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Abstract 

Soil security and freshwater resources are closely linked to food and human security in the 21st 

century. By 2050, global demand for food will increase by more than 60% from the current situation, 

which is driven by the growth of global population and global wealth. Since the Industrial Revolution, 

rapid population growth has depended on growing land development to achieve responsive growth 

in food production, unprecedented global climate change, and rapid urbanization and 

industrialization in emerging economies. This is in the context of an unprecedented global challenge 

of climate change, which is a major threat to global food security. Climate change, especially global 

warming, is expected to intensify in the next few decades. At the same time, the decline of fresh 

water supply is becoming a global crisis. Therefore, it is becoming increasingly important to adopt 

water-saving strategies in agriculture. In the context of unprecedented climate change, water 

resource constraints, and increasing threats to soil and water security, Australia is facing the problem 

of maintaining and improving agricultural productivity, requiring the integration and transformation 

of food production systems to address global sustainability challenges. Therefore, there are an 

urgent need and exciting opportunity to launch this project to meet the soil and food security 

challenges facing in the coming decades. 

Mango (Magifera Indica L.) is known for its excellent exotic flavors. High-quality mango fruit is 

attractive to consumers with its excellent fruit quality and good fresh-keeping quality. Mango fruit is 

one of the most important commercial fruit crops. It is the second largest tropical crop after bananas 

in terms of production, acreage and popularity. It is widely planted in tropical and subtropical regions, 

and its global output in 2003 exceeded 25 million tons. Extensive plant breeding has produced 

hundreds of varieties whose fruits show significant diversity in size, shape, color, taste, seed size and 

composition. Many of these studies have shown that the compositional changes of mango fruit 

depend to a large extent on the variety harvested, the climate and the stage of maturity. Current 

methods for determining the quality of mangoes are mainly based on biochemical analysis, which 

will cause fruit damage. This study will discuss the use of some non-destructive techniques to 

determine the effects of variety and site management on the biochemical composition and quality of 

mango fruits in northern Australia. 

Soil (0-10 cm), mango foliar and mango pulp samples were collected from a 5-year-old, factorial field 

experiment testing the effects of two mango varieties (Calypso vs Keitt), two planting densities 
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(medium vs high), two training systems (single leader vs conventional) and two sampling canopy 

positions (north vs south) on foliar and pulp total carbon (TC, %), total nitrogen concentration (TN, %), 

and stable carbon (C) and nitrogen (N) isotope compositions (δ13C and δ15N) as well as the 

corresponding total C, total N and δ13C and δ15N in the surface soil of tropical Australia. In addition, 

mango fruit yields and sizes were determined. Soil, pulp and foliar total C and N as well as δ13C and 

δ15N were determined on mass spectrometers at Griffith University. Each of the above treatments 

was replicated 6 times for foliar and pulp samples and 3 times for soil samples. In addition, the 

solid-state 13C MAS NMR measurement determined the changes in the chemical composition of 

mango fruits between different varieties, planting densities, cultivation systems, and canopy 

positions. For the pulp samples in the experiment, each of the above treatments was repeated 6 

times. In this five-year-old mango orchard, there were significant genetic and environmental 

influences on tree water and nitrogen use efficiency as well as mango fruit yield, which shows 

significant potential for improvement of mango tree WUE and NUE as well as fruit yield and soil 

fertility. There were also significant genetic and environmental impacts on the contents of 

carbohydrates and protein and chemical components in mango pulp. The results of this study would 

inform future commercial orchard site management and plant breeding practices and therefore 

assist in optimizing commercial fruit production. 
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Chapter 1. Introduction and literature review 

  

1.1  Overview of mango  

 

Mango belongs to the genus Mango (Mangifera), which is a well-known large stone fruit, but 

shows great changes in shape and size. Because of its bright color, unique taste and nutritional 

value, mango has gradually become one of the most respected fruits around the world (Zuazo 

et al. 2011). Today, most of the increased mango production worldwide comes from outside 

traditional mango cultivation centers, such as the southeastern United States, Africa, Australia, 

Hawaii, etc., and a large part of the increased mango production is used in export markets 

(Mukherjee 1997). It is estimated that the world's mango production has exceeded 28.5 

million tons per year and is commercially produced in more than 90 countries (Zuazo et al. 

2011). The sweetness, sourness and texture of the mango fruit are influenced by the sugar and 

organic acid contents, which depends on the variety, climatic conditions, cultivation system, 

nutrition and irrigation (Klages et al. 2001; Sha et al. 2011; Dugalic et al. 2014). At the same 

time, mango fruit is of great commercial value and can be used at every stage of growth. For 

example, raw fruits can be used to make products such as kimchi, mango sauce and mango 

drinks, while mature fruits can be eaten raw as dessert fruits or processed into various 

products such as nectar, mango juice powder, mango cereal flakes, etc (Wu et al. 1993; 

Tharanathan et al. 2006). 

 

1.1.1 Chemical composition and stable isotopes of mango pulp 

 

From a nutritional point of view, mango is a valuable fruit that provides fiber, micronutrients, 

carbohydrates (10% to 32% in mature pulp), protein (0% to 5%), amino acids (arginine, 

alanine, glycine, serine, leucine and isoleucine), Lipids (0.75% to 1.7%) and organic acids 

(citric acid is the main organic acid) (Maldonado-Celis et al. 2019). At the same time, mango 

is one of the most important commercial fruit crops, and the chemical composition of its fruit 
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has been the subject of most research, with the main focus being on sugar and organic acid 

identification (Gil et al. 2000). Among them, the main representatives of acids in mango are 

citric acid and malic acid, and the main representatives of soluble sugars are sucrose, fructose 

and glucose (Medlicott et al. 1985). These main compounds contribute to the sweetness and 

acidity of the fruit, and the flavor of the pulp is highly dependent on the balance between 

organic acids and soluble sugars in the pulp (Malundo et al. 2001). 

 

During the maturation process, complex carbohydrates (such as starch) are converted to 

monosaccharides (such as glucose and fructose) and disaccharides (such as sucrose) 

(Bello-Pérez et al. 2007). Total sugar (sucrose, fructose, glucose) is one of the biochemical 

components of fruit quality (Sitthiwong et al. 2005). This is related to fruit strength and is 

very important in fruit development (Zhou and Paull 2001). Generally speaking, the main 

sugar in mature mango is fructose, which is an important nutritional characteristic of mature 

mango, because the metabolism of sucrose and fructose differ from the metabolism of glucose 

(Bello-Pérez et al. 2007).  

 

The amount of carbohydrates provided to the fruit depends on the photosynthesis of plant 

leaves, water demand and the availability of soil pools (Medlicott et al. 1985). Understanding 

the changes in carbohydrate production and degradation in mango fruit can optimize its yield 

efficiency and yield (Mesa et al. 2016).  

 

Mango fruit also contains dietary fiber, present as cellulose, hemicellulose, pectin and lignin 

(Figuerola et al. 2005). The dietary fiber content of mango is between 3.85% and 12.64%, and 

the content varies with different varieties (Bello-Pérez et al. 2007).  

 

Mango fruit is rich in carotenoid compounds. These molecules are fat-soluble stains. 

Although some of the peels in mangoes are reddish due to anthocyanins, when they are ripe, 

they cause orange yellow and red when they are ripe (Masibo et al. 2008; Sivankalyani et al. 

2016). Although the differences in carotenoid composition between different varieties may be 

due to environmental and genetic factors, maturity, production and post-harvest processing 
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techniques, they can also be attributed to the analytical methods used and the instability of 

carotenoids nature (Burton-Freeman et al. 2017). Relatively low concentrations of trace 

ingredients in fruits often contribute to food characteristics such as geographic origin, plant 

origin, and food processing. For example, trace components in mango juice can be used to 

distinguish varieties (Koda et al. 2012). 

 

Today, stable C isotope composition determinations have become a valuable tool for 

quantifying the composition and origin of food and food ingredients. Often used is the 

determination of the relative carbon isotope abundance δ13C value. The 13C/12C ratio of 

terrestrial plants is divided into three categories, related to carbon assimilation pathways: the 

conventional (C3) pathway, the dicarboxylic acid (C4) pathway, and the pathway related to 

Sedum acid metabolism (CAM) (Farquhar 1984). Plants that take up CO2 based on the C3 

photosynthetic pathway distinguish 13CO2 to a greater extent than plants that have the C4 

pathway (O'Leary 1981). Therefore, the δ13C value of C3 plants is between -33 ‰ to -22 ‰, 

which is -27 ‰ on average with VPDB, while the range of C4 plants is -16 ‰ to -10 ‰. The 

mangoes studied in this study were C3 plants. In most plants, carbohydrates and sucrose 

produced by leaf photosynthesis provide active mango fruits. These carbon sources are inputs 

to fruit metabolism and accumulate in the form of fructose, sucrose, malic acid and starch 

(Hudina and Štampar 1999; Berüter 2004; Dugalic et al. 2014). 

 

1.1.2 Mango fruit quality parameters and physical and chemical indicators of 

maturity 

 

The mango fruit harvested at the best ripening period produces a good aroma and a uniformly 

ripe fruit. However, the physiological quality and biochemical parameters of mango fruits are 

different with different planting varieties (Tandon and Kalra 1986). During the growth and 

maturation of mango fruit, chemical composition changes occur. The accumulation of starch, 

the change of structural polysaccharides, and the role of starch hydrolysis into sugars, 

followed by fruit softening, biosynthesis of volatile compounds, chloroplast degradation, and 

biosynthesis of colored plastic and carotenoids (Joas et al. 2012; Wongmetha et al. 2015; Dar 
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et al. 2016; Matheyambath et al. 2016). Among them, the main biochemical parameters that 

change during the ripening of mango fruit were total soluble solids (TSS), pH, sugar-acid 

ratio, carotenoid increase, and starch content decrease (Doreyappa Gowda et al. 2001; Ueda et 

al. 2001). Starch degradation in mango fruit is highly correlated with total soluble solids 

(TSS)(positive) and pulp hardness (negative). 

 

Fruit maturation involves a series of physiological, biochemical, and physical changes that 

result in the fruit having the desired quality of softness and edibility. Among them, softening 

texture is an important part of almost all fruit maturity. It is one of the measures of fruit 

quality and the quality attribute that determines the main evaluation of consumers 

(Tharanathan et al. 2006; Jarimopas and Kitthawee 2007). Among them, the ripening stage of 

mango undergoes intense and extensive softening from hard to soft. Carbohydrate content and 

color are also objective indicators of mango fruit maturity. The starch in the mesocarp is 

transformed into soluble sugar during ripening, and the final edible quality of mango fruit is 

also related to its soluble sugar content (Subedi et al. 2007). The ripening of the mango fruit is 

also accompanied by a change in color, which is due to the degradation of chlorophyll leading 

to the exposure of previously existing pigments and the accumulation of carotenoids such as 

β-carotene, lutein esters, lutein and lycopene in plastids (Tucker and Grierson 1987; Lizada 

1993). In addition to the maturity period, other production conditions such as temperature, 

light, fertilization, irrigation, fruit location and cultivation system on the tree will affect the 

post-harvest quality of the fruit, especially physical chemistry, antioxidant capacity and 

maturity (Moretti et al. 2010; Nagle et al. 2010; Sivakumar et al. 2011; Joas et al. 2012). 

 

1.2  Plant and soil C and N cycles and their importance 

 

Carbon storage and storage time in soil are the largest and longest in the terrestrial ecosystem 

carbon pool (Liu et al. 2008). There are two naturally occurring carbon stable isotopes, 12C 

and 13C, respectively. Most of the carbon is 12C (98.9%) and 1.1% is 13C. Carbon isotopes are 

unevenly distributed in different compounds, and this isotope distribution can reveal 

information about the physical, chemical, and metabolic processes involved in carbon 
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conversion (Farquhar et al. 1989). The process of soil carbon storage is the change of the 

dynamic balance of soil organic carbon. Land use will affect the soil carbon storage and its 

cycle. Therefore, understanding the dynamic changes of soil organic carbon is an important 

aspect of revealing the soil carbon cycle process and its regulation mechanism (Liu et al. 

2008). It has been confirmed in the research of nitrogen cycle that compared with atmospheric 

nitrogen, nitrogen in soil is usually rich in heavy isotopes, and the value of δ15N is usually not 

higher than 10-15 ‰ (Delwiche et al. 1970; Shearer et al. 1974; Rennie et al. 1976; Koren'kov 

and Bezvershenko 1988; Martinelli et al. 1999). The relative accumulation of 15N isotope in 

soil and the microbial transformation of organic matter with the main loss of 14N isotope is 

related to the fact that 15N residual accumulation. 14NH3, 14N2 and 14N2O formed during the 

mineralization, nitrification and denitrification of organic nitrogen compounds are volatilized 

into the atmosphere, and nitrogen is formed during the nitrification process and leached from 

the soil (Högberg 1997). The natural concentration of 15N in the soil can become an 

indispensable feature of the nitrogen cycle in the ecosystem. 

 

It is known that the carbon and nitrogen isotopic composition of plants is affected by 

environmental factors, especially the availability of water (Murphy and Bowman 2009). 

Water use efficiency (WUE) represents the performance of crops grown under any 

environmental constraints (Howell 2001). Crop management measures such as nitrogen 

fertilization can affect both the amount of water extracted by the crop and the growth of the 

crop, thus affecting WUE (Dordas and Sioulas 2008). In plants, the abundance of biomass 

carbon in the 13C layer was first affected by water supply and drought stress, but also showed 

significant interactions with nutrient use efficiency and fertilization (Högberg et al. 1993; 

Adams and Grierson 2001). In addition, δ13C values are all related to the contribution of 

different CO2 from soil respiration and plant photosynthesis (Šantrůčková et al. 2000; Georgi 

et al. 2005), so it contains valuable ecological information related to agricultural management 

(de Bello et al. 2009). 

 

Nitrogen is the most important nutrient in crop production because it affects the production of 

dry matter by affecting the development and maintenance of leaf area and photosynthetic 
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efficiency (Dordas and Sioulas 2008). As a key component of proteins (structures and 

enzymes) and nucleic acids, nitrogen can affect organ formation, root crown development, 

photosynthesis, and other processes (Mi et al. 2007). Nitrogen application can delay leaf 

senescence and maintain a high photosynthetic rate. Nitrogen deficiency can severely reduce 

yield and crop quality, so nitrogen is essential to improve crop growth, yield and quality. Lack 

of nitrogen can inhibit crop growth and photosynthesis (Jin and He 1999; Shangguan et al. 

2000; Li et al. 2012). In addition, nitrogen deficiency reduces radiation utilization, 

distribution of dry matter to reproductive organs, plant protein content and seeds (Marschner 

1995; Dordas and Sioulas 2008). There is a close positive correlation between leaf 

photosynthesis and nitrogen fertilizer (Sage and Pearcy 1987). Nitrogen is the most limited 

nutrient in crop production, and large amounts of nitrogen are often lost during leaching 

below the root zone of vegetable crops (Pionke et al. 1990).  

 

One specific technique for assessing nitrogen dynamics is the measurement of nitrogen 

isotope ratios in plants and other ecosystem pools. Nitrogen isotope ratios have been shown to 

be useful because they reflect the sum of fertilization inputs, nitrogen output, and 

fractionation processes in plants (Trandel et al. 2018). The nitrogen isotope composition in 

plants is usually different from the total nitrogen composition in the soil in which the plants 

grow. The isotopic composition of plant nitrogen corresponds to the isotopic composition of 

nitrogenous compounds in the soil, which is the main source of plant nutrition. As in soil, the 

nitrogen isotope composition in plants can also be used as an indicator of nitrogen cycle 

activity and is a more sensitive indicator than changes in nitrogen status in soil ecosystems 

(Johannisson and Högberg 1994). The change of nitrogen isotopic composition in soil 

requires long-term application of nitrogen fertilizer, and the concentration of 15N in plants 

changes rapidly with its concentration in the nitrogen compounds available to plants. For 

most terrestrial plants (other than N2 fixed plants), the applied fertilizer is one of the main 

sources of nitrogen (Camin et al. 2011). This increase in 15N in plants is due to preferential 

uptake of 14N during plant growth and maturity. The heavier 15N remains in the soil and are 

assimilated during the fruit ripening stage (Felix et al. 2017; Sharp 2017). The isotopic 

composition of nitrogen in soil and plants is determined by a combination of interrelated 
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factors, which often can explain the problems of experimental data. 

 

1.2.1 Analysis of total carbon (TC) and δ13C 

 

The leaf carbon isotope ratio (δ13C) is closely related to the photosynthesis of plants. Plant 

photosynthesis is an important process for carbon isotope fractionation in nature. Among 

terrestrial plants, the δ13C value of C3 plants is -20 ‰ to -35 ‰ (average -26 ‰), and C4 

plants is -7 ‰ to -15 ‰ (average -12 ‰) (O'Leary 1981; Farquhar et al. 1989). At the same 

time, it has been confirmed that the long-term water use efficiency of plants can be indicated 

by the δ13C value of plant leaves, and high WUE is related to the corrected δ13C value 

(Peterson et al. 1987). At the same time, the δ13C value of plants is highly heritable for WUE. 

The δ13C value has been used as an index for screening plants that are more in line with 

sustainable growth and high WUE, and is used for breeding cash crops, trees and forage at 

work. Stable carbon isotopes have also been used to understand the mechanisms of litter 

decomposition, soil organic matter (SOM) formation and turnover (Nadelhoffer and Fry 1988; 

Wilts et al. 2004; Awiti et al. 2008; De Rouw et al. 2015). It has been known for decades that 

the stable carbon isotope ratio (δ13C) of organic matter in terrestrial plants is different between 

different types of plants and plants growing in different environments (Nier and Gulbransen 

1939; Wickman 1952). At the same time, the δ13C value of plants has a significantly negative 

correlation with the soil moisture content. As the soil water availability decreases, the plant 

WUE increases (Ehleringer and Cooper 1988; Chen et al. 2002). In short, the change in δ13C 

value of plants is related to many biological factors (competition between plants, different 

parts of plants, chemical composition, plant species, leaf structure, etc.) and abiotic factors 

(moisture, temperature, humidity, light, CO2 Concentration, soil nutrients, etc.). 

 

1.2.2 Analysis of total nitrogen (TN) and δ15N 

 

The 15N natural abundance (δ15N) technology has also been successfully applied to track N in 

the environment and gain a better understanding of nitrogen dynamics (Bedard-Haughn et al. 

2003; Awiti et al. 2008). The reason for the change in δ15N is much clearer than the reason for 
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the change in δ13C (Murphy and Bowman 2009). Limitations of nitrogen (N) can lead to poor 

growth of organisms and reduced plant yields, leading to poor economic conditions. Because 

of enzyme-mediated reactions, plants are often better able to make use of 14N (Dawson et al. 

2002; Tiunov 2007). From the perspective of soil science, any mechanism of nitrogen loss 

(volatilization, mineralization, leaching, and plant uptake) leaves heavier nitrogen isotopes 

(δ15N) (Hogberg 1997). The study found that δ15N-rich soils showed accelerated N cycling 

and increased microbial activity or increased N loss (Craine et al. 2009). Evidence suggests 

that microbial denitrification is the major mediator of nitrogen loss in tropical rainforests. It 

has a great impact on forest total nitrogen balance (Houlton et al. 2006). 

 

There are many other factors that can affect the content and spatial distribution of δ15N in soil 

and plants (Tiunov 2007; Herridge et al. 2008). Most studies indicate that the main 

influencing factors include microbial activity rate, temperature, plant presence, and 

precipitation rate (Ibell 2014; Craine et al. 2015). Therefore, the measurement of soil and 

plant δ15N values can be used to evaluate the dynamics of nitrogen cycling in soil-plants 

(Kahmen et al. 2008; Craine et al. 2009; Reverchon et al. 2014). Nitrogen deficiency can 

inhibit crop growth and photosynthesis, thereby affecting crop yield and quality (Shangguan 

et al. 2000). In my experiment, soil was the main nitrogen (N) source of mango fruit trees. 

Soil may be one of the influencing factors on the δ15N value of mango leaves, and it also 

shows the importance of the relationship between δ15N values of mango fruit trees and soil. 

 

1.2.3 Relationship between stable C isotope composition and plant water use 

efficiency 

 

Carbon isotope composition can be used to track changes in environmental precipitation (Ma 

et al. 2012). The ability of different plant varieties to adapt to environmental changes, 

especially their water use efficiency, is affected by differences within the species in leaf 

biochemistry (such as Rubisco's carboxylation rate, electron transfer rate, etc.) and stomatal 

response. The WUE can be estimated by carbon isotope discrimination (δ13C) and is linearly 

related to WUE in many species (Farquhar and Richards 1984; Guehl et al. 1995). It is also an 
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important trait in plant breeding (Araus et al. 2002). Discrimination of δ13C in C3 plants has 

been widely used as an indicator of physiological processes and/or environmental conditions 

prevailing when carbon is absorbed and is used to compare WUE between species or 

genotypes (Farquhar and Richards 1984; Hubick et al. 1989; Donovan and Ehleringer 1992; 

Flanagan and Johnsen 1995). One of the main reasons for the reduction in yield in 

water-constrained environments is water stress, which results in stomatal closure that controls 

photosynthesis (Flexas and Medrano 2002; Grassi et al. 2005; Flexas et al. 2013). In fact, the 

most direct response of plants to water stress is to limit the transpiration of plant leaves by 

closing the stomata, which can prevent harmful hydrological failure of plants (Sperry and 

Tyree 1988; McDowell et al. 2008). However, this also causes a decrease in the CO2 

concentration between the leaf cells, thereby limiting photosynthesis in the leaves 

(Diaz-Espejo et al. 2007). At the same time, plants under water stress usually protect their 

survival by slowing development, such as reducing growth, changing resource allocation, and 

reproductive growth (Gifford and Evans 1981; Allahverdiyeva et al. 2015). Although the 

WUE of the species is heritable, it seems to be under natural selection and may be closely 

related to crop yields, which is the basis for the genetic variation of δ13C (Condon et al. 1987). 

 

The relationship between leaf nitrogen concentration and WUE is not direct, but the 

importance of nitrogen to WUE is emphasized in the ambient air and elevated CO2 (Guehl et 

al. 1995; Ripullone et al. 2004; Tognetti and Johnson 1999), as well as the effect on crop 

nutrient supply (Brueck and Science 2008). Plant nitrogen isotope composition can reflect the 

relative openness of the nitrogen cycle in ecosystems (Ma et al. 2012). Many authors have 

suggested that in the case of abundant water resources, nitrogen is often restricted and will be 

strictly recycled. This limits the amount of nitrogen leaving the system through the 

fractionation pathway, which results in δ15N enrichment in the system. In contrast, in a dry 

system, nitrogen cannot be recycled so tightly, because moisture is the limiting factor, and 

nitrogen leaves the system more easily through the fractionation route (Austin and Vitousek 

1998; Schuur and Matson 2001). For example, a negative correlation between water 

availability and δ15N in leaves was found throughout Australia similar to that found on other 

continents (Heaton 1987; Handley et al. 1999; Swap et al. 2004). 
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1.2.4 Interaction between stable C isotope composition and plant 

photosynthesis 

 

Photosynthesis is the basis of crop growth and development, and it is also the main factor that 

determines crop productivity (Richards 2000). In the process of photosynthetic CO2 fixation, 

plants reflect 13CO2 in a way that reflects plant metabolism and environmental conditions (Ma 

et al. 2012). Various reports have confirmed a significant positive correlation between crop 

yield and leaf photosynthetic capacity (Edmeades and Daynard 1979; Peterson et al. 1988). 

Under relatively low light conditions, additional light increases plant growth and yield (Deli 

and Tiessen 1969). Under conditions of high solar radiation, shading in early plant 

development increased the cell division and volume of dry matter in leaves and entire plants, 

which had a positive impact on fruit growth and yield (Schoch 1972). Leaves are the main 

source of photosynthesis in plants, and the surface of many fruits also contains chlorophyll, 

which can fix carbon when exposed to sunlight (Blanke et al. 1989). Studies have shown that 

the increase in leaf density is related to the increase in photosynthetic capacity (Terashima et 

al. 2011), but it may come at the cost of reducing the stomata and foliage CO2 transmission 

(Parkhurst and Mott 1990; Evans et al. 1994; Syvertsen et al. 1995; Kogami et al. 2001). 

 

Light is a factor that varies depending on where the fruit is located and the position within the 

canopy of the fruit itself. Canopy overlap results in lower carbon assimilation in shaded 

leaves. Dry matter production in fruits depends on the distribution of carbohydrates between 

system maintenance, ie tree branching, fruit growth and storage in leaves and stems. If the 

carbon supply is reduced, the growth of the fruit will be reduced (Léchaudel and Joas 2007). 

At the same time, increasing nitrogen use efficiency can increase leaf nitrogen concentration, 

photosynthetic rate and plant growth (Dawson et al. 2002; LeBauer and Treseder 2008), and 

moderate supply of nitrogen can improve plant photosynthesis efficiency (Yin et al. 2012). 

Another effect of light on mango quality is related to its attractive properties, especially the 

skin's red pigmentation caused by the effect of light on anthocyanins. Due to the reduced 

exposure of the fruit to the sun, the surface of the mango fruit in the canopy maintains a 
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greener complexion (Simmons et al. 1998). 

 

1.3  Planting density and training system 

 

Carbon isotope composition (δ13C) and nitrogen (δ15N) are widely used to characterize 

ecosystem states and changes (Loder et al. 2007). It is known that the carbon and nitrogen 

isotopic composition of plants is affected by environmental factors (Murphy and Bowman 

2009). Planting density is an important orchard management and can be used to affect the 

overall health and yield of plants by regulating plant growth and photosynthesis (Ciampitti 

and Vyn 2011). High planting density can reduce photosynthesis by shading itself, competing 

for nutrients or moisture. Because plants in orchards have similar resource needs, high 

planting density may increase the intensity of competition (He and Bazzaz 2003). In addition 

to tree spacing, training systems (ie tree height and crown shape) can also significantly affect 

light interception. Proper canopy pruning increases the probability of light passing through 

the canopy and improves the efficiency of photosynthesis (Pratap et al. 2003; Shalini et al. 

2006). In previous experiments, the response of mango trees to canopy management varied 

widely. Sometimes pruning promotes excessive shoot growth or shoot growth at the wrong 

time, inhibiting flowering and fruiting. Therefore, if high-density trees are to be planted, 

effective canopy management is essential. At the same time, these two types of site 

management also have a significant impact on soil carbon (C) and nitrogen (N) cycles, which 

in turn leads to dynamic changes in the stable C (δ13C) and N (δ15N) isotopic composition in 

the soil left. Both vegetative and reproductive growth of plants depend on assimilation, which 

is controlled by tree structure and leaf function, both of which are regulated by environmental 

interactions (Flore and Lakso 1989). High planting density, tall and vibrant trees significantly 

reduce light penetration in the lower and inner canopy, thereby reducing fruit yield and 

quality (Jackson and Palmer 1977; Lakso et al. 1989; Barritt et al. 1991; Lakso and Corelli 

Grappadelli 1991). In contrast, large, bright fruits are produced in well-exposed canopies 

throughout the growing season (Jackson 1980; Palmer 1989; Barritt et al. 1991). Therefore, 

the uniform distribution of light in the entire crown volume can achieve good fruit quality. 

Therefore, pruning extended and vigorous branches in summer can improve light penetration 
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and distribution in the crown and improve fruit quality (Lakso et al. 1989). 

 

1.3.1 Planting density 

 

The control of planting density is an important crop management, which is used to influence 

crop yield by regulating growth, yield composition and photosynthesis (Peng et al. 2008; 

Ciampitti and Vyn 2011). Compared with traditional or standard cultivation, high-density 

planting has higher yield and return potential, especially in the early stages of production. 

However, in most planting areas, trees planted at close distances quickly begin to squeeze 

each other, leading to reduced yields. Generally speaking, the leaves are the source of 

photosynthesis before flowering. The solar radiation intercepted by the crops increases with 

the increase of planting density. Therefore, the plant canopy receives less radiation at high 

planting densities, resulting in leaf photosynthetic capacity and yield decline (Papadopoulos 

and Ormrod 1988; Will et al. 2005; Dong et al. 2006; Liu et al. 2015). Some authors have 

shown that planting density of crops can affect soil fertility (Pavan et al. 1999; Rangel et al. 

2008). Among them, planting density has been shown to significantly affect root beard 

enhancement (Loades et al. 2010), soil flora (Wang et al. 2018) and soil nutrient content in the 

soil (Li et al. 2008). Too low planting density may make fruit trees more susceptible to weeds. 

Too high planting density may force fruit trees to compete in the absence of nutrients and 

water, leading to poor growth and development of fruit trees (Saha 2018). At the same time, if 

the amount of resources is limited, there may be competition for resources between plants. 

Therefore, the optimization of planting density is an important step to increase the yield of 

grain crops, and it is also one of the important factors regulating the contradiction between 

crop groups and individuals (Wang et al. 2009). Generally speaking, increasing planting 

density will increase the yield of most crops to a certain upper limit or threshold density, and 

then further increasing planting density will either maintain the same yield or cause a decline 

in yield (Watanabe et al. 2003). This may be due to the weak light exposure of the shadows to 

the leaves and the intense competition at high planting densities. 

 

Choosing the right planting density can optimize light interception and increase crop 
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productivity. Generally, higher planting densities have higher total yields, which is why there 

is a strong interest in using high planting densities to increase productivity and returns 

(Amundson et al. 2012). However, with the increase of planting density, the number of fruits 

per plant, average fruit weight and yield per plant decreased, even if the total yield increased. 

Higher planting density will reduce the radiation on the soil surface, but the increase of 

radiant energy absorbed by plants may lead to faster soil water consumption (Agele et al. 

1999). At the same time, water use efficiency depends on water availability and potential 

competition for water by plants. Water use efficiency and water availability are negatively 

correlated (Dawson et al. 2002). Compared to high-density planting, widely spaced trees 

show higher water use efficiency (Mangalassery et al. 2019). At the same time, high-density 

orchards create high-yield potential, but also create a higher proportion of low-light fruits, 

which may reduce the supply of assimilation (sugars, nutrients) to individual fruits, thereby 

reducing fruit quality (Reynolds et al. 2009). 

 

1.3.2 Training system 

 

In addition to the tree planting spacing, the training system, that is, the tree height and crown 

shape, can also significantly affect the interception and distribution of light, thereby affecting 

fruit quality and yield (Wagenmakers and Callesen 1995; Warrington et al. 1996; Hampson et 

al. 2002). Overcrowding is a serious problem for high-density planting orchards because 

sufficient light radiation is required for successful photosynthesis (Menzel and Le Lagadec 

2014). Overlap caused by canopy spread will adversely affect crop yields (Carr 2014). 

Pruning is used to achieve proper canopy management to increase crop yield under 

high-density planting. In the commercial orchards, canopy pruning can be used to increase 

light by managing the distribution of the canopy (Crane et al. 1992; Ernst and Ernst 2011; 

Whiley et al. 2013). However, the cultivation system usually only affects the productivity in 

the early stage of planting. Therefore, the management of the cultivation system is usually 

carried out in the early stages of orchard planting. A proper cultivation system can improve 

the light interception and nutrient distribution, but it may also reduce leaf area used to support 

tree growth (Wilkie et al. 2008; Shinde et al. 2015). Therefore, long-term and effective 



29 
 

canopy management seems to be the biggest obstacle to the success of high-density orchards, 

and further research is needed to use different pruning strategies to control tree growth and 

minimize light interception (Menzel and Le Lagadec 2014). 

 

1.4  Stable isotope analysis 

 

Isotopic ratio mass spectrometry (IRMS) is a specialized technique in mass spectrometry, 

where mass spectrometry is used to measure the relative abundance of isotopes in a given 

sample (Stellaard and Elzinga 2005; Paul et al. 2007). This technique in environmental 

science usually involves measuring isotope changes produced by isotope fractionation in 

natural systems. For decades, the natural isotope effect (ie, the natural fractionation of stable 

isotopes) has been applied to ecology and soil science and has accumulated a large amount of 

experimental data (Makarov 2009). Stable isotope analysis has been shown to provide 

important insights into ecosystem functions (Adams and Grierson 2001). Isotopic ratio mass 

spectrometry (IRMS), this technique is necessarily comparative because it must take into 

account the natural changes in natural isotopic values in the fruit due to environmental factors 

such as water availability and light intensity (Kelly 2003). In particular, more and more 

environmental engineering uses natural carbon and nitrogen isotope ratios in soils and plants 

to study the conversion of carbon and nitrogen compounds in soils and to determine the 

source of plant carbon and nitrogen (Makarov 2009). 

 

An isotope ratio mass spectrometer (IRMS) can accurately measure a mixture of natural 

isotopes (Camara and de la Calle-Guntinas 1995). Most instruments used to accurately 

measure isotope ratios are magnetic sectors. This detection technology can be set up for 

multi-collector analysis. Second, it can also provide high-quality "peak shapes." Both of these 

factors are important for isotopic ratio analysis where very high precision and accuracy are 

required (Dickin 2018). The instrument operates by ionizing a sample of interest, accelerating 

it at a potential in the kilovolt range, and separating the resulting ion current based on its 

mass-to-charge ratio (m/z). The bending radius of the lighter ion beam is smaller than the 

bending radius of the heavier ion beam. Then use a "Faraday Cup" or doubling detector to 
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measure the current of each ion beam. For isotope ratio measurements, before entering the ion 

source of the IRMS, the analyte must be converted to a simple gas that represents the original 

sample in the form of an isotope (Meier-Augenstein 1999). Many radioactive source isotope 

measurements are made by ionization of solid sources, while stable isotope measurements of 

light elements (such as H, C, O) are usually performed in instruments with gas sources (Vogl 

et al. 2013). 

 

In stable isotope ratio mass spectrometry (IRMS), the measured isotope composition must be 

converted and reported with a responding international stable isotope reference scale in order 

to make accurate result comparisons between laboratories, making data normalization (Paul et 

al. 2007). The distinguishing feature of an isotope ratio mass spectrometer (IRMS) is a 

high-precision measurement, which is usually defined as a standard deviation in the range of 

4-6 significant digits (Brenna et al. 1997). Traditionally, stable carbon isotope ratios have 

been determined by isotope ratio mass spectrometry (IRMS), and the detection of δ13C values 

can achieve better than 0.1% accuracy (Trolier et al. 1996; Vaughn et al. 2004). 

 

1.5  Solid-state NMR technology as a non-destructive detection tool for detecting 

biochemical properties of mango fruits 

 

Today, flavor has become the main quality parameter for accepting fruits and vegetables 

(Causse et al. 2010). Generally speaking, changes in the concentration of compounds in food 

directly affect the production of other compounds, resulting in changes in food taste, texture, 

function, biological activity, shelf life and safety (Shepherd et al. 2011). In order to better 

guarantee product quality and its sustainable production, appropriate analytical techniques 

need to be applied to provide insights into the sensory quality of the video on a molecular 

basis. The development and application of analytical methods in food science has grown to 

meet the growing demand of consumers. In this case, spectroscopy plays a unique role in food 

analysis. For example, nuclear magnetic resonance spectroscopy (NMR) is a powerful tool for 

detecting the results of organic compounds in a sample (Fan and Lane 2008). The application 

of NMR technology in plant food science can be divided into two main areas. The first major 
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area involves understanding the structure and dynamics of large biopolymers of fruits, leaves 

and seeds. The second major area is the use of MAS NMR to analyze metabolites in intact 

plant tissues, which are often used to track the development of maturity and flavor and the 

distribution of primary and secondary metabolites (Jensen and Bertram 2019). 

 

Nuclear magnetic resonance spectroscopy (NMR) is an analytical chemistry technique used 

for quality control and research to determine the content and purity of a sample and the 

molecular structure. Nuclear magnetic resonance is also the most powerful technique for 

obtaining structural information, so it helps to understand the structure of components in food 

complex systems (Caligiani et al. 2007). At the same time, when analyzing complex mixtures 

(such as foods), an attractive feature of the technology is that a single spectrum can provide 

qualitative and quantitative information on the main components of a complex mixture 

(Iglesias et al. 2014). In the case of mango fruits studied in my experiment, this includes the 

analysis of primary metabolites (sugars, organic acids, amino acids), the main components 

responsible for the flavor of mangoes, and some major secondary metabolites, such as 

phenolic compounds (Le Gall et al. 2001). NMR technology can simultaneously study small 

concentrations of complex compounds and changes in several metabolites without the need 

for extensive sample pretreatment. It is a tool suitable for food screening. 

 

In spectroscopy, NMR makes an important contribution (Cevallos-Cevallos et al. 2009). 

NMR technology allows analysis of complex samples, whether liquid, solid or semi-solid 

(gel-like), without changing the original characteristics of the matrix (Santos et al. 2015). 

NMR can be applied to a variety of liquid and solid matrices without changing samples or 

generating hazardous waste (Marcone et al. 2013). The technique chosen in my experiment is 

solid-state nuclear magnetic resonance. Many foods are solid or at least semi-solid, which 

means that the molecular movement of the sample is restricted because it is not a pure liquid. 

Although most NMR spectroscopy is performed on liquid samples, and for solid materials, it 

has limitations in many chemical analyses, the magic angle spinning (MAS) technology is 

exciting for semi-solid and solid materials application of NMR spectroscopy. MAS is a 

technique applied to solid-state nuclear magnetic resonance spectroscopy. It involves rotating 
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a sample at a magic angle θ (54.74 °) with respect to the direction of the magnetic field. The 

change (which results in broadening of the spectral lines in the NMR spectrum) is eliminated, 

causing the NMR characteristics of the solid material to be converted to the NMR 

characteristics of similar liquid samples, thereby improving the spectral resolution. Solid state 

NMR spectra are usually based on 13C nuclei. The natural abundance of 13C nuclei is 

relatively low (1.1%), and their magnetic spin ratio (γ) is also relatively low (Tang and Hills 

2003). However, because 13C is present in a large number of compounds and metabolites, 

solid-state 13C MAS NMR spectroscopy has found many applications in food science (Jensen 

and Bertram 2019). 

 

1.6 Scientific research issues and contents 

 

As mentioned above, compared with the medium planting density, high planting density plays 

an important role in increasing the total crop yield. However, too high planting density will 

lead to competition for nutrients and water resources, and even under long-term high-density 

planting, it will cause mutual shielding between tree canopies, thereby reducing the quality of 

fruits. Choosing the effective training system may make high-density orchards a success. At 

the same time, the choice of mango varieties is also an important factor influencing the 

selection of crop breeding.  

 

Collectively, based on the literature review, my research would focus on three issues below: 

 

1. Would increasing planting density and different training systems affect total carbon (TC), 

total nitrogen (TN), stable carbon (δ13C), and nitrogen isotopes (δ15N) in plants and soil? 

 

2. Would the choice of mango varieties have a significant relationship with the adaptability of 

the surrounding environment? 

 

3. Would the biochemical composition of mango fruit respond differently to the application of 

different planting densities, training systems and canopy positions? 
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In order to answer these questions, experiments were conducted at the Walkamin Research 

Station in the Queensland Department of Agriculture and Fisheries 'Mango Planting System 

(17° 8'17''S 145° 25'41''E; 599 m above sea level). The experiments included two varieties 

(Calypso and Keitt), two training systems (conventional and single leader), two canopy 

positions (north and south) and two planting densities (medium and high), the carbon and 

nitrogen isotope composition of mango pulp, leaves and soil and the biochemical composition 

of mango pulp were measured under each treatment. Specifically, the whole research would 

be divided into 2 main studies: 

 

1. Effects of different mango varieties and site managements on carbon and nitrogen isotope 

composition of mango foliage and soil. 

 

2. Effects of different mango varieties and site managements on carbon and nitrogen isotope 

composition and biochemical composition of mango pulp. 
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Chapter 2. Experimental design and methods 

2.1 Experimental design 

 

Samples of mango fruit, mango leaves and soil tested in the experiment were collected at the 

Walkamin Research Station of the Queensland Department of Agriculture and Fisheries 

Mango Planting System Experiment (17 degrees 8'17''S 145 degrees 25'41''E; Elevation 

599m). These orchards are subjected to the same irrigation, fertilization and the same soil 

management. Soil types are a yellow to brown Ferrosol under the Australian soil classification. 

The soil is usually deep-yellow speckled yellow-brown pedal clay, the pH is neutral, and 

ferromagnetic nodules have accumulated on the profile. The site belongs to a tropical 

monsoon climate. The monsoon rains in the rainy season last from November to May, and the 

relatively dry season is from June to October. The average annual precipitation in this area in 

the past 70 years is less than 2000 mm, but the total monthly precipitation during the rainy 

season may exceed 1,000 mm, which is a characteristic of a typical summer dry climate 

(Sturman and Tapper 1996; Tapper 2006).  

 

The two mango varieties selected in this experiment are Keitt and Calypso. Among them, 

Keitt is a late-season, semi-dwarf variety with large, highly colored fruit. Keitt is a naturally 

very open, spreading tree species that eventually grows into an upright, open canopy. If it left 

unpruned, it will arch to the ground with heavy crop loads.  This tree shape does not lend 

itself to producing good fruit quality or high yields. Therefore, it is necessary to overcome the 

problem of canopy shape by pruning and shaping young trees during the first few years after 

planting. Calypso is a monoembryonic variety that can grow as an open, upright tree. 

Calypso's ripe flesh is firm, has a smooth texture with low fiber. During the early years of 

Calypso's growth, branches should be tipped twice yearly to maximize the number of fruiting 

terminals and produce well-branched limbs that maximize the number of bearing terminals. 

 

The experiment consisted of four experimental factors, two mango varieties (CalypsoTM and 
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Keitt), two planting densities (medium-416 trees / ha and high-1250 trees / ha), two training 

systems (conventional and single leader) and two canopy aspects. Each combination of 

variety, planting density and training system is copied into 6 incomplete blocks. Each plot is 

composed of three rows of reference rows, each row has two rows of protection rows, each 

row includes five trees, each end of each tree includes protection devices, and there are three 

rows of reference trees in the middle. Any sampling in the experiment does not include 

protection rows to prevent root expansion between blocks and affect the accuracy of the 

experimental data. 

 

Compared with other training systems, conventionally trained mango trees have more light in 

the bottom part of the tree and heavy shading in the upper canopy. This reflects the lack of 

leaves in this area due to high skirting practices in conventional training systems. Single 

leader trained trees had significantly more light across the canopy than conventionally trained 

trees. The branches of the mango tree under the single leader training system will be trimmed 

and reshaped and split into two sides. 

 

Two experimental mangoes from Keitt (Florida, USA) and Calypso (Australia) were planted 

on fields. Mango fruit samples, mango leaf samples and related soil samples were collected 

and analyzed for total biological carbon (TC), total nitrogen (TN), carbon isotope 

composition (δ13C) and nitrogen isotope composition (δ15N). The concentration of C, N and 

δ13C, δ15N in the sample were determined by using a mass spectrometer connected to an 

elemental analyzer (EA-IRMS). Mass spectrometry analysis of TC, TN, δ13C and δ15N is a 

simple, mature and highly accurate method with a standard deviation of less than 0.01% 

(Asche et al. 2003). At the same time, solid state 13C MAS NMR detection was performed on 

the mango pulp samples to determine the changes in the components of different varieties of 

mango fruits treated at different sites. 
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2.2 Soil, fruit and foliage samples collection 

 

In this experiment, mango fruits were harvested and weighed according to conventional 

methods, and soil and foliage sampling were performed in January 2019. Samples of mango 

leaves for two varieties (CalypsoTM and Keitt) were collected from the middle of the mango 

tree canopy from the location closest to the ripening position of the fruit. For leaf and pulp 

samples, this sampling process includes different training systems (conventional and single 

leader) and tree orientation (north and south) and different planting densities (medium and 

high) (96 samples) (6 replicates). Soil samples were collected on two different varieties of 

mango fruit trees using a 5 cm diameter shunt tube sampler to collect soil cores 0 to 10 cm 

deep, including different training systems (conventional and single leader) and different 

planting densities (Medium and high) (24 samples) (only 3 replicates). 

 

2.3 Soil and plant analysis 

 

The collected fresh leaf samples were dried at 65 ° C for 48 hours, while the pulp samples and 

soil samples were dried at 40 ° C for 48 hours. The dry soil and leaves and pulp samples were 

ground to a fine powder using a RocklabsTM ring grinder (Mixer Mill MM301; Retsch, 

Austria). Approximately 6-7 mg of leaf and pulp samples and 30-40 mg of soil samples were 

then transferred to tin capsules. The powder is combusted into N2 in the presence of oxygen in 

a CN analyzer (Roboprep-CN; Europa Scientific, Crewe, UK) and transmitted to the mass 

spectrometer (Tracermass; Europa Scientific, Crewe, UK) through an interface. Relative to 

international standards (Vienna-Pee Dee Belemnite for δ13C, Air for δ15N), these values are 

expressed as δ ‰ (Camin et al. 2011). The ratio of heavy isotope and light isotope in the 

sample (R sample) was measured by mass spectrometry as the deviation from the standard 

isotope ratio (R std); where R is the ratio of stable carbon (13C / 12C) and nitrogen (15N / 14N) 

isotope, Expressed in δ notation, such as carbon: 

 



57 
 

δ 𝐶13 (‰) = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑑
− 1) ∗ 1000 

 

Where R sample and R std are the 13C / 12C ratios in the sample and the conventional Pee Dee 

Belemnite standard, respectively. The high value of this parameter indicates the enrichment of 

carbon or nitrogen with its heavy isotopes, and the low value indicates the consumption of 

heavy isotopes relative to the standard. 

 

2.4 Solid state 13C CPMAS NMR analysis 

 

In this study, 48 mango fruits from each of varieties were used, for a total of 96 fruits. The 

fruits of the mango varieties Calypso (Australia) and Keitt (Florida USA) are from the 

Queensland Department of Agriculture and Fisheries Mango Cultivation System Experiment 

(17 degrees 8'17 ''S 145 degrees 25'41''E; altitude 599m) of the Walkamin Research Station. 

Samples of mango pulp from fresh mangoes (one fruit per sample) were analyzed by IRMS 

and solid-state 13C MAS NMR. As described by Pérez et al. (2010), the peel was removed, 

and the flesh was retained. The flesh was lyophilized using a SOP Lyolab 3000 freeze dryer, 

and the samples were immediately frozen with liquid nitrogen and stored at -80°C until 

needed (Pérez et al. 2010). For solid-state 13C MAS NMR measurements, first frozen samples 

were homogenized by grinding using a ring grinder RETSCH MM40. 

 

Solid-state 13C cross-polarization and magic angle rotation (CP-MAS) NMR analysis was 

used to detect the functional group composition of two different varieties of mango pulp 

under different site management. 13C MAS NMR is not affected by sample solubility and can 

be used for batch analysis of solid pulp components. The reasonable resolution of the 13C 

chemical shift provides reliable information about the structure and composition of mango 

pulp. Functional groups of the entire litter sample were analyzed on a VARIAN VNMRS 300 

NMR spectrometer (Varian Inc, CA) and operated at a frequency of 75 MHz to obtain a solid 

13C CPMAS NMR spectrum. In each case, a properly processed sample was loaded into a 
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7-mm rotor and rotated at a magic angle of 5000 Hz. Using tancpx cross-polarization pulse 

sequence (vnmrj 3.1A), 6000 transients are applied in all cases, 1.2 ms contact time, 20 ms 

acquisition time, 36 kHz scan width and 2.5 second cycle delay (Chen et al. 2002; Mathers et 

al., 2000). The chemical shift reference is a di-O-alkyl peak at 104 ppm, which is equivalent 

to tetramethylalkane at 0 ppm. The NMR software processing package MestRreNova 11.0 

(Mestrelab Research S.L.) was used to process the integrated spectra. The 75 MHz 13C 

CPMAS NMR spectrum is divided into seven major chemical shift regions: alkyl C (0 to 45 

ppm), methoxy C (45 to 57 ppm), O-alkyl C (60 to 90 ppm), (57 To 65 ppm), (65 to 78 ppm), 

(78 to 88 ppm), (88 to 95 ppm), (95 to 100 ppm) di-O-alkyl C (100-110 ppm), aromatic C 

(110-160 ppm) and carboxyl C (160-190 ppm). 

 

2.5 Statistical analysis 

 

SPSS 23.0 software (SPSS Institute Inc., Chicago, USA) was used for analysis of variance, 

and the data in foliage, fruits and soil samples was analyzed separately. The mean was tested 

by the smallest significant difference at the P < 0.05 level (LSD 0.05). Linear regression was 

performed by SPSS 23.0 software to identify the relationship between TN and δ13C in leaves 

and soil samples and the relationship between TN and δ15N in pulp and calculate regression 

equations to determine their relationship. A multivariate analysis of variance (ANOVA) model 

was used to determine whether mango varieties, training systems, planting density, and 

canopy orientation had significant effects on TC, δ13C, TN, and δ N values in topsoil and 

mango leaf samples and fruits. 
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Chapter 3. Genetic and environmental controls of tree water and 

nitrogen use efficiency of 5-year-old mango plantation in 

relation to mango fruit yield and size as well as soil fertility in 

tropical Australia 
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Sun WL, Xu ZH, Ibell P, Bally I. Genetic and environmental controls of tree water and 

nitrogen use efficiency of 5-year-old mango plantation in relation to mango fruit yield and 

size as well as soil fertility in tropical Australia. (Plan to submit to Journal of Soils and 

Sediments) 
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3.1 Abstract 

 

Purpose: The aim of this study was to quantify the effect of different varieties, planting 

densities, tree training systems and canopy aspect (north and south) on tree water and nitrogen 

(N) use efficiencies in relation to mango fruit yield and fruit size as well as soil fertility 

(particularly total carbon (C) and total N as well as C and N isotope compositions in 0-10 cm 

soil) in a 5-year-old mango plantation of tropical Australia. 

Material and Methods: Mango foliar samples were collected from a 5-year-old, factorial 

field experiment, where we tested the effects of two mango varieties (Calypso vs Keitt); two 

planting densities (medium vs high); two training systems (single leader vs conventional) and 

two sampling canopy aspects (north vs south). We assessed the effect of these factors on foliar 

total C (TC, %), total N (TN, %), and stable C and N isotope compositions (δ13C and δ15N). 

Surface soils (0-10 cm) were also assessed for total C, total N and δ13C and δ15N of different 

variety, planting density and training system. In addition, mango fruit yield and fruit size were 

measured. Soil and foliar total C and N as well as δ13C and δ15N were determined on mass 

spectrometers at Griffith University. Each of the above treatments was replicated 6 times for 

foliar samples and 3 times for soil samples. 

Results: There were significant genetic effect on foliar TN, tree water use efficiency (WUE) 

as reflected by foliar δ13C, N use efficiency (NUE) as indicated by foliar total N and δ15N, 

mango fruit yield and fruit size in 5-year-old mango trees in tropical Australia. Overall, the 

mango variety Keitt had higher tree WUE and NUE as well as higher mango yield and greater 

fruit size, compared with those of the mango variety Calypso. There were also significant 

environmental influences on mango tree WUE and NUE. In particular, high planting density 

had higher tree NUE, and lower WUE as well as higher N loss, compared with those of 

medium planting density. High planting density treatment also had higher soil total N, 

compared with that of the medium planting density treatment. The conventional training 

system also had higher tree NUE and WUE, compared with those of the single leader training 

system. The northern side of tree canopy (sunny side) had lower fruit number, compared with 

that of the southern side (shady side) of tree canopy. 
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Conclusion: There were significant genetic and environmental influences on tree WUE and 

NUE as well as mango fruit yield and fruit size in the 5-year-old mango orchard, which 

highlights significant potential for improvement of mango tree WUE and NUE as well as fruit 

yield and soil fertility with both genetic selection and site management regimes. 

 

2.2 Introduction 

 

Against the backdrop of unprecedented climate change (Xu et al. 2009; Sun et al. 2010; 

McDonald et al. 2011; Mitra and Sharma 2012; Xu et al. 2014; King et al. 2017; Lewis et al. 

2017; Fu et al. 2020), water restrictions and increasing threats to soil and water security, 

Australia and China are both faced with the problem of maintaining and improving 

agricultural productivity. As a result, there is an urgent need for the integration and 

transformation of agricultural production systems to address the challenges for the global 

sustainability (Liu et al. 2015; Wigboldus et al. 2016; Martin et al. 2018). The responses of 

fruit tree crops to site managements may help to understand the practical problems in today's 

orchard management. Mango (Mangifera Indica) is known for its excellent exotic flavor and 

is often referred to as the king of fruits. At the same time, mango is also one of the most 

important commercial fruit crops in Queensland, Australia. It is second only to bananas in 

terms of yield, planting area and popularity (Belton et al. 1993; Gil et al. 2000). As production 

costs and environmental pressures (especially global warming and decline in freshwater 

supply) continue to increase, it may be more and more important to select varieties with 

higher water use efficiency and the application of water-saving strategies in agricultural 

production. Many technologies can be used to improve water use efficiency (WUE) and 

productivity in orchards. These technologies range from site management to the assessment of 

genetics to improve plant WUE and increase productivity (Xu et al. 2000; Xu et al. 2009; 

Pascual et al. 2016; Zheng et al. 2017; Peddinti et al. 2019). 

 

Moisture, nutrients and light are important for plant growth and critical to high productivity. 

Plant cells use water during growth and expansion (Terry et al. 1971; McElrone et al. 2013; 

Robbins and Dinneny 2015). The external factors such as illumination and soil moisture 
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which influence photosynthesis and transpiration can affect plant δ13C values (Cernusak et al. 

2007; Diefendorf et al. 2010). The abundances of stable carbon (C) isotope compositions 

(δ13C) change during CO2 diffusion and biochemical fixation in leaf cells. The δ13C analysis 

of plants and soil have long been an effective tool for tracking C sources. In all plants, 12C is 

generally preferred for absorption as a lighter isotope (O'Leary 1988). The δ13C value of the 

leaves is used as an indicator of the long-term water use efficiency of plants (Warren et al. 

2001; Nie et al. 2014; Dong et al. 2015). Meanwhile, δ13C of plants is also related to many 

factors, such as competition between plants, different parts of plants and other surrounding 

environments, such as temperature, light, CO2 concentration and soil nutrients (Xu et al. 2000; 

Sun et al. 2003; Wang et al. 2008; Xu et al. 2009; Li et al. 2017). Most studies have shown 

that the stable carbon isotope ratio (δ13C) of terrestrial plant organic matter is different 

between different types of plants and plants grown in different environments, so that it can be 

judged and selected plant varieties and site management with more effective WUE (Afonso et 

al. 2017; Mangalassery et al. 2019; Fang et al. 2018; Saha 2018). 

 

Plant growth and development depend to some degree on the availability of nutrients in the 

soil (Xu et al. 2000; Xu et al. 2009; Morgan and Connolly 2013; Razaq et al. 2017). Among 

all nutrients required for plant growth, nitrogen (N) is a key component of proteins and 

nucleic acids, which are essential for organisms. N also influences the development of leaf 

area and helps to maintain photosynthetic efficiency, thereby affecting the formation of plant 

organs, root crown development and photosynthesis (Dordas and Sioulas 2008; Chun et al. 

2005). The lack of N inhibits crop growth and photosynthesis, which affects crop yield and 

quality (Shangguan et al. 2000). Plants are generally better able to utilize 14N due to 

enzyme-mediated responses (Dawson et al. 2002; Tiunov 2007). From a soil science 

perspective, any mechanism of N loss (volatilization, leaching and plant uptake) preferentially 

takes the lighter isotope and leaves the heavier N isotope (15N) (Högberg 1997). Craine et al 

(2009) found that soil rich in δ15N showed an increase in N-cycle acceleration and microbial 

activity, or N loss. There are also many other factors that affect the content and spatial 

distribution of δ15N in soils and plants (Tiunov 2007; Herridge et al. 2008). Various studies 

have shown that some influencing factors on N cycling include microbial activity rate, 
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temperature, vegetation presence and precipitation rate (Craine et al. 2009; Ibell 2014; Craine 

et al. 2015). Therefore, dynamics of N cycling in plants can be measured using soil and plant 

δ15N (Kahmen et al. 2008; Craine et al. 2009; Reverchon et al. 2014). In this experiment, both 

the soil and fertilizer were the main N sources of the studied mango trees. As a result it is 

hypothesized that, soil N may be one of the influencing factors affecting the δ15N value in 

mango leaves, as well as indicating important relationships between N cycling processes in 

the plant soil interface (Ibell et al. 2013; Bai et al. 2015; Wang et al. 2015; Zhang et al. 2018). 

 

Carbon isotope composition (δ13C) and nitrogen isotope composition (δ15N) are widely used 

to characterize ecosystem states and changes (Dawson et al. 2007). Environmental factors can 

also affect δ13C and δ15N of plants (Murphy and Bowman 2009). Orchard management 

options such as increasing or decreasing planting density can affect the overall health and 

yield of plants by regulating plant growth and photosynthesis (Ciampitti and Vyn 2011; Díez 

et al. 2016; Hecht et al. 2016; Valleser. 2018). Some authors have shown that crop density can 

affect soil fertility (Pavan et al. 1999; Rangel et al. 2008). Among them, planting density has 

been shown to significantly affect root growth (Loades et al. 2010), soil flora (Wang et al. 

2018) and soil nutrient content (Li et al. 2008). Too low planting density may make fruit trees 

more susceptible to weeds, and too high planting density may force fruit trees to compete on 

scarce nutrients and water, leading to poor growth and development of fruit trees (Saha 2018). 

At the same time, high planting density can reduce photosynthesis by shading parts of the 

canopy and competing for nutrients or moisture (He and Bazzaz 2003). Because plants in 

orchards have similar resource requirements, high planting densities may increase the 

intensity of competition. In addition to the tree planting spacing, the training system (ie tree 

height and crown shape) can also significantly affect light interception. Proper canopy 

trimming increases the probability of light passing through the canopy and increases the 

efficiency of photosynthesis (Shalini and Sharma 2006; Yue et al. 2018). In previous 

experiments, the response of mango trees to canopy management was quite different (Das and 

Jana 2012; Asrey et al. 2013). Sometimes, pruning promotes bud overgrowth or bud growth at 

the wrong time, thereby inhibiting flowering and fruiting (Ledesma and Wasielewski 2017). 

Therefore, effective tree canopy management is essential if high density orchards are to be 
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planted. At the same time, these two treatments (planting density and training system) may 

have a significant impact on soil carbon (C) and N dynamics, which in turn leads to changes 

in the stable C (δ13C) and N (δ15N) pools in soil and foliage. This experiment aimed to 

investigate the effects of two training systems (single leader and conventional) and two 

planting densities (medium and high) on the total carbon, total nitrogen, δ13C and δ15N in the 

leaves in order to better understand how orchard intensification using two training systems 

(single leader and conventional) and planting densities (medium and high) influenced the 

nutrient cycling (TC, TN, δ13C and δ15N) in the plant-soil interface using two varieties (Keitt 

and Calypso) grown under similar conditions.  

 

3.3 Material and method 

3.3.1 Study area and experimental design  

 

Soil and mango foliage samples tested in the experiment were collected at the Walkamin 

Research Station of the Queensland Department of Agriculture and Fisheries, Mango Planting 

System Experiment (17°8'17''S 145°25'41''E; Elevation 599 m). Soil types are a Yellow to 

Brown Ferrosol under the Australian soil classification (Enderlin et al. 1997). Soils are 

generally deeply motteled yellow-brown pedal clay with a neutral pH with ferromagniferous 

nodules accumulated through the profile.  

 

The experiment included four experimental factors, two mango varieties (CalypsoTM and 

Keitt), two planting densities (medium-416 tree/ha and high-1250 tree/ha) two canopy 

positions (south and north) and two training systems (conventional and single leader). Each 

combination of variety, planting density and training system was replicated in 6 complete 

blocks. Each sub-sub-plot consisted of three datum rows with two outer guard rows, and each 

row comprised five trees which included a guard at either end and three datum trees in the 

middle. Any sampling in the experiment did not include the guard row to prevent root 

extension between the blocks and affect the accuracy of the experimental data. The 
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high-density trees were irrigated with (8 L/hr drippers) in a continuous wetted pattern along 

the row while the medium-density trees were irrigated with (30L/hr) sprinklers at the base of 

the tree. Both high and medium density tree were subjected to the same rates of fertilizer 

(rates according to age in Muerant et al 1999). 

 

Foliage samples and the related soil samples were collected and analyzed for total C (TC), 

total N (TN), C isotope composition (δ13C) and N isotopic composition (δ15N) from two 

mango varieties, Keitt (Florida USA) and Calypso (Australia) in one experiment with similar 

soil characteristics. The concentration of C and N, δ13C and δ15N were determined in the 

samples by using a mass spectrometer connected to an elemental analyzer (EA-IRMS). 

Analysis of TC, TN, δ15N and δ13C by mass spectrometry is a highly accurate method with a 

standard deviation of less than 0.01% (Asche et al. 2004). 

 

3.3.2 Soil and foliage sample collection 

 

In this experiment, soil and foliage samples were taken in January 2019. The foliage samples 

were taken from each of the two varieties (CalypsoTM and Keitt) in both the conventional and 

single leader trained trees from the medium and high planting densities, (96 samples) (6 

replicates). Foliage samples were taken from the most recently matured leaves , at the ends of 

shoots in the upper canopy of the trees on the north and south aspects. Soil samples were 

collected from under the canopy in the north and south aspects of the canopy using a 5 cm 

diameter split tube sampler to collect 0 to 10 cm deep soil cores. 

 

3.3.3 Chemical analysis 

 

The leaf samples were oven dried at 65 ° C for 48 hours, while the soil samples were oven 

dried at 40 ° C for 48 hours. The dried soil and foliage samples were ground to a fine powder 
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by a RocklabsTM ring grinder (Mixer Mill MM301; Retsch, Austria). Approximately 6-7 mg 

of foliage samples and 30-40 mg of soil samples were then transferred into tin capsules. The 

powders were burned to N2 in the presence of O2 in a CN analyzer (Roboprep-CN; Europa 

Scientific, Crewe, UK) and transported by interface to a mass spectrometer (Tracermass; 

Europa Scientific, Crewe, UK). Relative to international standards (Vienna-Pee Dee 

Belemnite for δ13C and air for δ15N), these values are expressed as δ‰ (Camin et al. 2010). 

The ratio of the heavy and light isotopes in the sample (R sample) was measured by mass 

spectrometry as the deviation from the isotope ratio of the standard (R std); where R represents 

the ratio of stable carbon (13C / 12C) and nitrogen (15N / 14N) isotopes, expressed in δ notation, 

such as carbon: 

 

δ 𝐶13 (‰) = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑑
− 1) ∗ 1000 

 

The R sample and the R std are the 13C / 12C ratios in the sample and the conventional Pee Dee 

Belemnite standard respectively. The high value of this parameter indicates the enrichment of 

C or N with its heavy isotopes, and the low value indicates the consumption of heavy isotopes 

relative to the standard. 

 

3.3.4 Tree measurements 

 

Tree yield was collected in January 2016 for Calypso and Keitt. Fruits were counted and 

weighed in the field. Total yield per hectare (ha) was calculated as the tree yield multiplied by 

tree number planted per ha. Biological fruit yield refers to the fruit that was harvested from 

each tree as well as the count of those on the ground at harvest. In comparison, tree yield was 

only those fruit on the tree at harvest. Average fruit weight was calculated as the total fruit 

weight on a tree divided by the total biological fruit count on the tree. 
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3.3.5 Statistical analysis 

 

Analysis of variance was performed using SPSS 23.0 software (SPSS Institute Inc., Chicago, 

USA). The means were tested using the least significant difference in P < 0.05 level (LSD 

0.05). Linear regression was performed by SPSS 23.0 software to identify the relationship 

between TN and δ13C in foliage and soil samples and to calculate regression equations. 

Multivariate analysis of variance (ANOVA) model was used to determine whether mango 

varieties, training systems, planting density and canopy aspect had significant effects on the 

values of total C, δ13C, total N and δ15N in surface soil and mango foliage samples, as well as 

fruit yield. 

 

3.4 Results  

 

3.4.1 Mango foliar total C, total N and δ13C and δ15N in different mango varieties, 

planting densities and training systems 

3.4.1.1 Variety 

 

There was also a significant difference in foliage δ13C between the two varieties (P = 0.0001). 

δ13C for Keitt (-28.29 ‰) was significantly higher than that of Calypso (-29.50 ‰) (Table 1). 

Foliage δ15N also had a significant difference between the two varieties (P = 0.0002). The 

δ15N of Calypso (2.83 ‰) was significantly higher than the δ15N of Keitt (1.93 ‰) (Table 1). 

Foliage TN was significantly higher in Keitt than in Calypso (P = 0.0003), (Table 1). 

 

3.4.1.2 Planting density 
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Foliage δ13C was significantly different between the two planting densities (P = 0.0138), with 

an average of -28.69‰ for medium planting density and -29.10‰ for high planting density 

(Table 1). In addition, foliage δ15N was also significantly different between two planting 

densities (P = 0.005), with the average value under medium planting density of 2.16 ‰, and 

the average value of high planting density of 2.59 ‰ (Table 1). The TC concentration of the 

leaves was significantly different between the two planting densities (P = 0.0209). Foliar TC 

was significantly higher in the high planting density (Table 1). However, the concentration of 

total C and N, δ13C and δ15N in leaves from the different aspects (north and south) were not 

statistically significantly different (P > 0.05) (Table 1). 

 

3.4.1.3 Training system 

 

Foliar TC concentrations were significantly different between the training systems where 

foliar TC was higher in the conventionally trained trees (P = 0.0059) (Table 1). However, the 

concentration of total C and N, δ13C and δ15N in leaves from the different orientations (north 

and south) were not statistically significantly different (P > 0.05) (Table 1). 

 

3.4.1.4 Interactions 

 

Foliage TC had significant interactions between the planting densities and the training 

systems, as well as between the varieties and training systems (P < 0.05). Although higher TC 

was obtained at high planting density when pooling all data of foliage samples (main effect, 

Table 1), TC at high planting density was only significantly higher than the medium density, 

single leader trained trees (P = 0.027) (Fig. S1). In addition, in Calypso the single leader trees 

had significantly lower foliar TC compared to the conventional training system (P = 0.035) 

(Fig. S2). However, in the Keitt variety, the difference between different training systems was 

not significant (P = 0.950) (Fig. S2). 
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Table 1. Effect of different mango variety, planting density, training system and canopy 

sampling position on foliage total C and total N concentration as well as stable C and N 

isotope composition (δ13C and δ15N) in a mango plantation of tropical Australia. 

 

Main effects Total C (%) Total N (%) δ13C (‰) δ15N (‰) 

Variety  

Calypso 44.19 A 1.206 b -29.50 b  2.83 a 

Keitt 44.35 A 1.397 a -28.29 a  1.93 b 

 

Planting Density  

Medium 44.07 b 1.297 A -28.69 a  2.16 b 

High 44.48 a 1.306 A -29.10 b  2.59 a 

 

Training System   

Single Leader 43.99 b 1.279 B -29.02 B  2.40 A 

Conventional  44.56 a 1.325 A -28.77 A  2.35 A 

 

Canopy Position  

N 44.33 A 1.298 A -28.85 A  2.35 A 

S 44.22 A 1.305 A -28.94 A  2.41 A 

 

Within the table for any particular main effects in a column, there would be no difference 

between the treatments by LSD (P > 0.05 or P > 0.10) if there would be the same lower case 

letter and the same upper case letter, respectively. 
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Figure S1. Interaction on foliar total carbon concentration (TC, %) between planting densities 

and training systems 

 

 

Figure S2. Interaction of foliar total carbon concentration (TC, %) between varieties and 

training systems 
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3.4.2 Mango fruit yield under different mango varieties, planting densities, 

training systems and canopy orientations. 

 

Mango yields were significantly affected by different planting densities (P < 0.05; Table 2). 

Although the total yield per unit area under high density planting was higher than the medium 

planting density (P < 0.05). However, at high planting densities, the yield per tree was 

significantly lower than that of medium density.  

 

Average fruit weight was fruit higher for Kiett than for Calypso (P < 0.10; Table 2). However, 

neither planting density nor training system significantly affected average fruit weight.  
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Table 2. Effects of different mango varieties, planting density and training systems on mango fruit yield and size in a mango plantation of tropical Australia. 

 

Main effects Total fruit count (tree 

and ground) 

Tree fruit count  Average fruit weight (g) Yield per tree (kg) Yield (t/ha) 

Variety  

Calypso 88.13 A 72.58 A 472.2 B 39.71 A 31.15 A 

Keitt 88.96 A 79.75 A 513.2 A 44.46 A 34.17 A 

 

Planting 

Density 

 

Medium 103.8 a 86.92 a 510.1 A 47.82 a 19.89 b 

High 73.3 b 65.42 b 475.1 A 36.35 b 45.43 a 

 

Training System  

Single Leader 95.58 A 78.75 A 479.8 A 44.21 A 34.16 A 

Conventional 81.50 A 73.58 A 505.2 A 39.96 A 31.17 A 

 

Within the table for any particular main effects in a column, there would be no difference between the treatments by LSD (P > 0.05 or P > 0.10) if there 

would be the same lower case letter and the same upper case letter, respectively.
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3.4.3 Relationship between foliage TN and δ13C 

 

When pooling data from all foliage samples, there was a weak positive correlation between 

foliage TN and δ13C concentration of the leaf samples (R2 = 0.208, P < 0.001, n = 96) (Fig. 1). 

However, when we looked at the different treatments, the linear relationship between foliage 

TN concentration and foliage δ13C was steeper for the high-density planting (R2 = 0.321, P = 

<0.001, n = 48), (Fig. 2b) compared to the medium density planting (R2 = 0.155, P = <0.01, n 

= 48). While for training systems, the linear relationship between foliage TN concentration 

and foliage δ13C was steeper for the conventional training system, (R2 = 0.341, P = <0.001, n 

= 48), compared to the single leader training system (R2 = 0.084, P = 0.05, n = 48) (Fig. 3). 

 

 
Figure 1. The relationship between foliar total nitrogen concentration (TN, %) and stable 

carbon isotope composition (δ13C, ‰) of a mango plantation with different variety, planting 

density, training system and canopy sampling position in tropical Australia. R2 is the 

coefficient of determination.  

 

y = 2.6x - 32.29
R² = 0.208
P <0.001

-31.5

-31.0

-30.5

-30.0

-29.5

-29.0

-28.5

-28.0

-27.5

-27.0

-26.5

-26.0

0.8 1.0 1.2 1.4 1.6 1.8

δ
1

3
C

 (
‰

)

TN (%)



76 
 

 
Figure 2. The relationship between foliar total nitrogen concentration (TN, %) and stable carbon isotope composition (δ13C, ‰) for medium (a) and high 

density (b) of a mango plantation with different variety, training system and canopy sampling position in tropical Australia. R2 is the coefficient of 

determination.  
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Figure 3. The relationship between foliar total nitrogen concentration (TN, %) and stable carbon isotope composition (δ13C, ‰) for single leader (a) and 

conventional training system (b) of a mango plantation with different variety, planting density and canopy sampling position in tropical Australia. R2 is the 

coefficient of determination.  
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3.4.4 Soil properties under different planting densities 

 

For all soil samples collected in this experiment, soil δ13C ranged from -17.98‰ to -17.16‰, 

soil δ15N from 2.99‰ to 3.34‰, total soil C from 2.17% to 2.36%, and total soil N from 

0.159% to 0.176%. Among them, only total soil N was significantly different between 

planting densities (P = 0.0207), with soil total N under high-density planting (0.174%) being 

significantly higher than medium-density planting (0.161%). Soil total C, δ13C and δ15N were 

not significantly different between the treatments (Table 3). 

 

Table 3. Effect of different mango variety, planting density and training system on soil total C 

and total N concentration as well as stable C and N isotope composition (δ13C and δ15N) 5 

years after the site establishment in tropical Australia. 

 

Main effects Total C (%) Total N (%) δ13C (‰) δ15N (‰) 

Variety  
Calypso 2.251 A 0.167 A -17.43 A  3.21 A 
Keitt 2.279 A 0.168 A -17.70 A  3.13 A 
 
Planting Density  
Medium 2.178 B 0.161 b -17.13 A  3.17 A 
High 2.352 A 0.174 a -18.01 A 3.17 A 
 
Training System   
Single Leader 2.264 A 0.169 A -17.41 A  3.23 A 
Conventional  2.266 A 0.166 A -17.73 A  3.10 A 

 
Within the table for any particular main effects in a column, there would be no difference 

between the treatments by LSD (P > 0.05 or P > 0.10) if there would be the same lower case 

letter and the same upper case letter, respectively. 
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3.5 Discussions 

 

3.5.1 Effects of different varieties on foliar δ13C, δ15N and total N 

 

For the two mango varieties evaluated in this study, the key variables explaining the change of 

foliar δ13C were planting density and mango varieties, especially mango varieties (P <0.001). 

The effects of variety on foliage δ13C have been widely reported in other species, and each 

variety usually has inconsistent results (Marshall et al. 2007; Chaves et al. 2010; Bota et al. 

2016; Famula et al. 2019). According to the experimental data (Table 1), average leaf δ13C 

was more positive for Keitt than for Calypso, indicating that it exhibited a higher WUE.  

 

A large number of studies have confirmed that based on the positive correlation between plant 

δ13C and WUE, foliar δ13C can be used as an indicator of plant WUE (Marshall and Zhang 

1994; Bai et al. 2008; Song et al. 2008). The δ13C of C3 plants varies between -20‰ and 

-35‰, while in C4 plants δ13C is between -7‰ and -15‰ (O'Leary et al. 1992). WUE can 

represent the performance of crops grown under any environmental constraints (Howell 2001). 

The 13C is a surrogate feature of WUE with high heritability. As a result, this has led to 

selection of varieties with improved WUE amongst different plant genotypes (Farquhar and 

Richards 1984). Therefore, we have assumed that by analyzing the changes in δ13C of mango 

leaves under the same site management, it is feasible to reveal the water use strategies of 

different varieties of mango trees. Foliage δ13C is a long-term parameter and the difference 

between individuals of the same variety planted in the same area may be not very sensitive 

(Damesin et al. 1998).  

 

Nitrogen deficiency reduces the photosynthetic capacity of plant leaves and can have 

significant impact on the plant carbon skeletons, plant productivity and crop yield. (Lam et al. 

1996; Zhao et al. 2005; Rogers and Wszelaki 2012). Various studies have reported that crop 

yields are significantly positively correlated with leaf photosynthetic capacity (Richards 2000). 

Nitrogen is the basis for the growth and development of fruit trees and a key factor in 

determining the growth and productivity of fruit trees (Zhao et al. 2008). Leaf TN of the 

mango Keitt variety was significantly higher than that of Calypso, but δ15N of the Keitt 

foliage samples was significantly lower than that of Calypso. The main reason for the change 

in δ15N is that almost all N processes (nitrification, denitrification, leaching assimilation and 
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ammonia volatilization) preferentially favours lighter 14N and against heavier 15N (Högberg 

1997; Mariotti et al. 1981). The δ15N in plants can serve as an indicator of N cycling activity 

and be more sensitive than total N in the soil (Johannisson and Högberg 1994).  

 

The δ15N variation among different plant species may be due to differences in different 

species in isotope fractionation, differences in plant preference for N forms and differences in 

root depth (Emmerton et al. 2001; Miller and Bowman 2002). However, plants generally 

absorb "light" forms of N, leaving the "heavier" forms of N behind in the soil. Therefore, the 

more total N compounds the plant absorbs, the higher heavier 15N of the plants should be. But 

this is clearly not the case in the Keitt variety, at least not in the Keitt leaf samples. It shows 

that Keitt could retain more nitrogen in the leaves from the soil, and have stronger 

photosynthetic capacity, and at the same time had less N loss than Calypso and grew faster. 

From a long-term perspective, the Keitt may be more productive than Calypso. 

 

3.5.2 Effects of site management on foliar δ13C, δ15N and TN 

 

In this study,  foliage δ13C was also significantly different under different planting densities 

(P <0.05). Different soil moisture conditions under different management regions can result in 

plants having different WUE. Among them, crop management practices such as crop planting 

density, irrigation and training systems have great impacts on the productivity and 

sustainability of food production systems. High-density plants (over 1000 trees per hectare) 

had higher yield and return potential than traditional planting densities (100-200 trees per 

hectare), which could enable faster recovery of initial costs of establishing and maintaining 

orchards and increase economic efficiency (Khan et al. 2015). However, in most planting 

areas, trees planted at close range will soon begin to squeeze each other and compete for light, 

resulting in poor plant growth (He and Bazzaz 2003). Foliar δ13C was significantly lower 

under high planting densities compared to the medium density planting. This indicates that the 

trees from the high planting density had a significant lower long-term WUE. However, more 

effective drip irrigation was used at higher planting densities in the experiment, but 

high-density planted trees were lower WUE. Relatively sufficient water supply may be the 

cause of the low WUE of high planting density trees.  

 

Moreover, foliar δ15N was also significantly different between different planting densities. 

Higher foliar δ15N occurred in trees planted at high density compared to those planted at 

medium density. The N content of the leaves defines the photosynthetic capacity and growth 
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potential of many plants (Reich et al. 1995; Wright et al. 2004) and is also influenced by 

many crop management and surrounding environments, such as planting density and 

precipitation gradients (Aranibar et al. 2004; Ciampitti and Vyn 2011). By studying the 

comprehensive site management and the corresponding plant parts (eg soil, plant leaves, fruits, 

etc.), relevant information can be obtained to better understand plant N use, soil-plant 

interactions and soil system enrichment or consumption. The effective drip irrigation at 

high-density planting may result in more N losses (high δ15N) by increasing N leaching and 

denitrification, resulting in more N loss in areas of inherent soil fertility (Mmolawa and Or 

2000; Pu et al. 2001; Peter et al. 2003). Therefore, in this experiment, foliar δ15N under high 

density planting was higher, was consistent with the previously reported results. 

 

The state of plant leaf N generally provides insight into the pattern of plant photosynthetic 

capacity (Reich et al. 1995; Kloeppel et al. 2000; Katahata et al. 2007). In particular, leaf N 

concentration (TN) and (δ13C) have been shown to be effective indicators for comparing 

plant-to-resource gradient responses (Dawson et al. 2002; Reich et al. 1997). These results 

show a linear relationship between foliar total N and δ13C, which reflects a relationship 

between N resources and photosynthetic capacity. A positive correlation between plant δ13C 

and leaf chlorophyll or N content has been observed previously (Hill et al. 1996; Sparks and 

Ehleringer 1997), consistent with the results of this experiment. From this relationship, it can 

be assumed that 20.8% of the variability in WUE (foliar δ13C value) was driven by leaf N. 

The slope in these relationships varied in high-density and conventional training systems the 

relationship was steeper, indicating that these systems had increased N and WUE. This could 

reflect increased soil C (root biomass) in the high-density plantings (including conventional 

training systems), and the capacity to retain greater soil N and thus leading to lower water 

stress and improved δ13C. 

 

In the conventional training systems, foliar TC was significantly higher (P < 0.05) than in the 

single leader training system. The high-density system also had higher foliar C than the 

medium density systems. This suggests that tree training and planting density may influence 

foliar TC. Therefore, canopy management needs to consider the effects of pruning on shoot 

and branch regeneration, light distribution through the canopy, and leaf loss which can 

support developing crops. Experiments on peach have shown that effective training systems 

affect the early productivity of young trees and the tree growth at high planting density is 

ultimately limited by the amount of light later in the orchards life (Corelli-Grappadelli and 

Marini 2008). However, training system also has the potential to reduce leaf area that can be 

used to synthesize sufficient photosynthesis to support tree growth (Shinde et al. 2015). In this 

experiment, no significant difference has been seen in the trees under different training 
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systems. However, these issues need to be further verified by long-term experiments. 

 

3.5.3 Effects of different planting densities on fruit yield  

 

Orchards with high planting densities are generally more productive than orchards with low 

planting densities (Nath et al. 2007; Krishna et al. 2006; Rajesh et al. 2014). However, trees 

planted under high density usually begin to crowd and shade each other very quickly (Singh 

et al. 2013). Low light usually limits the weight of individual fruits and affects the quality of 

the fruit, such as size, color, soluble solids content, and starch content (Barritt 1987; Kliewer 

and Smart 1989; Cherbiy-Hoffmann et al. 2012; Feng et al. 2013). Mango trees require higher 

irradiance to saturate photosynthesis, and this high value indicates that the tree is suitable for 

growing under sunny conditions (Whiley et al. 1999). At the same time, temperature is also 

the main factor affecting mango photosynthesis. Experiments have shown that the 

photosynthesis of mango trees increases with increasing temperature to about 45 °C (Sharma 

and Awasthi 2005). In this present study, total yield per hectare was significantly higher under 

the high-density planting than under medium planting density, but the yield per plant was 

significantly lower than that at medium planting density. This is consistent with the results of 

previous studies that show that as planting density increases, the yield per tree tends to decline 

(Reddy et al. 2002; Amundson et al. 2012).  

 

Tree training and pruning may increase light penetration, and have a beneficial effect on fruit 

yield, such as mango and apple (Hampson et al. 2002; Sarkhosh et al. 2018). However, under 

the two training systems selected in this experiment, there was no significant difference in 

total yield per ha and yield per tree. This may be because in the experimental trees the training 

systems were effective in their given planting densities at their age of 5 years old. And it also 

indicated that further experiments would be needed to explore and develop effective training 

systems for commercial mango orchards. 

 

3.5.4 Effects of site management on soil properties 

 

Controlling of planting density can also affect undergrowth litter and soil nutrients as a result 

of changes in light, temperature and humidity in the orchard (Sheng et al. 2003). In this 

experiment, soil TN at 0-10 cm depth under high-density planting was higher than that under 
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medium-density planting, which was consistent with the previous research results (Razaq et al. 

2017), indicating that the high-density planting had an effect of increasing and retaining soil 

N in the area. The amount of N applied to an orchard can also affect the way in which N is 

used (N use efficiency) and photosynthesis of plants. Improvement of the way in which N is 

applied can also have beneficial effect on the root growth of plants (Kern et al. 2004; Zhao et 

al. 2008). Under appropriate levels of N fertilization, root length and root surface area 

increase (Costa et al. 2002). Obviously, in this experiment, the relatively high N application 

rate with trees per ha at high planting density would make the root growth of plants more 

abundant, leading to more conductive to N enrichment in the soil.  

 

3.6 Conclusion 

 

The 5-year-old mango orchard had significant genetic and environmental effects on tree WUE, 

NUE, yield and average fruit size. Among them, foliar total N concentration (TN, %), tree 

WUE as reflected by foliar δ13C, NUE as indicated by foliar TN and δ15N, and the yield and 

size of mango fruit all had significant genetic effects. The foliar δ13C of Keitt was 

significantly higher (higher WUE), and also had significantly larger fruit than Calypso. Some 

site managements also significantly affected tree WUE, NUE, yields and size of fruit. Higher 

planting density led to increased NUE (increased soil N) but lowered tree WUE (lower foliar 

δ13C) and soil N loss, although soil N under the high density was higher than medium density 

plantings. Trees trained as a single leader system had lower tree WUE and TN compared to 

conventionally trained trees. The number of fruits on the south side (shady side) of the canopy 

was higher than that of on the north side (sunny side) of the canopy. It could be seen that 

proper site management (planting density and training system) and variety selection would 

offer an exciting opportunity to improve both WUE and NUE of mango trees and increase 

fruit yield. Based on this result, long-term study can be conducted to assess the impact of 

long-term site management on commercial mango orchards, thereby obtaining more accurate 

results. 
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4.1 Abstract 

 

Purpose: The purpose of this study was to quantify the effects of different varieties, planting 

densities, training systems, and canopy positions on total carbon (C) and total nitrogen (N), 

stable C and N isotope compositions and chemical compositions of mango pulp in 

five-year-old tropical Australian mango plantations. 

 

Materials and methods: The mango pulp samples were collected from a five-year-old 

factorial field experiment. This study tested the effects of two mango varieties (Calypso and 

Keitt), two planting densities (medium and high), two training systems (single leader and 

conventional), and two sampling canopy positions (north and south) on total C (TC, %), total 

N (TN, %), and stable C and N isotopic compositions (δ13C and δ15N) of mango pulp samples. 

Additionally, solid-state 13C CPMAS NMR spectra were acquired for dried pulp samples, to 

examine the chemical compositions for the mango pulp samples. For the pulp samples in the 

experiment, each of the above treatments was replicated 6 times in the field. 

 

Results: The pulp δ13C, which reflected the carbohydrate content in the fruit, and the pulp TN 

and δ15N, which indicated the protein content in the pulp, experienced significant genetic 

effects. Overall, compared to Calypso, Keitt’s pulp contained higher levels of carbohydrates 

and protein. However, carbohydrate and protein content of mango fruit were also significantly 

affected by the surrounding environment. Fruits harvested from the sunny side (N) had higher 

protein content and lower carbohydrate content, in comparison to fruit harvested from the 

shady side (S). Higher levels of higher molecular weight carbohydrate (such as celluloses) 

were found in samples taken from trees in regions with medium planting density, in 

comparison to trees in high planting density regions. Compared with conventional training, 

the pulp of fruit taken from trees using single leader training also demonstrated higher 

carbohydrate. The solid-state 13C CPMAS NMR spectra showed that compared with Keitt’s 

mango pulp, Calypso's pulp had higher sugars and lower organic acids and amino acids. 

Furthermore, compared with the medium planting density, higher levels of carbohydrate and 

amino acids were observed in the spectra of pulp obtained from trees in regions of high 

planting density; given the results obtained from mass spectrometry, the relative increase in 

carbohydrate was attributed to higher levels of simple sugars in these samples. In particular, 

the content of phenols in the fruit on the south side (shady side) of the canopy was higher than 

that on the north side (sunny side). 
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Conclusion: In the five-year-old mango plantation, there were significant genetic and 

environmental impacts on the contents of carbohydrates and proteins in mango pulp and other 

chemical components in the pulp. The results of this study would inform future plantation site 

management and plant breeding practices and therefore assist in optimising commercial fruit 

production. 

 

4.2 Introduction 

 

Mango (Magifera Indica L.) is known for its bright color, unique taste and nutritional value 

(Zuazo et al. 2011). High quality mango fruit is attractive to consumers, features thin skin, 

low fiber content, a charming aroma and a sweet flavor, with an excellent sugar/acid ratio 

(Tharanathan et al. 2006). Although the appearance, flavor and aroma of mango vary 

depending on the variety of mango. The specific sweetness, sourness and texture of the 

mango fruit are influenced by the sugar and organic acid content. These concentrations vary 

with variety, climatic conditions, the training system used for the plant, along with the 

nutrition and irrigation provided to the plants (Klages et al. 2001; Sha et al. 2011; Dugalic et 

al. 2014). As one of the most important commercial fruit crops, mango has been the subject of 

significant research on the chemical composition of its fruits, mainly focusing on the 

identification of sugars and organic acids (Gil et al. 2000). The dry matter of mango fruit is 

mainly composed of carbohydrates; sugars and low molecular weight food acids account for 

about 60% of the total dry weight (Ueda et al. 2000). The main acids present in mango are 

citric acid and malic acid. The main representatives of soluble sugars are sucrose, fructose and 

glucose (Medlicott and Thompson 1985). Together these types of compounds contribute to the 

sweetness and acidity of the fruit. The flavor of the pulp is highly dependent on the balance 

between the organic acid and soluble sugar content in the pulp (Malundo et al. 2001). Many 

studies have shown that in addition to the maturity at the time of harvest, mango production 

conditions such as temperature, light, fertilization, irrigation, planting density, fruit location, 

and variety changes will affect fruit quality and composition after harvest (Moretti et al. 2010; 

Nagle et al. 2010; Sivakumar et al. 2011; Joas et al. 2012). In most mango plants, the carbon 

assimilates produced by leaf photosynthesis are provided directly to actively growing mango 

fruit. These carbon assmilates are converted within the fruit resulting in the accumulation of 

fructose, sucrose, malic acid and starch (Hudina and Štampar 1999; Berüter 2004; Dugalic et 

al. 2014). The amount of carbohydrates provided to the fruits depends on the photosynthetic 

output of the plant leaves, the total water demand and the availability of nutrients within the 

soil (Medlicott and Thompson 1985). Understanding changes in the production and 
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degradation of carbohydrates in mango fruit can optimize both yield efficiency and total fruit 

yield (Mesa et al. 2016). The current methods for determining the composition of mango 

fruits are mainly based on biochemical analysis, most of which will cause damage to the 

internal composition of the fruit (Jha et al. 2010). This article will discuss the use of 

non-destructive techniques to determine the effects of variety and site management on the 

biochemical composition and quality of mango fruits. 

 

It is known that the carbon (C) and nitrogen (N) isotopic compositions of plants are affected 

by environmental factors, especially water availability (Murphy and Bowman 2009). Water 

use efficiency (WUE) can represent the performance of crops grown under various 

environmental constraints (Howell 2001). Additionally, it has been confirmed that the 

long-term WUE of plants can be indicated by the δ13C value of plant leaves; high WUE is 

related to the high δ13C value (Peterson and Fry 1987). There is also a high degree of 

heritability among them. The δ13C value has been used as an index for screening more 

suitable plants for sustainable growth and high WUE, and it is applied to the breeding of cash 

crops, trees and forages (Farquhar et al. 1989; Xu et al. 2000; Prasolova and Xu 2003; 

Prasolova et al. 2003). The N is the most important nutrient in crop production, because it 

affects the production of plant dry matter by affecting the development and maintenance of 

plant leaf area and photosynthetic efficiency (Dordas and Sioulas 2008). As a key component 

of proteins and nucleic acids, N content directly affects the formation of plant organs, root 

canopy development, photosynthesis, and other processes (Mi et al. 2007). A lack of N in 

plants can inhibit crop growth and photosynthesis and lead to declines in crop yield and 

quality (Jin and He 1999; Shangguan et al. 2000; Li et al. 2012). This leads to an increase in 

the value of δ15N in plants, due to preferential uptake of 14N during plant growth and 

maturation, while the heavier 15N remains in the soil and is assimilated during fruit ripening 

(Felix et al. 2017; Sharp 2017).  

 

This experiment aimed to investigate the effects of two varieties (Calypso and Keitt), two 

training systems (single leader and conventional) and two planting densities (medium and 

high) on the TC, TN, δ13C and δ15N, as well as the composition of compounds in the fruits. 

This will increase our understanding of how orchard intensification effects fruit quality and 

inform future orchard management practices. 

 

4.3 Material and method  
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4.3.1 Study area and experimental design 

 

Mango pulp samples tested in the experiment were collected at the Walkamin Research 

Station of the Queensland Department of Agriculture and Fisheries Mango Planting System 

Experiment (17° 8'17''S 145° 25'41''E; Elevation 599 m). Two varieties of experimental 

mangoes, Keitt (Florida USA) and Calypso (Australia), were grown in fields with similar soil 

characteristics. These orchards are subjected to the same irrigation, fertilization and soil 

management. Soil types are a Yellow to Brown Ferrosol under the Australian soil 

classification (Enderlin et al. 1997). Soils are generally deeply mottled yellow-brown pedal 

clay with a neutral pH with ferromagniferous nodules accumulated through the profile. The 

study area of this experiment is a tropical monsoon climate, with monsoon rains in the rainy 

season continuing from November to May, and relatively dry seasons from June to October. 

The average annual precipitation in the last 70 years in the region is less than 2000 mm 

(Sturman and Tapper 1996). The experiment included three experimental factors, two mango 

varieties (CalypsoTM and Keitt), two planting densities (medium-416 tree/ha and high-1250 

tree/ha) and two training systems (conventional and single Leader). Each combination of 

variety, planting density and training system was replicated in 6 incomplete blocks. Each 

sub-subplot consisted of three datum rows with two protective rows on each side, and each 

row comprised five trees which included a guard at either end and three datum trees in the 

middle. Any sampling in the experiment did not include the protective row to prevent root 

extension between the blocks and affect the accuracy of the experimental data. 

 

Mango pulp samples were collected and analyzed for total C (TC), total N (TN), C isotope 

composition (δ13C) and N isotopic composition (δ15N). The concentration of C and N, δ13C, 

δ15N in finely ground pulp were determined by using a mass spectrometer connected to an 

elemental analyzer (EA-IRMS). Analysis of TC, TN, δ15N and δ13C by mass spectrometry is a 

simple, mature and highly accurate method with a standard deviation of less than 0.01% 

(Asche et al. 2003). At the same time, solid-state 13C CPMAS NMR spectral detection was 

performed on the mango pulp samples to determine the changes in chemical components in 

the fruits of two varieties of mango grown in the field site. 

 

4.3.2 Fruit samples collection 

 

In this experiment, the mango pulp samples of the two varieties (CalypsoTM and Keitt) were 
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collected, according to conventional method, in January 2019. The sampling treatment 

included different training systems (conventional and single leader) and the orientation of the 

trees (north and south) and different planting densities (medium and high) (96 samples; 6 

replicates). In each plot, one mango fruit from the mango tree that maintain the same site 

management and the same variety are picked as a sample and repeat six times. 

 

4.3.3 IRMS analysis  

 

The collected fresh pulp samples were oven dried at 40 ° C for 48 hours. The dried pulp 

samples were ground to a fine powder by a RocklabsTM ring grinder (Mixer Mill MM301; 

Retsch, Austria). Approximately 6-7 mg of pulp samples were then be transferred into tin 

capsules. The powders were combusted to N2 in the presence of O2 in a CN analyzer 

(Roboprep-CN; Europa Scientific, Crewe, UK) and carried to a mass spectrometer 

(Tracermass; Europa Scientific, Crewe, UK) by an interface. Relative to international 

standards (Vienna-Pee Dee Belemnite for δ13C and air for δ15N), these values are expressed as 

δ‰ (Camin et al. 2009). The ratio of the heavy and light isotopes in the sample (R sample) was 

measured by mass spectrometry as the deviation from the isotope ratio of the standard (R std); 

where R represents the ratio of stable carbon (13C / 12C) and nitrogen (15N / 14N) isotopes, 

expressed in δ notation, such as carbon: 

 

δ 𝐶13 (‰) = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑑
− 1) ∗ 1000 

 
Where R sample and the R std are the 13C / 12C ratios in the sample and the conventional Pee Dee 

Belemnite standard, respectively. The high value of this parameter indicates the enrichment of 

C or N with its heavy isotopes, and the low value indicates the consumption of heavy isotopes 

relative to the standard. 

 

4.3.4 Solid state 13C CPMAS NMR analysis 

 

Samples of mango pulp from fresh mangoes were analyzed by solid state 13C CPMAS NMR. 

As described by Pérez-Sánchez Pérez et al. (2010), the peel and seed were removed, and the 

flesh was retained. The pulp samples were immediately freeze-dried, using a Freeze dryer 

(LYOLAB 3000). The dried material was refrozen with liquid nitrogen and stored at -80°C 

until needed. For solid-state 13C CPMAS NMR measurements, the freeze-dried pulp samples 
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were homogenized using a RocklabsTM ring grinder (Mixer Mill MM301; Retsch, Austria). 

 

Solid state 13C cross-polarization and magic angle spinning (CP-MAS) NMR analysis was 

used to examine the functional group composition in two different varieties of mango pulp 

under different site managements. Solid state 13C CPMAS NMR is independent of sample 

solubility and could be used for bulk analysis of solid pulp fraction. The functional groups of 

the pulp samples were analyzed on a Varian VNMRS 300 NMR spectrometer (Varian Inc, 

CA), operated at a frequency of 75 MHz to obtain a solid state 13C CPMAS NMR spectra. In 

each case, the ground sample was packed into a 7 mm rotor and spun at 5000 Hz at the magic 

angle. The tancpx cross-polarization pulse sequence (vnmrj 3.1A) was used, with 6000 

transients, a contact time of 1.2 ms, an acquisition time of 20 ms, a scan width of 36 kHz and 

a 2.5 second recycle delay applied in all cases (Mathers et al. 2000). Chemical shifts were 

referenced to the di-O-alkyl peak taken as 104 ppm, equivalent to tetramethylalkane at 0 ppm. 

The NMR software processing package MestReNova 11.0 (Mestrelab Research S.L) was used 

to process spectra and integrate spectral regions. The 75MHz 13C CPMAS NMR spectra were 

divided into the following several major chemical shift regions: alkyl C (0 to 45 ppm), 

N-alkyl C (45 to 57 ppm), methoxy C (57 to 65 ppm), and O-alkyl C (65 to 78 ppm, 78 to 88 

ppm, 88 to 95 ppm 60 to 90 ppm), di-O-alkyl C (95 to 100 ppm, 100 to 110 ppm), aromatic C 

(110 to 160 ppm) and carboxyl C (160-190 ppm). 

 

4.3.5 Statistical analysis 

 

SPSS 23.0 software (SPSS Institute Inc., Chicago, USA) was used for analysis of variance. 

The mean was tested by the least significant difference at the P < 0.05 level (LSD 0.05). 

Linear regression was performed by SPSS 23.0 software to identify the relationship between 

TN and δ15N in the pulp and calculate the regression equations to determine the relationship 

between them. Multivariate analysis of variance (ANOVA) model was used to determine 

whether mango varieties, training systems, planting density, and canopy orientation had 

significant effects on total C, δ13C, total N, and δ15N values of mango pulp samples and peaks 

in various ranges in the NMR spectrum. 

 

4.4 Results  
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4.4.1 Responses of TC, TN, δ13C and δ15N of mango pulp under different mango 

varieties, planting densities and training systems 

 

The range of δ13C of mango pulp samples collected in this investigation was -29.21 ‰ to 

-24.94 ‰, and the range of δ15N of the pulp was -1.87 ‰ to 3.57 ‰. The range of pulp TC 

was 30.45% to 47.14%, and the range of pulp TN was 0.203% to 0.738%.  

 

Analysis of the values obtained for δ13C for the pulp samples show that mango variety, 

planting density, training system and canopy position all had significant effects on the pulp 

δ13C (P <0.05). There was a significant difference in δ13C between the two varieties of mango 

pulp (P = 0.033) (Table 4). Keitt's δ13C (-27.46 ‰) was significantly higher than that of 

Calypso (-27.57 ‰). The δ13C of pulp at medium planting densities was significantly higher 

than that of high planting densities (P = 0.0001) (Table 4). Under the single leader training 

system, pulp δ13C (-27.34 ‰) was significantly higher than that of the conventional training 

system (-27.69 ‰) (P = 0.0003) (Table 4). In addition, under different canopy positions, there 

was also a significant difference in δ13C of the flesh (P = 0.0252). The pulp δ13C (-27.45 ‰) 

on the south side was significantly higher than that of the north side (-27.58 ‰) (Table 4). 

 

The pulp δ15N data also showed significant differences between different varieties (P = 0.0066) 

and canopy positions (P = 0.0361). Pulp δ15N (2.08 ‰) was significantly higher for Keitt than 

for Calypso (1.34 ‰) (Table 4). For the different canopy positions, the pulp δ15N (1.95 ‰) on 

the north side was significantly higher than that of on the south side (1.47 ‰) (Table 4). 

Furthermore, the TN in pulp samples showed significant differences between different 

varieties (P = 0.001) and canopy positions (P = 0.025). Keitt's pulp TN (0.496 %) was 

significantly higher than that of Calypso (0.395 %) (Table 4). Comparing different canopy 

positions, the pulp TN (0.469 %) in the north was significantly higher than that of in the south 

(0.422 %) (Table 4). 

 

The TC in the pulp samples, however, only displayed significant differences for different 

planting densities (P = 0.0027). The pulp TC at the medium planting density (41.14 %) was 

significantly higher than that of the high planting density (39.94 %) (Table 4). 

 

  



105 
 

Table 4. Effect of mango variety, planting density, training system and canopy sampling 

position on mango pulp total C and total N concentration as well as stable C and N isotope 

composition (δ13C and δ15N) in a mango plantation of tropical Australia. 

 

Main effects Total C (%) Total N (%) δ15N (‰) δ13C (‰) 

Variety  
Calypso 40.75 A 0.395 b 1.34 b -27.57 b 

Keitt 40.32 A 0.496 a 2.08 a -27.46 a 
Planting Density  

Medium 41.14 a 0.452 A 1.65 A  -27.27 a 
High 39.94 b 0.440 A 1.77 A -27.76 b 

Training System   
Single Leader 40.63 A 0.447 A 1.61 A -27.34 a 
Conventional  40.45 A 0.444 A 1.81 A -27.69 b 

Canopy Position  
North 40.72 A 0.469 a 1.95 a -27.58 b 
South 40.36 A 0.422 b 1.47 b -27.45 a 

 
Within the table, for any particular main effects in a column: if the labels for each pair of 

entries are the same upper case letter (A), then there is no significant difference between the 

two values (i.e. P > 0.10); if the labels for each pair are different lower case letters, then there 

is a significant difference between the two values (i.e. P <0.05); if the labels for the pair are 

different upper case letters, then the difference between the two values is small/not significant 

(i.e. 0.05< P <0.10). 

 

4.4.2 The relationship between pulp TN and δ15N 

 

In the data, for all pulp samples collected in this experiment, there was a strong positive 

correlation between pulp TN and pulp δ15N (r2 = 0.592, P < 0.001, n = 96) (Figure 4). 

However, a linear relationship between pulp TN and δ15N is more obvious under the medium 

density planting and the Single Leader training system (Figures 5 and 7). Furthermore, for the 

Calypso, the linear relationship between the pulp TN and δ15N is relatively obvious, and its r2 

is 0.656, which is higher than that of Keitt (r2 = 0.547) (Figure 6). 
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Figure 4. The relationship between mango pulp total nitrogen concentration (TN, %) and 

stable nitrogen isotope composition (δ15N, ‰) of a mango plantation with different varieties, 

planting densities, training systems and canopy sampling positions in tropical Australia 
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Figure 5. The relationship between mango pulp total nitrogen concentration (TN, %) and stable nitrogen isotope composition (δ15N, ‰) for medium (a) and 

high density (b) of a mango plantation with different varieties, training systems and canopy sampling positions in tropical Australia.  
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Figure 6. The relationship between mango pulp total nitrogen concentration (TN, %) and stable nitrogen isotope composition (δ15N, ‰) for Calypso (a) and 

Keitt (b) of a mango plantation with different planting densities, training systems and canopy sampling positions in tropical Australia. 

 
  

y = 0.058x + 0.317
R² = 0.655

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

-2 -1 0 1 2 3 4

TN
 (

%
)

δ15N (‰)

(a)

y = 0.107x + 0.274
R² = 0.547

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 1 2 3 4

TN
 (

%
)

δ15N (‰)

(b) 



109 
 

 
 
Figure 7. The relationship between pulp total nitrogen concentration (TN, %) and stable nitrogen isotope composition (δ15N, ‰) for Single Leader (a) and 

Conventional (b) of a mango plantation with different varieties, planting densities and canopy sampling positions in tropical Australia.  
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4.4.3 Detection of mango pulp by using solid state 13C CPMAS NMR  

 
13C CPMAS spectra in this study were assigned the following chemical shift ranges for each 

major functional group based on the distribution of peaks: alkyl-C (  0-45 ppm), methoxy or 

N-alkyl (45-57 ppm), O-alkyl C (57 – 65 ppm; 65 – 78 ppm; 78 – 88 ppm; 88 – 95 ppm), 

di-O-alkyl C (95 – 100 ppm; 100 – 110 ppm), aryl-C (110 – 160 ppm ) and Carboxyl-C 

(160-190 ppm). An exemplar spectrum is shown in Figure 8. Oxygen-linked aliphatic C atoms 

of carbohydrates (between  57 and 110 ppm) such as sugars and cellulose dominate the 

NMR spectra of the powdered pulp, in all cases. The integral intensity of this region 

accounted for about 80% of the overall signal intensity of spectra (McBride 1991). Within this 

region, resonance clusters appearing between  57 and 65 ppm can be assigned to exocyclic 

hydroxymethyl C of reducing sugars such as maltose, fructose or non-reducing sugars like 

sucrose (Fort et al. 2006). The presence of maltose and xylose had indeed been reported in 

mature mangoes (Pandey et al. 1974). The dominant peak between  65 and 78 ppm in the 

spectrum could be assigned to the ring carbons of reducing sugars or non-reducing 

sugars/starches/ celluloses bearing hydroxyl functionality. The shoulder peak between  78 

and 88 ppm can be assigned to the ring carbons located near the glycosidic linkage of 

reducing sugars; maltose, fructose or non-reducing sugars such as sucrose or starches, for 

example. Additionally, a small, sharp peak between  88 and 95 ppm represented both the 

anomeric C of the α-anomer of reducing sugars and the glycosidic C of non-reducing sugars 

(Gidley and Bociek 1985; Iagher et al. 2002), while the small peak between  95-100 ppm is 

as expected for the anomeric C of the β-anomers of reducing sugars. Finally, the sharp peak 

between  100 to 110 ppm can be assigned to the C of the glycosidic linkage of reducing 

sugars (Fukasawa et al. 2012). In addition to peaks assignable to carbohydrate, several small 

broad peaks between  0-45 ppm would be assigned to alkyl C of organic acids or aliphatic. 

The chemical shift of protein and free amino acids appear from  45 to 57 ppm. The broad 

peak between 110 and 160 ppm is assigned to aryl carbons of phenolic acids present in the 

fruit. Carboxyl C, which is associated with peptide bonds of proteins or the carboxylates 

and/or ester linkages of organic acids, such as citric acid, or lipids/triglycerides, appear at  

160-190 ppm (Capitani et al. 2014). 
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Figure 8. Exemplar 13C CPMAS NMR (75MHz, 5kHz) spectrum of mango pulp in tropical 

Australia. Assignments are illustrated. 

 

The NMR data obtained for different varieties of mango pulp showed significant differences 

in the integral intensities of the different functional group chemical sift regions. In particular, 

the signal intensities in the four chemical shift ranges of  0-45 ppm, 45-57 ppm, 95-100 ppm, 

and 160-190 ppm were significantly higher in the spectra of the pulp of variety Keitt than 

those of Calypso (P <0.05). The relative integral intensities of resonance clusters at  57-65 

ppm, 78-88 ppm and 88-95 ppm were significantly higher for Calypso than the same regions 

in spectra of Keitt pulp (P <0.05) (Table 4). 

 

The integral intensity data of the NMR spectra also showed that the two planting densities had 

significant effect on the composition of the pulp. The signal intensities observed for  45-57 

ppm, 78-88 ppm, 88-95 ppm, 95-100 ppm and 100-110 ppm, were all significantly higher for 

fruit obtained from regions of high planting density than those of medium planting density (P 

<0.05) (Table 4). However, under different training systems, there was only a significant 

effect on the signal intensity of the region  0-45 ppm; specifically, the Single leader training 

system showed significantly higher integral intensity than that of Conventional (P <0.05) 

(Table 4). Under different canopy orientations, the relative integral intensities of the region  

110-160 ppm, was found to be significantly higher for the pulp of fruit harvested from the 

south side in comparison to fruit harvested from the north side (P <0.05) (Table 4). 
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As mentioned earlier, the sugar/acid ratio is crucial for determining fruit quality (Ali et al. 

2011). By observing the changes in the relative integral intensities of the carboxyl C region 

and the O-alkyl C atoms of carbohydrates in the NMR spectrum, along with the previous data 

(Maldonado-Celis et al. 2019), my study showed Keitt had a higher relative organic acid 

content, while Calypso had the higher relative sugar content (P <0.05).  

 

Additionally, as mentioned, phenols are secondary metabolites of mango, and are related to 

their antioxidant activity (Masibo and He 2008). A change in the integral intensity of the 

aromatic region of the NMR spectrum ( 110-160 ppm) was observed in this experiment. In 

particular, the position of the fruit on the tree’s canopy, leads to different light exposure 

during maturation; this significantly affected the polyphenol compounds in the pulp’s flesh. 

The relative signal intensity of phenolics of fruit from the shady side (south) was significantly 

higher than that of sunny side (north). The main phenol found in the most mango varieties is 

gallic acid (Mammela et al. 2000).  

 

Like many other fruits, mango has a lower protein content in comparison to other 

large-molecular-weight compounds (Tharanathan et al. 2006; Dar et al. 2016). In this 

experiment, it was observed that the signal intensity in the range of the N-alkyl region 

(45-57ppm), assignable to amino acids, was significantly higher for pulp from the Keitt 

variety in comparison to that of Calypso, and high planting density was significantly higher 

than the medium planting density (P <0.05). 
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Table 5. Effect of different mango varieties, planting densities, training systems and canopy sampling positions on the chemical composition of mango pulp in 

a mango plantation of tropical Australia 

 

Main effects 190—160 
ppm 

160—110 
ppm 

110—100 
ppm 

100—95 
ppm 

95—88 
ppm 

88—78 
ppm 

78—65 
ppm 

65—57 
ppm 

57—45 
ppm 

45—0 
ppm 

Variety  
Calypso 9.5 b 21.7 A 27.4 A 10.0 b 18.4 a 42.7 a 131.7 A 35.0 a 11.4 b 16.5 b 

Keitt 10.6 a 20.8 A 26.6 A 11.5 a 16.4 b 39.1 b 126.6 B 32.2 b 12.7 a 19.9 a 
 

Planting 
Density 

 

Medium 9.9 A 20.8 A 25.9 b 10.1 b 16.8 b 39.7 b 126.6 B 33..8 A 11.6 b 18.4 A 
High 10.2 A 21.7 A 28.1 a 11.3 a 18.0 a 42.1 a 131.7 A 33.3 A 12.5 a 18.0 A 

 
Training System  

Single Leader 10.2 A 20.8 A 26.8 A 10.9 A 17.1 A 40.3 A 128.1 A 33.5 A 12.4 A 19.1 a 
Conventional 10.0 A 21.7 A 27.2 A 10.5 A 17.7 A 41.6 A 130.1 A 33.6 A 11.6 A 17.2 b 

 
Position  

North 9.8 A 20.1 b 26.7 A 10.7 A 17.1 A 40.4 A 127.8 A 33.4 A 12.0 A 18.5 A 
South 10.3 A 22.4 a 27.3 A 10.8 A 17.7 A 41.5 A 130.4 A 33.7 A 12.1 A 17.9 A 

 
Within the table for any particular main effects in a column, there would be no difference between the treatments by LSD (P >0.05 or P >0.10) if there would 

be the same lower case letter and the same upper case letter, respectively. 
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4.5 Discussions 

4.5.1 Analysis of the influence of genetic factor on pulp 

 

Studies had suggested that leaves were the main organs that would produce and transport 

carbohydrates to other organs through plant photosynthesis, while fruits would be one of the 

main organs that would consume or retain carbohydrates and obtain carbohydrates during 

growth and development (Ding et al., 2017). There was significant difference in the pulp δ13C 

between two varieties of mango which were selected in this study (P < 0.05). Pulp δ13C of 

Keitt was significantly higher than that of Calypso. The δ13C is widely used to characterize 

the status and changes of ecosystems. For different species and genotypes, the δ13C of plants 

may vary widely (Weiguo et al. 2005). The N directly affects tree growth and structure, as 

well as fruit yield and quality (Handley et al. 1992; Aranibar et al. 2004). As mentioned earlier, 

plant δ13C is a characterization of WUE in plants. The heritability of this trait makes it 

become an important factor in plant genotype selection and breeding (Araus et al., 2002). At 

the same time, some of the changes in δ13C in plant tissues are due to differences in chemical 

composition between plant tissues. Cellulose and other carbohydrates are usually 1-2% 

heavier than whole tissue (Leavitt and Long 1986). Studies have found that δ13C of sugar in 

pulp is higher. From the data in this study, Keitt's higher WUE may be due to the higher 

cellulose or carbohydrate content in Keitt's pulp. The foliage δ13C of Keitt was also 

significantly higher than that of Calypso, which was consistent with the trend within the fruit. 

 

The N is an essential mineral element of higher plants and is closely related to the vegetative 

and reproductive growth of fruit trees. It also has a significant impact on fruit quality and 

yield (Yuri et al. 2011). The δ15N of the whole fruit depends on the isotope ratio of the 

external N source and the internal physiological mechanism of the plant (Evans 2001). Most 

of the δ15N in plant cells comes from the proteins contained in it (Marshall et al. 2007). In this 

experiment, pulp TN and δ15N of Keitt were significantly higher than those of Calypso, 

indicating that the protein content of Keitt's pulp may be higher. However, in this experiment, 

foliage δ15N of the Keitt was significantly lower than that of Calypso. The overall levels and 

compositions of sugars, organic acids, amino acids, and secondary metabolites in the fruit 

depend largely on the sum of the complex metabolic processes that occur in the fruit (Conde 

et al. 2007; Deluc et al. 2007; Dai et al. 2013). This showed that after N is transported from 

the leaves into the fruit, many assimilation reactions occur in the fruit, which makes the δ15N 

in the fruit different from that in the leaves. This may imply that the efficiency of N 

translocation from leaves to fruits is greater in Keitt. 
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4.5.2 Analysis of the influence of site managements on pulp 

 

The texture of the fruit is a key factor in determining consumer purchases (Harker et al. 2003). 

In addition to texture, the dry matter content of the fruit also affects the taste (metabolism of 

sugar and organic acids) and important determinants of related quality, as consumers show a 

preference for fruits with higher dry matter content (Palmer et al. 2010). In my experiment, 

pulp total C and δ13C were significantly different between two planting densities (P <0.05). 

The pulp total C and δ13C in medium density planting were significantly higher than those in 

high density planting. Meanwhile, Fruit is the main pool of new C assimilation. Previous 

studies on olives by Iniesta et al (2009) and Dag et al (2010) have shown that fruit growth was 

better than vegetative growth (stem or leaf) (Iniesta et al. 2009; Dag et al. 2010). 

Hernandez-Santana et al (2018) also proved that the accumulation of fruit growth, more 

specifically the accumulation of fruit biomass, is directly related to the accumulation of CO2 

assimilation in plants. This also confirms that the growth of fruit mainly depends on the 

assimilation of CO2, and also maintains the expansion of the fruit. As mentioned earlier, the 

high δ13C in the fruit corresponds to a higher carbohydrate or cellulose content in the pulp. 

The leaf is the main source of photosynthesis in plants, and the chlorophyll contained in the 

leaf can be used to fix carbon when exposed to sunlight (Rylski and Spigeman 1986). Under 

medium planting density, fruit trees had better photosynthesis, and the fruits they grew 

contain higher carbohydrate content, better quality, and should be more popular with 

consumers. Previous studies have also found that, compared with fruits receiving 35% 

sunlight, the unit dry weight and photosynthetic rate of fruits receiving 7% of the day's 

sunlight are significantly reduced (Pavel and DeJong 1993). Under the two different culture 

systems in this experiment, pulp 13C of Single Leader was significantly higher than that of 

Conventional (P < 0.05). Heuvelink and Buiskool (1995) had shown that leaves and fruits 

were competitive assimilation. Therefore, under the Single Leader training system, pruning 

off the appropriate branches and leaves may facilitate more dry matter distribution to the fruit 

part of the plant. At the same time, the fruit needs sufficient sunlight during ripening (Bhusal 

et al. 2017). The Single Leader training system improved the quality of fruit by pruning 

branches and leaves to improve light interception and distribution of the tree canopy 

(Wagenmakers and Callesen 1995; Warrington et al. 1996; Hampson et al. 2002). 

 

Meanwhile, pulp TN, δ15N and δ13C were significantly different between the different canopy 

positions (P < 0.05). The pulp δ13C of the shady side (S) is significantly higher than that of the 

sunny side (N). It is well known that sunlight is the main source of energy for converting CO2 

and water into carbohydrates during plant photosynthesis (Lal et al. 2017). Studies had shown 
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that sunlight could affect the overall accumulation levels and patterns of sugars, organic acids 

and amino acids in fruits. The increase in sunlight is associated with a decrease in the level of 

total acid accumulation in the fruit (Conde et al. 2007; Sweetman et al. 2014). However, 

excessive sunlight can also damage the fruit. Moderate light levels can not only increase 

photosynthesis in plants, but also increase carbohydrate accumulation in fruits. Under 

excessive sunlight, shading in the early stages of fruit development also increased the cell 

division and volume of plant dry matter, which had a positive effect on fruit growth and yield 

(Schoch 1972). In this experiment, pulp δ13C of the shady side (S) was indeed significantly 

higher than that of the sunny side (N), which is in line with the conclusions obtained in 

previous studies. However, excessive sunlight can also increase stress-related levels of amino 

acids such as proline, leucine, and serine, and may even cause sunburn in fruits (Reshef et al. 

2017). Studies had found that the fruit on the outer edge of the canopy and the sun-side 

surface were more vulnerable to sunburn. The fruit skin also has the function of adapting to 

sunlight. For example, the natural sun protection effect in apples is related to the presence of 

heat shock proteins (Brown 2009). This shows that the excessive sunlight of the morning sun 

has already caused the stress response of the fruit, which makes the level of amino acid in the 

fruit higher and thus protects the fruit. Most of the beneficial nutrients found in fruit trees are 

concentrated in fruits and leaves. The relatively higher δ15N in the soil is due to the plant's 

preferential uptake of 14N during growth and maturation, while the heavier 15N remains in the 

soil (Morita et al. 1999; Chalk et al. 2013). 

 

4.5.3 Relationship between pulp TN and δ15N 

 

It can be seen from the experimental data that there was indeed a linear relationship between 

pulp TN and pulp δ15N. The correlation between pulp δ15N and TN may reflect N 

effectiveness (Hobbie et al. 2000). Most of the N in the pulp comes from the protein 

contained in the fruit (Levey et al. 2000). The change of δ15N content in pulp was affected by 

genetic and environmental factors. The R2 value in the linear regression relationship between 

δ15N and total N in pulp was higher for Calypso than for Keitt, indicating that the protein 

content of Calypso’s pulp is more affected by genetic factor. Under the medium planting 

density and single leader training system, the linear regression relationships between pulp 

δ15N and TN were more significant. However, the physiological and molecular mechanisms of 

δ15N in the metabolic regulation of protein in pulp are not well understood. Thus, further 

research is needed on the regulatory mechanism of N and protein metabolism in mango.  
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4.5.4 Analysis of the influence of genetic factor and site managements on pulp 

components 

 

Today, flavor has become one of the main quality parameters that consumers accept for fruits 

and vegetables (Causse et al. 2010). Changes in the concentration of compounds in the fruit 

directly lead to changes in food taste, texture, flavor, function, biological activity and safety 

(Shepherd et al. 2011). According to Avilán et al (1998), ideal mango fruit should have a high 

[meat: seed] ratio, good firmness, proper consistency, fiber-free, and a sufficient [sugar: 

acidity] ratio. The solid state 13C CPMAS NMR spectrum proved that the different varieties, 

planting densities, training systems and canopy positions all had significant effects on the 

chemical composition of mango pulp (Iglesias et al. 2014). 

 

4.5.4.1 Sugars in mango pulp 

 

Mature mango fruit is the main source of soluble sugars (glucose, fructose and sucrose) and 

carbohydrates (such as starch and pectin) (Bello-Pérez et al. 2007), and the sugar 

concentration in the fruit is often used to assess its maturity indicators (Ali et al. 2011). It has 

been experimentally proven that sucrose in mango fruits is better than all other sugars at the 

mature stage and is the main sugar in ripe mango fruits. In general, the sucrose, fructose and 

glucose contents of many mango varieties are ranked in order from high to low (Bello-Pérez 

et al. 2007). According to the data obtained from this experiment, different mango varieties 

and planting densities had a significant effect on the sugar content in mango pulp. 

 

As shown in the NMR spectrum, the several ranges of peaks representing main sugars in 

mango (57-65 ppm, 78-88 ppm, and 88-95 ppm) were that the signal intensities of Calypso 

which were significantly higher than those of Keitt. In addition to the peaks (95-100 ppm) 

representing maltose and xylose, the signal intensity of Keitt was significantly higher than 

that of Calypso. Maltose is a disaccharide and a reducing sugar like glucose. It has a sweet 

taste, but its sweetness is only 30% -60% of sugar (Belitz et al. 1999; Spillane et al. 2006). It 

could be seen from the data that the sweetness of Calypso was significantly higher than that of 

Keitt. In this study, the signal intensities of peaks (78-88 ppm, 88-95 ppm, 95-100 ppm, and 

100-110 ppm) representing the main sugars in mango were significantly different between 

different planting densities. The intensities of peaks under the high planting density were 

significantly higher than those of medium planting density. In fruits, carbohydrates are usually 

produced by photosynthesis in leaves and then transported into the fruits (Swanson and 



118 
 

Elshishiny 1958). In many past studies, the effect of light intensity on plant development was 

mainly directed under relatively low light conditions, where additional light increased plant 

growth (Bedding 1971; Hori et al. 1987). However, some studies have shown that filtered 

sunlight can effectively reduce the surface temperature of exposed fruits and increase regional 

irradiance and temperature uniformity under excessively high sunlight radiation (Reshef et al. 

2017). Therefore, under high-density planting in this experiment, the overlap of the canopy 

intercepted excessive solar radiation, protected the fruits from being sunburned, and increased 

the sugar content in the fruits, thereby improving the quality of the fruits. At the same time, 

under high planting density, the total fruit yield was also significantly higher than that of 

medium planting density. 

 

4.5.4.2 Organic acids in mango pulp  

 

The sugar: acid ratio in the fruit is an essential indicator of the quality of the mango fruit. The 

two main organic acids in mango are citric acid and malic acid, which impart fruit acidity 

(Medlicott and Thompson 1985; Matheyambath et al. 2016). Organic acids are characterized 

by weak acidity, and organic acids are essential for aerobic metabolism and contribute to fruit 

quality, sensory characteristics and flavor components of fruit acidity (Vallarino and Osorio 

2019). Organic acid compounds have been identified in many different varieties of mango, 

and their content depends on acid synthesis, degradation, utilization, distribution and external 

factors such as temperature, light, fertilization, water supply and other plant management 

(Vallarino and Osorio 2019). Obtained from the NMR data in this experiment, different 

mango varieties and training systems had significant effects on the content of organic acids in 

mango pulp. 

 

From the NMR spectrum data, it can be seen that the peaks of the carboxylic acid region 

(160-190 ppm) and the alkyl region (0-45 ppm) representing the acids were significantly 

higher in Keitt pulp than Calypso pulp. At the same time, the content of sugar in Calypso was 

higher, it can be concluded that the ratio of sugar: acid in Calypso is higher and the quality of 

its fruit is better. Between two training systems, the signal intensity of the alkyl region 

symbolizing the acid, for the single leader training system was significantly higher than that 

of the conventional training system. This showed that under the single leader training system, 

the content of organic acids in fruits was higher than that of the conventional training system. 

Plant photosynthesis occurred in plant leaves, which in turn would accumulates in the form of 

fructose, sucrose, glucose and starch (Hudina and Štampar 1999; Berüter 2004, Dugalic et al. 

2014). In the single leader training system, it is possible that fewer pruned branches and 
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leaves of the fruit tree result in lower photosynthesis, which leads to an increase in the relative 

content of organic acids in the fruit. However, this requires more detailed research to confirm 

and clarify how this difference would occur. 

 

4.5.4.3 Phenols in mango pulp 

 

Phenols are secondary metabolites which have a great significance. These compounds play a 

key role in determining the quality characteristics of mango fruits because they contribute to 

the flavor of the mango fruits. Many of them also have strong antioxidant activity, so they are 

also important for human health (Ali et al. 2011). Mango pulp included two major types of 

phenolic acids which are hydroxybenzoic acid and hydroxycinnamic acid derivatives (Mattila 

& Kumpulainen 2002; Burton-Freeman et al. 2017). The content and characteristics of 

phenolic acids in fruits depend on the variety, planting management and maturity stage 

(Corrales-Bernal et al. 2014; Burton-Freeman et al. 2017). In this experiment, only under the 

different canopy positions there was a significant effect on the content of phenolic acids in 

mango fruits. From the NMR spectrum, it could be observed that in the phenolic region 

(110-160 ppm), the signal intensity of the shady side (S) was significantly higher than that of 

the sunny side (N). It can be obtained that the mango pulp on the shady side contains more 

phenolic compounds, and the flavor of the fruit is better. Many studies had reported that 

drying fruits with sunlight can cause phenolic compounds in the fruits to be oxidized by 

polyphenol oxidase (Çoklar and Akbulut 2017). Therefore, it can be seen that the mango pulp 

on the sunny side was exposed to sunlight for a long time, and the phenolic compounds in the 

fruit would be oxidized and decomposed by polyphenol oxidase, which resulted in the 

reduction of the phenolic compounds in the fruit, which was in line with the conclusions of 

other studies. 

 

4.5.4.4 Protein in mango pulp  

 

The composition of amino acids in fruits varies with the variety and level of maturity 

(Augustin et al. 1978). In this experiment, different mango varieties and planting densities had 

significant effects on the protein content of mango pulp. It could be seen from the NMR 

spectrum that in the region (45-57 ppm) representing the N-alkyl C of amino acids in the pulp, 

Keitt's signal intensity was significantly higher than that of Calypso. Under the high planting 

density, its peak was significantly higher than that under medium planting density. From the 
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data, it could be seen that Keitt's fruit had a higher protein content. Under the high planting 

density, perhaps its relatively higher fertilization rate would increase TN in its fruit, and thus 

more synthetic amino acids would be in the fruit. 

 

4.6 Conclusions 

 

The 5-year-old mango plantation had important genetic and environmental effects on the 

isotopic composition and chemical composition of the mango pulp. Among them, pulp δ13C 

reflecting the carbohydrate content in the fruit and pulp TN and δ15N representing the protein 

content in the flesh were significantly affected by varieties. Keitt’s pulp contained higher 

levels of carbohydrates and protein. At the same time, the carbohydrate and protein content of 

mango fruit were also significantly affected by the environment. The mango pulp of sunny 

side (N) had a higher protein content and less carbohydrates. Mango fruits grown under 

medium planting density and single leader training system had more carbohydrates. 

According to the solid state 13C MAS NMR spectrum, Calypso’s pulp contained more sugars, 

less organic acids and lower amino acid content. Meanwhile, the carbohydrate and amino acid 

content in pulp were higher under the high planting densities than the medium planting 

densities. Compared with the sunny side, the fruit on the shady side of the canopy was higher 

in phenols. It could be seen that proper site management and variety selection would provide 

exciting opportunities to improve the quality of mango fruit in tropical Australia. 
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Chapter 5. General Conclusions 

The decline of fresh water supply is becoming a global crisis. Therefore, it is becoming 

increasingly important to adopt water-saving strategies in agriculture. It is in the context of 

water shortages caused by climate change. In this experiment, soil (0-10 cm), mango foliar 

and mango pulp samples were collected from a 5-year-old, factorial field experiment testing 

the effects of two mango varieties (Calypso vs Keitt), two planting densities (medium vs high), 

two training systems (single leader vs conventional) and two sampling canopy positions 

(north vs south) on foliar and pulp total carbon (TC, %), total nitrogen concentration (TN, %), 

and stable carbon (C) and nitrogen (N) isotope compositions (δ13C and δ15N) as well as the 

corresponding total C, total N and δ13C and δ15N in the surface soil of tropical Australia. In 

addition, mango fruit yields and sizes were determined. Soil, pulp and foliar total C and N as 

well as δ13C and δ15N were determined on mass spectrometers at Griffith University. Each of 

the above treatments was replicated 6 times for foliar and pulp samples and 3 times for soil 

samples. In addition, the solid-state 13C MAS NMR measurement determined the changes in 

the chemical composition of mango fruits among different varieties, planting densities, 

cultivation systems, and canopy positions. For the pulp samples in the experiment, each of the 

above treatments was repeated 6 times. 

 

There were significant genetic effect on foliar total N concentration (TN, %), tree water use 

efficiency (WUE) as reflected by foliar δ13C, N use efficiency (NUE) as indicated by foliar 

TN and δ15N, mango fruit yield and sizes in the 5-year-old mango plantation of tropical 

Australia. Overall, mango variety of Keitt had higher tree WUE and NUE as well as higher 

mango yield and greater fruit size, compared with those of mango variety of Calypso. There 

were also significant environmental influences on mango tree WUE and NUE as well as 

mango yield and fruit size. In particular, high planting density had higher tree NUE, and 

lower WUE as well as higher N loss, compared with those of medium planting density. High 

planting density treatment also had higher soil total N, compared with that of medium 

planting density treatment. The convention training system also had higher tree NUE and 

WUE, compared with the single leader training system. The northern side of tree canopy 

(sunny side) had lower fruit number, compared with the southern side (shady side) of tree 

canopy. 

 

Mango pulp δ13C, which reflected the carbohydrate content in the fruit, and pulp TN and δ15N, 

which indicated the protein content in the pulp, had significant genetic effects in a 5-year-old 

tropical Australia mango plantation. Overall, compared to Calypso, Keitt’s pulp contained 
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higher levels of carbohydrates and protein. The carbohydrate and protein contents of mango 

fruit were also significantly affected by the surrounding environment. Compared with the 

shady side (S), the fruits of the sunny side (N) had higher protein content and lower 

carbohydrate content. Compared to high planting density, medium planting density had a 

higher carbohydrate content in the pulp. Compared with conventional training system, the 

pulp under the single leader training system also had higher carbohydrate content. The 

solid-state 13C CPMAS NMR spectrum showed that compared with Keitt’s mango pulp, 

Calypso's pulp had higher sugars and lower organic acids and amino acids. Compared with 

the medium planting density, the sugar and amino acids contents of the pulp under the high 

planting density were higher. In particular, the content of phenols in the fruit on the south side 

(shady side) of the canopy was higher than that on the north side (sunny side). 

 

High-density commercial mango orchards provide many services and environmental benefits 

and play an important role in low-cost and sustainable agriculture. Appropriate training 

systems and planting density adjustment may lead to the optimization of high-density 

commercial mango orchard systems. From this experiment, it can be seen that the selected 

training systems and planting densities have an effect on the quality of the fruit and the 

productivity of the fruit tree, but there are other experiments showing that an effective training 

system may only affect the early productivity of fruit trees. The growth of trees will 

eventually be limited by the amount of light. The specific effect of planting density on soil 

nutrient enrichment and root growth is unclear. These problems all need further long-term 

experiments to verify. 
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