winter. Leaf and 

branch residue can deposit up to ~10 kg N ha-1 onto the orchard floor from the mature apple trees 

examined in Chapter 3, which will decompose and mineralize before the N is available for plant 

uptake. When no additional N was supplied to the system, both leaf and branch residue combined can 

contribute to ~1 kg N ha-1 over two growing seasons. Although this amount is a relatively 

insignificant (< 5%) portion of the annual tree demand, the actual contribution of residue to annual 

tree N requirement could be underestimated. This is due to the accumulation of annual residue 

addition, and late-stage decomposition and mineralization of older residue which were not assessed in 

this study. In Chapter 3, the decomposition and N mineralization of residue was demonstrated to be 

greater in leaf than branch residue due to the lower C:N ratio and lower lignin content of the former 

than the latter. Thus, the addition of N supply such as foliar urea application to lower the C:N ratio 

could increase the decomposition rate of residue for a more rapid release of plant available N. 

Although the foliar urea application at post-harvest is often perceived by some orchardists to build up 

N reserves for N remobilization in the following season, the urea application may actually benefit tree 

N nutrition by enhancing the residue decomposition and N mineralization in the following seasons, 

and inhibit the growth of saprotrophic pathogens during residue decomposition (Green et al., 2006). 

This has been demonstrated in Green et al. (2006) where urea application achieved higher residue 

decomposition rates along with increased activity of fungal and Gram-positive communities from 

lower C:N ratio. Hence, adequate supplements of urea post-harvest, either foliar or soil application, 

can be recommended for a more effective utilization of N derived from plant residue. 

6.1.3 Winter and Spring – historical composition of N storage and 

spring remobilization 

At winter dormancy, the current growing season N uptake only consisted of 11.8% of the whole tree 

N status. This portion of N consisted of both fixed/structural N and stored N in protein form (Cooke 

and Weih, 2005), where the latter can be remobilized in the following spring to support tree growth. 

Hence, the above findings indicated the small potential contribution of current season N to the N 

remobilization in the following season, and the high buffering capacity of N to short term variation in 

N supply to mature apple trees. However, it is important to note that this result was observed in 14-

year-old commercial apple trees that received adequate amounts of N supply in the past 13 seasons. 

This indicated that the tree age could be a major factor affecting the contribution of current season N 

to N status of deciduous tree crops in winter (Chapter 2, Millard and Grelet, 2010). This is due to the 

smaller biomass of a younger tree that has a relatively lower stored N than the greater biomass of an 
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older tree. In comparison, an older tree had more growing seasons to acquire and store N within the 

tree structure when N supply was not limiting. 

 In the following spring after fertilizer application, 3.2 kg N ha-1 of 8.7 kg N ha-1 stored in the 

storage organs during winter was remobilized and recovered in newly grown organs. In contrast the 

unlabelled N uptake, including that stored in earlier seasons and soil native N, remained the dominant 

portion of N in newly grown organs (~86.3–89.8% of total N). This amount is much lower than that 

reported for young apple trees, where the contribution of stored N to new vegetative growth measured 

via multiple seasons of 15N labelling increased from ~18% for two-year-old trees (Millard and 

Neilsen, 1989) to ~61% for four-year-old trees (Guak et al., 2003). This suggests that the contribution 

of stored N to spring remobilization demonstrated in Chapter 2 could consist of both the 15N-labelled 

and non-labelled portion. More importantly, the 15N-labelled portion is likely to be the smaller 

proportion of the total remobilized N and the native unlabelled N originated from previous seasons 

stored N. In other words, as apple trees age 1) the effect of current season N supply on subsequent 

spring N remobilization decreases, and 2) the contribution of remobilized N to new growth increases. 

This further highlights the importance of long-term adequate N supply to allow for sufficient N 

storage as trees mature for optimized N management for fruit yield and quality. 

6.1.4 Nutritional and fruit quality impact of interactions between N, 

P, and K fertilization 

Although the N uptake efficiency was optimized by application at pre-harvest (Chapter 2), when tree 

N demand was highest, the root uptake and translocation of N can also be affected by the interaction 

of N with other mineral nutrients, and vice versa. Chapter 4 demonstrated that the uptake and tree 

nutrition status of less mobile mineral nutrients such as Mo, Zn, Mn, P and B can be affected by 

application rates of N, P, and K both synergistically and antagonistically. However, the altered 

micronutrient uptake did not result in changes in fruit quality. In contrast Wojcik and Wojcik (2007) 

did not observe an impact of P fertilization on leaf and fruit P status until the fertilizer treatment was 

repeated in the second and third seasons; and Nava and Dechen (2009) observed an impact of N and 

K fertilization on fruit yield in five and four out of the eight years of examination, respectively. This 

indicates the importance of long-term study of tree nutrition relative to the single-season study in 

Chapter 4 and 5. As apple orchards have a legacy of nutrient supply from annual fertilization, the 

impact from the alteration of nutrient supply on tree nutrition could take multiple seasons to take 

effect. For instance, both soil and perennial tree structures (for mobile nutrients) provide nutrient 



104 

 

storage or a medium to buffer the change in annual nutrient supply. On the other hand, aside from 

orchard nutrient management, fruit yield and quality are affected by various other factors including 

environmental and tree factors (Marcelle, 1993). For instance, the seasonal variation in climate, crop 

load and pruning could also affect the uptake of nutrient via differences in rate of root uptake and sink 

strength. Hence, a multiple season study of repeated treatments is recommended for future studies in 

the nutrition of perennial tree crops to capture and/or reduce the variation of these factors. 

In Chapter 5, leaf and fruit Ca at 12 weeks after full bloom (8 weeks after fertilizer application) 

was negatively affected by N and K application rates on a bitter pit-susceptible cultivar, ‘Honeycrisp’, 

where the occurrence of bitter pit is often reportedly accompanied with deficiency in leaf and fruit Ca 

(De Freitas et al., 2010). In addition, an antagonistic relationship was also observed in fruit firmness 

and bitter pit incidence after 10-week-storage with N and K fertilization rate, respectively, and these 

aligned to the findings in Nava and Dechen (2009) and Al Shoffe et al. (2014). This demonstrated 

that, although the impact on leaf and fruit Ca was not consistent throughout the growing season, 

excessive amounts of N and K fertilization could reduce the quality and marketability of apples. That 

the impact of N and K on bitter pit development occurred after 10-week-storage but not at harvest 

could be due to the lack of fruit Ca over the period of storage that can decrease the fruit cell ability to 

eliminate oxygen radicals and accelerate the disintegration of cell wall to lead to bitter pit (Jianhui and 

Wei, 2004). The non-significant difference in fruit Ca and bitter pit frequency at harvest in Chapter 5 

indicates a possible indirect impact of N and K fertilization on accelerated loss of Ca concentration 

during storage, and to increased N and K levels competing with Ca2+ for its active site within the cell 

(De Freitas et al., 2010, de Freitas et al., 2015), and therefore the increased bitter pit frequency post-

storage.  

6.2 Industry implications 

The development of precision agriculture has been expanding rapidly worldwide and across various 

industries. The findings of the N cycle in mature trees generated from this study could enable the 

orchardist and agronomist to further develop precision nutrition management strategies. An example 

of this is the “Strategic Irrigation & Nitrogen Assessment Tool for Apples” (SINATA, Horticulture 

Innovation Australia, Australia). This application software is designed to assist growers to predict 

fruit production outcomes via inputs of irrigation, climate, and nitrogen management parameters to 

enable informed decisions to optimize the use of resources within apple orchard without sacrificing 

fruit quality. The current study provided significant input to the development of the tool.  
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Plant residue can be neglected as a source of N as well as other nutrients. This study has 

demonstrated the capability of plant residue to contribute a small amount (~1-5% annual tree N 

demand across two seasons) of tree N requirement in the short term. Plant residue could also serve as 

input of relatively slow decomposing organic carbon content into orchard soils, which can potentially 

reduce the leaching of N (Holub et al., 2020) enabling more efficient N uptake. The leaching of 

nutrient could also potentially be relevant to other mineral ions such as K and Ca in plant residue 

which are essential for apple fruit production and present in plant residue in significant amounts. 

However, the dynamic of K and Ca leaching can be distinct to N and C due to the different in ion 

solubilities and their abundance in the organic matter pools of different decomposition rates.  

This work improves the understanding of the impact on plant uptake by the interaction between 

mineral nutrients and how the interaction can affect tree nutrition and fruit production. In general, 

applying N at pre-harvest can increase the uptake and utilization of N, and a balanced mineral nutrient 

regime in terms of application rate of different elements is also essential to maintain optimal tree 

nutrient levels that can affect the fruit yield and quality. However excessive amount of pre-harvest N 

fertilization can suppress the plant availability of P, and over supply of both N and K fertilizer can 

reduce the leaf and fruit Ca content. This is especially important for cultivars susceptible to 

physiological disorders, which could directly affect the sustainability of fruit production and 

marketability of the product. 

6.3 Limitations and future directions 

Chapters 2, 3, and 4 were conducted using a single apple cultivar ‘Gala’ grafted on M26 rootstock, 

whilst evidence from other studies on apple nutrition suggests that genetic variation between cultivars 

(Fadón et al., 2020), climate, and environmental factors (Li et al., 2021), such as temporal changes in 

temperature and water supply via irrigation and precipitation, could play an essential role in N uptake 

efficiency. Hence, future studies could consider examining the impact of early-maturity cultivars 

against late maturity cultivars and timing of leaf senescence associated with climatic variation or 

locality. This information could provide the apple orchardist with further confidence to design 

precision nutrient management strategies for optimized production of apple in a wide range of apple 

growing regions outside of Australia. 

On the other hand, the findings of the physiological impact from N, P, K fertilization from this 

study may also be relevant to other deciduous fruit tree crops to an extent. However, the genetic 
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variation of different tree species can result in distinct physiological growth and development that 

requires further validation. 

The time constraint of a research project is a limitation to full understanding of the 

physiological impact of mineral nutrients on tree growth and fruit production. This has been shown 

through this study and numerous other peer-reviewed works (Wojcik and Wojcik, 2007, Nava and 

Dechen, 2009). This is particularly important for perennial crops, which consist of a substantially 

large and complex nutrient storage and nutrient recycling system than annual crops. Hence, future 

studies with multiple seasons can be beneficial to provide more time for the detection of impact of 

mineral nutrient treatments on those abundant nutrients within the tree and soil system and seasonal 

results to enhance the confidence of the research findings. 

A challenge arising from Chapters 4 and 5 is the ability to distinguish whether the impact of 

fertilizer application occurred at the soil level (e.g., fixation on clay particles or precipitation of salt 

complex) or at the soil-root level (e.g., competition between ions for root protein transporters). A 

possible solution to this could be the utilization of the micro-ion-selective electrode technique (Ruan 

et al., 2016, Church et al., 2018), which allows an in situ measurement of flux of selected ions across 

plant surfaces (root or leaf). However, this technique is often used in smaller plants such as Camellia 

sinensis, and sour orange seedlings (Ruan et al., 2016), where in situ measurement of nutrient uptake 

of a mature apple tree may not be feasible and require the usage of potted seedlings to examine 

mineral nutrient uptake at the soil-root surface.  

6.4 Conclusion 

The findings from this thesis have provided comprehensive knowledge on the optimization of N, P, 

and K fertilization for sustainable production of apples without sacrificing yield or quality. Chapter 2 

demonstrated that N application can be optimized by applying N at pre-harvest to support current 

season growth while providing adequate amount of stored N and showed the buffering capacity for N 

in mature apple trees due to N storage. Chapter 3 demonstrated the dynamics of decomposition of 

apple leaf and branch residue in the early stages of decomposition, that represents a small (<5% of 

annual requirement) portion of N requirements. Chapter 4 demonstrated that less mobile mineral 

nutrients are more susceptible than macronutrients (N, P, and K) to variation in macronutrient supply 

in a single season, and that fruit quality and yield was not affected providing the nutrient supply was 

adequate in the previous seasons. Chapter 5 then demonstrated that the fruit firmness and incidence of 

the physiological disorder ‘bitter-pit’ of ‘Honeycrisp’ apple can be affected by N and K fertilization 
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rates. The leaf and fruit macronutrients status, especially N, was not significantly impacted by the 

fertilizer rates of N, P, and K. The non-significant impact of N, P, and K fertilizer application to plant 

N content further (to the findings of Chapter 2) supports the finding of greater N buffering capacity of 

mature, relative to young, apple trees.  

The data presented in this thesis has provided a detailed understanding of the N cycle in a 

mature apple orchard system. This research has highlighted the importance of fertilizer application 

timing, alternative N sources, and of a balanced nutrient management regime to optimize the usage of 

resources and fruit quality. These findings can contribute to the improvement of the current nutrient 

management strategies utilised in orchards to optimize the usage of fertilizer for sustainable 

production in apple growing systems. 
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Appendix B Supplementary material pertaining to Chapter 2 

Table B–1 Nitrogen concentration, and N derived from fertilizer of leaf samples collected over the 2017-18 season under the impact of different N fertigation 

timings with 5.5 atom% excess 15N–calcium nitrate at pre-harvest (4 weeks after full bloom), or at post-harvest (23 weeks after full bloom). Within each 

sampling week, different letters indicate significant different (p < 0.05) result of Tukey HSD test between treatment means within that parameter (n = 4). 
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Week after 
full bloom 

3 4 5 6 7 9 12 14 16 18 20 22 23 24 25 26 

Treatment N concentration (% dry weight) 

Control 1.9 2.04 2.04 b 2.01 1.81 b 1.81 b 1.77 b 1.66 b 1.63 b 1.66 1.52 b 1.40 b 1.68 1.47 b 1.46 b 1.44 b 
Pre-harvest 2.1 2.34 2.44 a 2.23 2.24 a 2.13 a 2.01 a 1.92 a 1.88 a 1.78 1.74 a 1.60 a 1.85 1.67 a 1.60 a 1.62 a 

Post-harvest 2.12 2.19 
2.13 
ab 

1.92 1.85 b 1.84 b 
1.82 
ab 

1.72 b 1.66 b 1.55 1.53 b 
1.48 
ab 

1.82 
1.57 
ab 

1.54 
ab 

1.47 b 

50:50 split 2.04 2.02 
2.09 
ab 

1.92 
1.88 
ab 

1.94 
ab 

1.86 
ab 

1.83 
ab 

1.78 
ab 

1.94 1.56 b 
1.48 
ab 

1.73 
1.59 
ab 

1.50 
ab 

1.53 
ab 

 N derived from fertilizer (mg N (g leaf)-1) 
Control 0 0.00 b 0.00 b 0.00 0.00 c 0.00 c 0.00 c 0.00 b 0.00 b 0.00 b 0.00 c 0.00 c 0.00 c 0.00 c 0.00 c 0.00 c 
Pre-harvest 0 0.58 a 1.18 a 2.07 a 2.02 a 2.81 a 2.62 a 1.96 a 1.95 a 1.85 a 1.92 a 1.59 a 1.63 a 1.50 a 1.37 a 1.54 a 
Post-harvest 0 0.00 b 0.00 b 0.00 b 0.00 c 0.00 c 0.00 c 0.00 b 0.00 b 0.00 b 0.00 c 0.00 c 0.00 c 0.04 c 0.07 c 0.06 c 

50:50 split 0 0.44 a 
0.50 
ab 

0.96 
ab 

0.99 b 1.70 b 1.54 b 1.51 a 1.58 a 1.58 a 1.00 b 1.21 b 1.13 b 1.03 b 0.83 b 
0.90 b 

 15N atom percentage (%) 

Control 0.3689 
0.3670 

b 
0.3652 

b 
0.3641 

b 
0.3631 

c 
0.3719 

c 
0.3744 

c 
0.3741 

b 
0.3756 

b 
0.3696 

b 
0.3697 

c 
0.3695 

b 
0.3703 

c 
0.3695 

c 
0.3689 

c 
0.3701 

c 

Pre-harvest 0.3692 
0.4912 

a 
0.6039 

a 
0.8023 

a 
0.8148 

a 
1.0149 

a 
1.0110 

a 
0.8760 

a 
0.8759 

a 
1.3205 

a 
0.9148 

a 
0.8600 

a 
0.8060 

a 
0.8131 

a 
0.7932 

a 
0.8385 

a 

Post-harvest 0.3688 
0.3671 

b 
0.3653 

b 
0.3645 

b 
0.3629 

c 
0.3710 

c 
0.3746 

c 
0.3742 

b 
0.3748 

b 
0.3698 

b 
0.3697 

c 
0.3694 

b 
0.3749 

c 
0.3824 

c 
0.3902 

c 
0.3881 

c 

50:50 split 0.3689 
0.4772 

a 
0.4866 

ab 
0.6102 

ab 
0.6291 

b 
0.8034 

b 
0.7782 

b 
0.7759 

a 
0.8039 

a 
1.1609 

a 
0.6844 

b 
0.7723 

a 
0.6912 

b 
0.6869 

b 
0.6401 

b 
0.6598 

b 
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Table B–2 Nitrogen derived from fertilizer (NDF), total NDF and NDF allocated to separate tree organs at dormancy in June 2018, under the impact of 

different N application timings. For specific organs, different letters indicate significant different (p < 0.05) result of Tukey HSD test between treatment means 

(n = 4). 

Organ type Bud Spur 
Leaf 

foliage 
First-year 

wood 
Branch Trunk Old root Fine root Fruit 

Treatment N derived from fertilizer (%) 
Control 0.00 d 0.00 c 0.00 c 0.00 c 0.00 b 0.00 b 0.00 b 0.00 c 0.00 b 
Pre-harvest 22.70 a 18.87 a 12.69 a 25.48 a 14.09 a 11.39 a 26.61 a 6.17 b 26.31 a 
Post-harvest 6.38 c 3.82 c 0.22 c 11.90 b 15.03 a 16.00 a 41.91 a 12.66 a 0.00 b 
50:50 split 15.01 b 13.18 b 7.48 b 16.62 b 10.02 a 11.31 a 32.14 a 9.31 ab 19.27 a 
 Total NDF (g tree-1) 
Control 0.00 c 0.00 c 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b 0.00 c 
Pre-harvest 0.04 a 0.21 a 0.73 a 0.20 a 0.52 a 1.20 ab 1.46 a 0.10 a 5.15 a 
Post-harvest 0.01 bc 0.04 c 0.01 b 0.10 ab 0.76 a 1.98 a 2.10 a 0.19 a 0.00 c 
50:50 split 0.02 ab 0.13 b 0.29 ab 0.06 b 0.28 ab 0.84 ab 1.30 ab 0.10 a 2.14 b 
 NDF allocation (%) 
Control 0.00 c 0.00 c 0.00 b 0.00 b 0.00 b 0.00 c 0.00 c 0.00 b 0.00 b 
Pre-harvest 0.38 ab 2.23 a 7.64 a 2.07 a 5.37 b 12.48 bc 15.43 b 1.05 ab 53.36 a 
Post-harvest 0.21 b 0.64 b 0.14 b 1.94 a 13.64 a 36.11 a 42.53 a 4.78 a 0.00 b 
50:50 split 0.48 a 2.41 a 5.97 ab 1.16 ab 5.06 b 14.24 b 24.18 b 1.85 ab 44.65 a 

  



122 

 

Table B–3 Nitrogen derived from fertilizer (NDF) percentage, total NDF and NDF allocation of various tree organs harvested at fruit harvest in March 2019 

under the impact of different N treatment timings. For specific organs, different letters indicate significant different (p < 0.05) result of Tukey HSD test 

between treatment means (n = 4). 

Organ type Bud Spur Leaf 
First-year 

wood 
Branch Trunk Old root Fine root Fruit 

Treatment N derived from fertilizer (%) 
Control 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b 
Pre-harvest 10.63 a 11.73 a 12.11 a 11.94 a 9.47 a 18.06 a 16.92 a 3.92 a 12.75 a 
Post-harvest 12.81 a 10.24 a 13.74 a 13.54 a 9.18 a 20.52 a 20.32 a 7.18 a 13.46 a 
 Total NDF (g tree-1) 
Control 0.00 b 0.00 b 0.00 b 0.00 a 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b 
Pre-harvest 0.01 a 0.03 a 1.03 ab 0.13 a 0.72 a 0.60 a 0.57 a 0.04 ab 0.36 ab 
Post-harvest 0.02 a 0.04 a 1.56 a 0.19 a 0.72 a 0.74 a 0.68 a 0.07 a 0.53 a 
 NDF allocation (%) 
Control 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b 0.00 b 
Pre-harvest 0.38 a 1.05 a 29.20 a 3.52 a 20.50 a 17.56 a 15.97 a 1.22 ab 10.59 a 
Post-harvest 0.41 a 0.91 a 33.01 a 3.70 a 16.79 a 16.55 a 15.62 a 1.51 a 11.50 a 
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Table B–4 Total dry matter content, nitrogen concentration and total N content of separate tree organs harvested at dormancy in June 2018 under the impact 

of different N application timings. Within each parameter, different letters indicate significant different (p < 0.05) result of Tukey HSD test between treatment 

means (n = 4). 

Organ type Bud Spur 
Leaf 

foliage 
First-year 

wood 
Branch Trunk Old root Fine root Fruit 

Treatment Total dry matter (g tree-1) 
Control 9.18 38.5 377.16 82.76 612.51 2095.22 1593.9 102.56 4005.8 
Pre-harvest 8.92 50.23 434.78 75.5 720.53 2140.88 1599.97 144.18 5531.6 
Post-harvest 10.11 49.65 347.08 74.49 728.91 1939.37 1567.48 114.7 3448.22 
50:50 split 8.74 46.25 308.66 28.27 540.3 1341.16 1203.94 77.94 3486.04 

 Nitrogen concentration (% dry weight) 
Control 1.74 2.06 0.90 1.04 0.48 b 0.42 b 0.83 1.03 c 0.31 
Pre-harvest 1.79 2.25 1.20 1.07 0.54 ab 0.50 ab 0.97 1.11 bc 0.37 
Post-harvest 1.83 2.12 0.90 1.21 0.67 a 0.60 a 0.95 1.31 ab 0.26 
50:50 split 1.88 2.04 1.22 1.25 0.51 ab 0.49 b 0.99 1.34 a 0.33 

 Total N content (g tree-1) 
Control 0.16 0.8 3.41 0.87 2.69 b 8.58 13.28 1.04 11.52 b 
Pre-harvest 0.16 1.13 5.3 0.8 3.83 ab 10.63 15.69 1.59 20.31 a 
Post-harvest 0.19 1.06 3.1 0.89 4.86 a 11.66 14.85 1.50 8.99 b 
50:50 split 0.17 0.95 3.81 0.33 2.68 b 6.72 11.97 1.01 11.41 b 
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Table B–5 Total dry matter content, nitrogen concentration and total N content of various tree organs harvested at fruit harvest in March 2019 under the 

impact of different N application timings. Means (n = 4). 

Organ type Bud Spur Leaf 
First-year 

wood 
Branch Trunk Old root Fine root Fruit 

Treatment Total dry matter (g tree-1) 
Control 9.73 16.89 601.84 89.6 1165.43 2455.02 1800.55 116.03 998.89 
Pre-harvest 8.84 15.77 534.02 93.6 1099.48 2383.03 1325.57 110.43 1195.72 
Post-harvest 10.39 21.39 663.87 126.84 1342.98 2623.16 1453.83 119.04 1415.29 

 Nitrogen concentration (% dry weight) 
Control 1.38 1.92 1.53 1.14 0.65 0.41 0.59 0.76 0.24 
Pre-harvest 1.38 1.88 1.59 1.13 0.69 0.42 0.69 0.85 0.25 
Post-harvest 1.39 1.80 1.64 1.23 0.64 0.39 0.67 0.74 0.27 

 Total N content (g tree-1) 
Control 0.13 0.32 9.16 1.01 7.63 10.1 10.59 0.86 2.51 
Pre-harvest 0.12 0.29 8.41 1.05 7.49 9.85 9.08 0.95 2.98 
Post-harvest 0.14 0.38 10.97 1.39 8.31 10.09 9.65 0.90 3.91 

  



125 

 

Appendix C Supplementary material pertaining to Chapter 4 

Table C–1 Effect of N, P, K application rates on leaf petiole Zn, B, Mn, and Mo of ’Gala’ apple tree at 8, 17, 23 WAFB in 2018-19 growing 

season.  

   Zn (mg kg-1)  B (mg kg-1)  Mn (mg kg-1)  Mo (mg kg-1) 
WAFB  8 17 23  8 17 23  8 17 23  8 17 23 
Treatment                 
N rate (N)                 

N1   9.56  10.80  12.95    7.33  7.74  6.42   5.66  6.49 a   10.84 a   0.143  0.186  0.167  
N2   9.31 11.11 12.83   6.98 7.39 5.87   4.99 5.72 b  9.13 b   0.139 0.202 0.136 

Significance  ns. ns. ns.  ns. ns. ns.  ns. * **  ns. ns. ns. 
P rate (P)                 

P1   9.87 10.96 13.08    6.94   7.09 5.92    5.48 5.97  9.83   0.165  0.221  0.146 
P2   9.00 10.95 12.70   7.36  8.03 6.37   5.17 6.24  10.15   0.117 0.165 0.156 

Significance  ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns. 
K rate (K)                 

K1   9.72  11.04  13.04   7.32   7.96 6.22     5.67 6.04 9.86   0.123  0.217  0.172 a 
K2   9.15  10.86 12.74   6.99  7.17 6.06    4.98 6.17  10.12   0.159  0.169 0.129 b 

Significance  ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. * 
Interaction                 
N × P  ns. ** ns.  . ns. .  ns. ns. ns.  * ns. ns. 
N × K  ns. * ns.  * ns. ns.  ns. ns. ns.  * ns. ns. 
P × K  ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. * 
N × P × K  ns. * ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns. 
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Value represents the mean, n = 5. The effect of each factor and interactions between the factors are examined with three-way ANOVA at (α = 0.05) and the respective 
significance level is indicated by the following symbols: “ns.”, (P > 0.05); “.”, (P <0.1); “*”, (P < 0.05); “**”, (P < 0.01); “***”, (P < 0.001).  
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Table C–2 Effect of N, P, K application rates on leaf petiole nitrate-N, ammonium-N, P, K, Ca, and Mg of ‘Gala’ apple tree at 8, 17, 23 WAFB in 

2018-19 growing season. 

 Ammonium-N  
(mg kg-1) 

 Nitrate-N  
(mg kg-1) 

 P (mg kg-1)  K (mg kg-1)  Ca (mg kg-1) Mg (mg kg-1) 

WAFB 8 17 23  8 17 23  8 17 23  8 17 23  8 17 23 8 17 23 
Treatment                       
N rate (N)                        

N1 6.52 7.34 3.90  29.18 22.39 31.63  432.5 397.8 417.0  7864 12447 11968  1335 1881 2301 557.0  871.2 1105.8  
N2 7.34 7.66 3.76  32.74 24.25 37.23  423.1 393.6 395.2  7693 12136 11979  1256 1858 2231 545.3  906.4 1165.6 

Significance ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns. ns. ns. ns. 
P rate (P)                       

P1 7.32 7.51 3.86  30.29 24.11 28.78  422.8 381.5 394.2  7886 12001 11842  1335 1853 2289 576.9  878.8 1138.0 
P2 6.54 7.49 3.81  31.63 22.54 37.46  432.8 409.9 418.0  7671 12583 12105  1256 1886 2243 525.3 898.8 1133.4  

Significance ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns. ns. ns. ns. 
K rate (K)                       

K1 6.53 7.65 4.01  29.42 23.52 37.76  430.9 398.2 400.0  7965 12232 11707  1357 1935 2297 576.4  903.9 1135.8  
K2 7.33 7.35 3.66  32.50 23.12 31.22  424.7 393.2 411.8  7591 12351 12239  1234 1804 2235 525.8 873.8 1135.6 

Significance ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns. ns. ns. ns. 
Interaction                       
N × P ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns. ns. ns. ns. 
N × K ns. ns. **  * ns. ns.  ns. * ns.  ns. ns. ns.  ns. ns. ns. ns. ns. ns. 
P × K ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns. ns. ns. ns. 
N × P × K ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns. ns. ns. ns. 

Value represents the mean, n = 5. The effect of each factor and interactions between the factors are examined with three-way ANOVA at (α = 0.05) and the respective 
significance level is indicated by the following symbols: “ns.”, (P > 0.05); “*”, (P < 0.05); “**”, (P < 0.01); “***”, (P < 0.001).  
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Table C–3 Effect of N, P, K application rates on leaf lamina N, P, K and Ca of ‘Gala’ apple tree at 8, 17 and 23 WAFB in 2018-19 growing season. 

 N (%)  P (%)  K (%)  Ca (%) 
WAFB 8 17 23  8 17 23  8 17 23  8 17 23 
Treatment                
N rate (N)                

N1 2.30 b 2.07 b 1.78 b  0.24 0.23 a 0.23 a  1.48 1.39 1.28  1.25 1.50 1.53 
N2 2.45 a 2.29 a 1.98 a  0.22 0.17 b 0.17 b  1.44 1.31 1.24  1.21 1.56 1.54 

Significance *  ** **  ns. *** ***  ns. ns. ns.  ns. ns. ns. 
P rate (P)                

P1 2.38 2.18 1.89  0.23 0.20 0.20  1.44 1.35 1.23  1.25 1.54 1.58 
P2 2.37 2.18 1.87  0.23 0.20 0.19  1.48 1.35 1.29  1.21 1.52 1.50 

Significance ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns. 
K rate (K)                

K1 2.39 2.19 1.88  0.23 0.19 0.18  1.48 1.33 1.24  1.27 1.56 1.57 
K2 2.36 2.17 1.88  0.23 0.21 0.21  1.44 1.37 1.28  1.18 1.50 1.50 

Significance ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns. 
Interaction                
N × P ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns. 
N × K ns. ns. ns.  ns. ns. *  ns. ns. ns.  ns. ns. ns. 
P × K ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns. 
N × P × K ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. * ns. 

Value represents the mean, n = 5. The effect of each factor and interactions between the factors are examined with three-way ANOVA at (α = 0.05) and the respective 
significance level is indicated by the following symbols: “ns.”, (P > 0.05); “*”, (P < 0.05); “**”, (P < 0.01); “***”, (P < 0.001).  
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Table C–4 Effect of N, P, K application rates on leaf lamina Mg, Zn, B and Mn of ‘Gala’ apple tree at 8, 17 and 23 WAFB in 2018-19 growing season. 

 Mg (%)  Zn (mg kg-1)  B (mg kg-1)  Mn (mg kg-1) 
WAFB 8 17 23  8 17 23  8 17 23  8 17 23 
Treatment                
N rate (N)                

N1 0.44 0.46 0.44  9.44 8.44 7.67  33.41 36.29 34.83  62.22 62.58 66.96 
N2 0.44 0.48 0.46  9.82 8.39 7.82  32.31 35.48 34.38  59.49 62.20 59.20 

Significance ns.  ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns. 
P rate (P)                

P1 0.44 0.47 0.45  9.67 8.40 7.76  32.74 34.91 33.40 b  60.50 63.40 62.13 
P2 0.44 0.47 0.44  9.59 8.44 7.72  32.97 36.86 35.82 a  61.21 61.38 64.04 

Significance ns. ns. ns.  ns. ns. ns.  ns. ns. *  ns. ns. ns. 
K rate (K)                

K1 0.45 0.47 0.45  9.54 8.48 7.68  34.22 36.84 35.29  62.83 63.16 62.39 
K2 0.44 0.47 0.44  9.72 8.36 7.80  31.49 34.93 33.93  58.88 61.62 63.78 

Significance ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns. 
Interaction                
N × P ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns. 
N × K ns. ns. ns.  * ns. ns.  ns. ns. ns.  ns. ns. ns. 
P × K ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns. 
N × P × K ns. ns. ns.  ns. ns. ns.  ns. ns. ns.  ns. ns. ns. 

Value represents the mean, n = 5. The effect of each factor and interactions between the factors are examined with three-way ANOVA at (α = 0.05) and the respective 
significance level is indicated by the following symbols: “ns.”, (P > 0.05); “*”, (P < 0.05); “**”, (P < 0.01); “***”, (P < 0.001)  
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Table C–5 Effect of N, P, K application rates on fruit N, P, K, Ca, Mg, Zn, B and Mn of ‘Gala’ apple tree at fruit harvest, 20 WAFB in 2018-19 growing 
season. 

Treatment N (%)  P (%)  K (%)  Ca (%) Mg (%)  
Zn  

(mg kg-1) 
 

B  
(mg kg-1) 

 
Mn  

(mg kg-1) 
N rate (N)               

N1 0.34 b  0.095  1.03  0.049 0.05  1.83  43.87  3.43 
N2 0.39 a  0.089  1.01  0.046 0.05  1.76  40.87  3.54 

Significance *  ns.  ns.  ns. ns.  ns.  ns.  ns. 
P rate (P)               

P1 0.36  0.091  1.00  0.046 0.049  1.77  38.92 b  3.39 
P2 0.37  0.092  1.04  0.049 0.051  1.82  45.46 a  3.60 

Significance ns.  ns.  ns.  ns. ns.  ns.  *  ns. 
K rate (K)               

K1 0.36  0.091  1.03  0.048 0.049  1.75  43.97  3.37 
K2 0.37  0.093  1.02  0.047 0.051  1.84  40.19  3.63 

Significance ns.  ns.  ns.  ns. ns.  ns.  ns.  ns. 
Interaction               
N × P ns.  ns.  ns.  ns. ns.  ns.  ns.  ns. 
N × K ns.  ns.  ns.  ns. ns.  ns.  ns.  ns. 
P × K ns.  ns.  ns.  ns. ns.  ns.  ns.  ns. 
N × P × K ns.  ns.  ns.  ns. ns.  ns.  ns.  ns. 

Value represents the mean, n = 5. The effect of each factor and interactions between the factors are examined with three-way ANOVA at (α = 0.05) and the respective 
significance level is indicated by the following symbols: “ns.”, (P > 0.05); “*”, (P < 0.05); “**”, (P < 0.01); “***”, (P < 0.001)  
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Table C–6 Fruit yield, weight, and quality attributes of ‘Gala’ apple on M26 rootstock under different N, P, and K fertilization rates at harvest of 2018-19 
growing season. 

Treatment 
Fruit 

yield (kg 
tree-1) 

Fruit 
weight (g) 

Firmness  
(kg) 

TSS  
(Brix˚) 

Starch 
index 

Delta 
absorbance 

Hue 
angle  
(h˚) 

Chroma 
 

Blush 
coverage 

N rate (N)          
N1 7.48 164.22 164.22 7.48 5.49 0.27 30.78 42.56 3.91 
N2 6.87 164.11 164.11 6.87 5.98 0.33 32.00 42.19 3.84 

Significance ns. ns. ns. ns. ns. ns. ns. ns. ns. 
P rate (P)          

P1 7.65 160.47 160.47 7.65 4.33 0.37 38.55 40.34 2.44 
P2 6.70 167.68 167.68 6.70 5.63 0.30 30.06 41.93 4.08 

Significance ns. ns. ns. ns. ns. ns. ns. ns. ns. 
K rate (K)          

K1 8.32 163.37 163.37 8.32 5.56 0.31 32.67 42.57 3.72 
K2 6.03 165.01 165.01 6.03 5.89 0.30 30.07 42.16 4.04 

Significance ns. ns. ns. ns. ns. ns. ns. ns. ns. 
Interaction          

N × P ns. ns. ns. ns. ns. ns. ns. ns. ns. 
N × K ns. ns. ns. ns. ns. ns. ns. ns. ns. 
P × K ns. ns. ns. ns. ns. ns. ns. ns. ns. 
N × P × K ns. ns. ns. ns. ns. ns. ns. ns. ns. 

Value represents the mean, n = 5. The effect of each factor and interactions between the factors are examined with three-way ANOVA at (α = 0.05) and the respective 
significance level is indicated by the following symbols: “ns.”, (P > 0.05); “*”, (P < 0.05); “**”, (P < 0.01); “***”, (P < 0.001).  
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Table C–7 Soil mineral concentration and physicochemical properties at 3 and 23 WAFB in 2018-19 growing season. Value represents the mean, 

n = 40. 

  
WAFB 

Ammonium-N 
(mg kg-1) 

Nitrate-N 
(mg kg-1) 

P 
(mg kg-1) 

K 
(mg kg-1) 

EC 
(dS m-1) 

pH (CaCl2) pH (H2O) 

3 4.36 3.14 95.09 274.54 0.08 6.49 7.27 
23 3.40 6.96 147.67 519.04 0.12 6.43 7.19 
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Appendix D Supplementary material pertaining to Chapter 5 

Table D–1 Fruit quality attributes at harvest in 2019 season under the impact of different N rates and K rates. Each value indicates mean values (n = 6). 

Application 
rates 

Height 
(mm) 

Diameter 
(mm) 

Weight 
(g) 

Red 
colour 

coverage 

Background 
colour 

Hue˚ 
Starch 
index 

TSS 
(Brix˚) 

Firmness 
(kg) 

Bitter pit 
intensity 

(%) 

Bitter pit 
frequency 

(%) 
N (kg N ha-1)            

5.6 73.3 90.8 296.8 2.64 1.79 49.4 5.1 14.0 6.6 11.7 36.5 
12.3 75.5 92.3 318.7 2.73 1.69 47.4 5.1 13.8 6.6 13.9 19.1 
31.3 76.6 93.2 328.8 2.58 1.70 49.1 5.1 13.7 6.4 12.0 33.3 
49.3 75.3 91.6 313.0 2.85 1.84 41.6 5.4 13.9 6.5 7.9 25.0 

K (kg K2O ha-1)            
52.1 73.3 90.8 296.8 2.63 1.79 49.4 5.1 14.0 6.6 11.7 36.5 
56.0 75.6 92.2 317.5 2.68 1.76 46.4 5.2 13.8 6.5 12.3 25.3 

140.1 76.1 92.8 324.5 2.60 1.66 50.3 5.1 13.5 6.5 12.5 18.8 
224.2 75.7 92.0 321.0 2.99 1.68 43.1 5.2 14.1 6.6 12.2 20.8 
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Table D–2 Fruit quality attributes at post-harvest in 2019 season under the impact of different N 

rates and K rates. Each value indicates mean values (n = 6). 

Application 
rates 

Weight (g) Weight loss (g) 
Bitter pit 

frequency (%) 
Change in bitter 

pit frequency (%) 
N (kg N ha-1)     

5.6 297.7 -0.90 0.3541 -0.0104 
12.3 306.0 12.73 0.4271 0.2361 
31.3 315.9 12.95 0.5833 0.2500 
49.3 317.5 -4.52 0.4896 0.2396 

K (kg K2O ha-1)     
52.1 297.7 -0.90 0.3542 -0.0104 
56.0 306.2 11.34 0.4653 0.2118 

140.1 324.4 0.14 0.4792 0.2917 
224.2 308.5 12.48 0.4792 0.2708 

 

Appendix D.1 Synchrotron X-ray micro-Computed 
Tomography (SXRµCT) tomograms reconstruction 
procedure 

A SXRµCT scan can only capture the tomograms of a sample of 3 mm in height, and the target 

height of the samples was 15 mm. Hence, the CT scan was repeated 5 times at different depth 

(e.g., 0-3 mm, 3-6 mm, etc.). The raw images including the flat and dark images, and 

tomograms were reconstructed into a stack of 2048 32-bit images (3 mm height) using 

ez_mview software (Custom developed at the Canadian Light Source, Saskatoon, Canada). Five 

stacks of images of different depths were stitched together into slices of image using ez_ufo kit 

software (Custom developed at the Canadian Light Source, Saskatoon, Canada). Lastly, the 

slices of images were concatenated by using ez_stitch software to produce 2048 longitudinal 

sections of 13 × 15 mm in dimension. 
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