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Abbreviations and glossary

ANOVA, analysis of variance

B74, Calypso ® mango variety
BBCH Scale, Biologische Bundesantalt, Bundessortenamt und Chemische Industrie Scale
CDU, Charles Darwin University
CEC, cation exchange capacity
CO(NH3)2, urea

CPRF, Coastal Plains Research Farm
C, carbon

dff, derived from fertiliser

dfi, derived from infusion

DM, dry matter

DW, dry weight

EF, emission factors

FW, fresh weight

IPCC, Intergovernmental Panel on Climate Change
KRS, Katherine Research Station
LSD, least significant difference

N, nitrogen

(NH4)2S04, ammonium sulfate

N>O, nitrous oxide

NT, Northern Territory

NUE, nitrogen uptake efficiency
RE, resorption efficiency

RP, resorption proficiency

sem, standard error of the mean
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Plain English Executive Summary

Nitrogen (N) is an essential tree crop nutrient. N fertiliser inputs are a significant portion of farm
production costs and influence fruit production and quality. Mangoes are a significant crop in tropical
climates of Australia with a value of over $200 million annually. Half are produced in the Northern
Territory (NT). Almost no data is available for Australian mango growing regions, either on the
relative importance of the soil N process or on total N losses from current management practices.
Furthermore, the potential to mitigate losses is currently limited due to a basic lack of understanding
of plant N requirements and the effectiveness of various management options.

This project used an integrated approach to quantify plant N demand and cycling through the soil-
plant-atmosphere system to increase understanding of how N impacts on the quantity and quality of
mango yields. The objectives were to build an understanding of how growers might optimise
nitrogen use efficiency, and how N supply through mineralisation in the soil can improve resource
use in mango crop production.

To do this, stable isotopes of N were used to quantify N uptake of soil-applied fertiliser, N uptake
across the leaf cuticle, and to track N as leaf litter decomposed. To measure the timing and amounts
of N released into forms available for the roots to access, intact soil cores were excavated over a year
in orchards and analysed in laboratories. A field laboratory was constructed in a mango orchard and
gaseous emissions collected and analysed on site, with data remotely accessible in real time. Leaf
litter and pruned materials were collected in commercial orchards and analysed to understand the
quantities of nutrients cycling in orchards annually. Varying amounts of N fertiliser were applied in
orchards to measure how fruit yield and quality were affected. From this work we found:

e The N uptake efficiency of soil-applied fertiliser of mature mango trees decreases as the
guantities applied increase.

e Spraying a dilute solution of N onto mango tree leaves is a comparatively efficient way to
supplement N into trees. Any N not taken up can be recycled within the orchard.

e Nitrogen in mango trees is highly mobile and is transported around trees rapidly via xylem
and phloem, including leaves to roots.

e Ina mature orchard, litter and pruned material contains about 20 kg N per hectare. This
decomposes annually (100 % in Darwin and 85 % in Katherine). The litter N becomes
available in the top 20 cm of soil during the build-up and wet season (~11 kg per hectare in
Darwin and 17 kg per hectare in Katherine). It is a short-term N bank for trees to access.
What is not used is lost each year.

e Emissions of the greenhouse gas nitrous oxide (N,0) from litter and fertiliser are well below
the Tier 2 Intergovernmental Panel on Climate Change (IPCC) limits for intensive horticulture
in Australia.

e Harvested fruit takes about 0.8 to 1.0 kg N per tonne as it leaves the orchard. Supplying too
much N for a particular harvest yield causes the skin of mango fruit to stay green when ripe.
Fruit from trees receiving no applied N contain 0.4 kg N per tonne.

e Soils in NT mango orchards have minimal texture and structure, with a low capacity to store
N or carbon over the medium or long term.
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This work directly quantifies, for the first time, N uptake and cycling in NT mango orchards so N
inputs can be refined in terms of quantity and timing. Recommendations to the industry are made in
the four R context as set out below.

Right time

Fertiliser should be applied to soils post-harvest, during the active growth phase of trees, and
approaching the monsoon period. This coincides with the reactivation of soil macro and microfauna
as moisture levels increase with break of season rains. Avoid applying N to soils or via fertigation
(dissolved fertiliser delivered to trees through the watering system) when soils are waterlogged
during the wet season, and during the dormant or quiescent period as trees approach flower
induction. Foliar application of N (a solution of dissolved fertiliser applied to leaves as a spray) can
occur at any time when rain is not expected.

Right form

Commercially available fertilisers are recommended. Minimal N,O emissions were measured from
decomposing litter and urea. Enhanced efficiency fertilisers show limited economic or environmental
benefit in NT weather conditions. Soil amendments such as zeolite or biochar mixed into topsoil
show some potential to retain nutrients over time but are currently cost prohibitive.

Right place

Placement of fertiliser depends on the type being applied. Soil-applied fertiliser should be placed
under the drip line of the canopy, where tree feeder roots can easily access it. Avoid placing close to
tree stems. Fertigation will depend on the orchard irrigation in place, pressure in the system and the
radius of the sprinkler throw. Foliar applications should be made using spray equipment that is
correctly calibrated to deliver the desired volume of N to the canopy of each tree.

Right amount

This will vary according to location, soils, leaf and soil analysis results, seasonal conditions and yield
history. Soil-applied N uptake efficiency decreases markedly as the quantities of applied N increase.
Extra or ‘insurance’ N is washed beyond tree roots during the wet season but may still impact on fruit
quality. For each orchard, growers need to know the relationship between excess N supply, yield and
‘stay green’ skin when ripe. Consider how much N left the orchard in fruit, how much N is cycling in
litter and available in the top 20 cm of soil during active growth, and predicted yield for the next
season. Fertigation and foliar application are efficient ways to add N in orchards when soils are not
waterlogged. Monitor soil and tree health as usual to avoid nutrient mining or a negative nutrient
balance in orchards over time.

This research provides new evidence for when and where N is available in soils for uptake and when
it is lost, how much N is taken up by foliar application, and how much N and other nutrients are
cycling annually in orchards. This information can now be developed further for the industry and a
calculator constructed to help growers reconsider what are necessary and economic N inputs.
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1 Project rationale

This project was led by the Northern Territory Government Department of Industry, Tourism and
Trade (DITT) in partnership with Queensland University of Technology (QUT). It used an integrated
approach to quantify N demand and cycling through the soil-plant-atmosphere system of mango
crops. Management strategies to increase the quantity and quality of mango yields, while effectively
mitigating loss of N to the environment, were developed.

Mangoes are a significant tree crop grown in tropical and subtropical climates of Australia. The
mango industry in northern Australia relies heavily on the commercial cultivar KP, which has erratic
flowering, excessive vigour and low productivity. Recent breeding has led to hybrids, such as the
Calypso™ variety, which has higher productivity, but this remains far lower than international mango
production. While the exact reasons for this are unknown, it can be attributed to the irregular
bearing nature of the tree, seasonal conditions and mineral nutrition problems of the plant.

Nitrogen is essential for mango tree development, fruit production and quality. It is an important
regulator involved in many biological processes, including carbon metabolism, amino acid
metabolism and protein synthesis. However, the response of mango to N fertiliser application is also
influenced by its source, rate, timing, and method of application, tree-growth stage, climate, edaphic
conditions, soil moisture status, and cultivar vigour.

Improper application of N may lead to nutrient deficiencies and toxicities which result in reduced
tree growth, yields and fruit quality. Over-fertilising with N, as well as unnecessarily increasing costs,
can further reduce profitability through excessive vegetative growth, reduced yield, reduced quality
and increased risk of disease. It also significantly increases the risks of reduced air and water quality,
and higher greenhouse gas emissions. Presently, limited data on the relative importance of soil N
processes, total N loss from current management practices and profitable use of N in the plant is
available for Australian mango growing regions.

Thus, improving our understanding of the impact of management tactics on nitrogen uptake
efficiency (NUE) is an essential prerequisite in giving producers the confidence to reduce N
application rates and still maintain, or even improve, current yields. The research will use stable
isotopes to quantify plant N demand, soil supply and NUE to develop best management
recommendations for optimising N fertiliser use, including the use of soil amendments. The project
aims to maximise NUE in the Australian mango industry to increase productivity, profitability and
good environmental management.

The objectives of the project were:
e To determine the dynamic of N concentrations in the different parts, phenology and

production season of mango

e To estimate the loss pathway of applied N and determine how these losses can be reduced
to drive profitable outcomes for mango growers

e To quantify plant N use, availability and timing of N released from crop residues and soil
organic matter mineralisation, and the contribution of N mineralisation to the total N
demands of mangoes
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To evaluate overall mango nutrition and the differences between the regions and soils

To provide information to growers regarding N dynamics and seasonal availability to guide
their decisions for a better economic outcome

To evaluate a range of soil amendments under laboratory conditions to identify which may
have the potential to retain nutrients in NT mango orchard soils.
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2 Method and project locations

There is no N budget available for mango growing in the NT, so this project went back to basics and
planned a range of work designed to quantify local N inputs, cycling, mineralisation in soils and
losses. This will inform, and potentially modify, the N application practices of commercial mango
growers.

Uptake of soil-applied nitrogen into trees

This study was designed to quantify how much soil-applied fertiliser is taken up by tree roots into
mango trees as they grow and mature into commercial production. In the environment, N occurs
naturally in two stable isotopic forms, N and **N. Over 99.6 % occurs in *N form and less than 0.4 %
as >N, which has an extra neutron and is heavier. This natural ratio can be enriched, increasing the
15N component in fertilisers such as ammonium sulfate and potassium nitrate (KNOs). This enriched
or labelled form of N can be measured in plant tissues using mass spectroscopy techniques.

We mixed the labelled ammonium sulfate fertiliser with standard ammonium sulfate and applied it
to the soil in a developing mango orchard. Over three years, we quantified how much of that
fertiliser was taken up by trees by measuring the *N:'°N ratio in the tree tissues. From these direct
measurements, we estimated the NUE. Detail of this work may be found in Appendix C.

Is nitrogen taken up across the leaf cuticle?

In commercial mango orchards, dilute solutions of KNO3 are usually applied before the flowering
period to support floral induction and to ensure sufficient supplies of potassium (K) to maximise fruit
set and retention to harvest maturity. There is no direct evidence or published data on how much N
is taken up into mango leaves across the leaf cuticles. Does it occur, and how efficient is it as a way of
applying N in orchards? To answer these questions, >N enriched KNOs was prepared and applied to
mature, sun-hardened leaves of potted, grafted mango trees. Foliar uptake of N was quantified
directly, and varietal differences were observed. Details of this work are in Appendix C.

Nitrogen movement within the tree

The leaf N content as a percentage of the leaf dry weight (leaf % N) reduces during flowering and
fruit set and it is well known that leaf % N is not linked to fruit yield. To increase knowledge of tree N
content and movement within mango, trees were infused with a known gquantity of *N-labelled
ammonium sulfate. N movement was tracked and recovered on a whole-tree basis at four
phenological time points over a year: during rapid growth in the wet season, the quiescent period
where growth is minimal, flowering and fruit set, and post-harvest. N storage and movement in
mango trees were quantitatively assessed. Details are provided in Appendix C.

Nitrogen impacts on fruit yield and quality

To assess whether N applications could impact fruit yields, and to identify the level of N that would
cause the skin of ripening fruit to stay green in NT growing conditions, experiments were designed
and conducted in a commercial KP mango orchard in the Katherine region. The fertiliser was applied
during the active growth period but prior to mechanical tree pruning. N application levels ranged
from 0-50 kg per hectare (ha) at a tree planting density of 250 trees ha™.
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Fruit from trees was harvested, counted and weighed, then ripened. As fruit ripened, skin colour was
measured using a colorimeter and the CIEL*a*b system until stage 4 (Soft) was reached, then
destructive measurements of flesh colour, texture and sugar content were carried out. Differences in
skin colour while mangoes ripened were seen in response to the varying N amounts applied. The
following year, the orchard yield was double and the skin ‘stay green’ effect was not repeated.
However, ethylene application to ripening fruit shortened the time for fruit to change skin colour
from green to yellow and for the fruit to soften by five days. It was notable that the ethylene-treated
fruit did not reach the same sugar content when ripe as untreated fruit. Details of the trial may be
found in Appendix C.

Nutrients in litter and pruned material

The amount of litter and its nutrient content have not been quantified and are unknown elements of
the N cycle in mango orchard systems. To capture the falling material, litter traps were constructed,
placed under trees in four commercial orchards, and litter was collected over a year. It was sorted,
dried, weighed, processed and quantities calculated for orchards. For material pruned from trees,
tarpaulins were laid under tree canopies and the pruned material collected as for litter. Nutrient
content of the materials captured was calculated and found to contain significant quantities of N.
Further detail about N and other nutrients cycling annually in mango orchards may be found in
Appendix C.

Leaf nutrient economics

Trees grown in low nutrient environments often reabsorb nutrients from leaves and reuse them
seasonally. To understand how much N is reabsorbed back into mango trees and reused, sets of
mature attached green leaves and senescing, yellow but attached leaves were sampled from a
number of mango varieties growing in a managed orchard. The macro and micronutrient content of
the two groups were analysed and compared to calculate the differences between them. The results
quantify the nutrients which are recycling within the tree and in the litter that is dropped annually
onto the orchard floor and decomposed. Read more about this work in Appendix C.

Leaf litter decomposition, soil N fixation and gaseous losses in mango orchards

Field and laboratory-based studies were designed to measure annual leaf litter decomposition, N,O
gas emissions and how the application of synthetic fertilisers affected them over time. Work was
conducted in regional research orchards for over a year to capture data for an entire season. Gas
samples were collected manually (Darwin) or automatically (Katherine) using multiple lidded
chambers. Gases were analysed using an isotope mass spectrometer and daily flux rates were
calculated. Soil mineral N, and organic N and carbon (C) measurements were assessed throughout
the year in soil cores taken in the orchard and linked with air temperature, soil moisture and soil
temperature dynamics. Detailed results for this work are in Appendix C.

Soil amendments to improve nitrogen retention

As NT soils have poor structure and texture, and retain few nutrients, a range of soil amendments
were trialled to assess their effects on leaching of inorganic N, N,O emissions, nutrient retention and
alternative N loss pathways. Also examined were any changes in soil physiochemical properties. The
amendments trialled were biochar and hydrochar (produced from the pyrolysis of organic materials),
zeolites (aluminosilicate minerals with high adsorption properties that can increase N retention) and
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tree leaf litter. This work was undertaken as the NT weather conditions mean that enhanced
efficiency fertilisers in their current forms cannot be used as they are in the CRDC cotton and
sugarcane programs. The results of how the soil amendments performed are in Appendix D.

Preparing mango growers for precision agriculture technologies

This work is an ongoing collaboration with colleagues at the University of New England in New South
Wales to examine whether high resolution satellite imagery can be used to estimate crop yields in
terms of weight and fruit number. Alternatively, the method can be used to estimate crop losses. The
prediction accuracy of this method for mango in NT orchards is a 7 % chance of underestimating and
a 1 % chance of overestimating. To ‘ground truth’ the satellite image analysis, this project has
measured trees, estimated fruit and yield, then counted and weighed harvested fruit from trees and
compared these results with predicted yields. Results for this ongoing work may be found in
Appendix C.
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Research Name Location Coordinates Active Experimental treatments
Site Type Site
Period
Orchard Coastal Plains Middle Point | $12°33’ 2015- Soil-applied °>N-labelled fertiliser uptake efficiency experiments
Research Farm 39.38" 2019 Tree growth in response to N
E131°18'17. N movement in mango trees
05 In situ soil N mineralisation, litter decomposition and gaseous emissions studies
Orchard Jabiru Tropical Arnhem $12°33’10. 2017- Soil sampling for laboratory analysis of N mineralisation, leaching and amendment
Orchards Highway 37" 2018 experiments
E 131°15’
46.16”
Orchard Acacia Hills Acacia Hills $12°44’ 52. 2016— Remote sensing collaboration using satellite imagery to predict mango and other
Mango Farm 80” 2021 crop yields — ongoing. Collecting ground-based data to validate predictions
E 131°10 Litter and pruned material collection
38.97”
Orchard Tou’s Garden Acacia Hills 512047 2016— Remote sensing collaboration using satellite imagery to predict mango and other
28.07" 2021 crop yields — ongoing. Collecting ground-based data to validate predictions
E 131°09’ 30. Litter and pruned material collection
67"
Orchard NTLD Katherine West of $14° 35’ 2018- Litter and pruned material collection
Katherine 05.80” 2020
E 132023
33.22”
Orchard Katherine Katherine $14°27’ 59. 2017- In situ soil N mineralisation, litter decomposition and gaseous emissions studies
Research Station 91” 2018

Generated °N-labelled leaf litter for decomposition studies

Conducted leaf nutrient resorption studies
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E131°18
45.39”
Orchard Nutrano- South-east of | §14°32’ 24, 2018 Two-year trial designed to quantify N impacts on fruit yield and quality
Eumaralla Farm Katherine 90" 2020 Litter and pruned material collection
E 132028
06.20”
Laboratory Katherine $14°27 2017- Mango orchard outdoor laboratory: automated gas sampling from stainless steel
Research Station 58.48" 2019 chambers with insulated acrylic lids, quantified in situ using a gas chromatograph to
E 132018’ measure N20. Litter decomposition rates were measured and soil cores taken
58.48" periodically for analysis of N mineralisation and other parameters.
Laboratory: estimating mango fruit dry matter as a % of the fresh weight of the fruit
(fruit % DM), using a calibrated F-750 near infrared spectroscope (Felix Instruments,
Washington State, USA).
Laboratory Coastal Plains $12°35’ 2017- A manual chamber system was set up in an established orchard to collect gas
Research Farm 36.77” 2020 samples for analysis of N2O emissions. Litter decomposition rates were measured
E131°18’ and soil cores taken periodically for analysis of N mineralisation and other
14.30” parameters.
KP orchard planted and **N-labelled fertiliser applied over time to assess N uptake
efficiency by destructive sampling of the trees.
5N-labelled fertiliser was infused into replicate trees to assess N movement at
phenological timepoints. Destructive sampling of trees allowed the recovery of the
labelled fertiliser across the tree parts.
Ripening chambers were used onsite in 2019, and imaging of fruit was carried out in
the laboratory.
Laboratory Berrimah Farm Darwin $12°26’ 2017- Agriculture laboratory-washing, drying and milling plant and soil samples,
38.79"” 2020 preparation for analyses
E 130°55’ Post-harvest laboratory-ripening fruit, cold store of material, post-harvest
46.61" assessments, destructive measurements of fruit
Nursery Berrimah Farm Darwin $12°26 2018- Grow, graft and maintain mango seedlings for >N foliar uptake experiments
nursery 37.47" 2019
E 130°55’
52.29”

10
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Laboratory Queensland Brisbane $27°28 2017- All laboratory-based soil experimental work including cores sampled in the NT
University of 37.98" 2020 orchards and trialling of impacts of soil amendments
Technology E 153°01’ Analysis of plant material and soils, including *°N content using isotope ratio mass
39.37”

spectrometry (IRMS) and inductively coupled plasma mass spectrometry (ICP-MS)

All results of this research are applicable to the major mango growing regions of the NT, near Darwin and Katherine. Some results may be transferrable to
other tropical regions of Australia; however, different climate, soil types and management practices would need to be considered.
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Project outcomes

Mango orchard systems are similar to other cropping systems in that 30—70 % of N inputs are lost to
the environment. N is highly mobile and can be applied and taken up by trees at most times of the
year in one form or another. Visible N deficiency in mangoes is likely to reflect a longer-term lack of
N and a degree of soil nutrient mining. Thus, routine soil and leaf sampling assessments should
continue as they indicate a range of nutrient deficiencies and excesses. Along with fruit N content,
they are part of an assessment of whether the N application decisions being made are reasonable.

Taking the results from this project and other work into account, the following industry
recommendations are made in the four R context.

Right time

Soil-applied N

e Apply to soil or fertigate immediately post-harvest (October to December) while the tree is
actively growing. This takes advantage of break of season rains for immediate uptake, but
before available N is flushed out of range of roots. Avoid applying during monsoon periods or
when soil is waterlogged.

e Alternatively, consider the end of the wet season when growth is still active, soils are moist
and before the last rains. This is difficult to time correctly, and risks late leaf flushes
(perhaps at the expense of flowering) and a strong reliance on applications of paclobutrazol
and foliar N to manage and mature the vegetative shoots.

e Split applications can be considered.

Post-harvest, tree N is significantly depleted with trees losing a significant portion of their N
content in harvested fruit and litter (including flowers, which have a high N content). At this time,
trees are entering an active growth phase which requires N.

The dry-to-wet-season transition period and the beginning of the wet season is when high levels
of N mineralisation in orchard topsoils were measured, concurrent with break of season rainfall
events.

N mineralised from leaf litter provides ~11 kg N hain the top 20 cm of soil in the Darwin region,
and ~17 kg N halin the Katherine region. Feeder roots of trees can access this layer of soil and
rain will facilitate uptake.

Soil-applied and litter-supplied N are available for rapid uptake at this time of the year, before
nutrient leaching monsoon rains begin.

Fertigation

e This method can be used through most of the year, but should cease during the dormant or
quiescent period to allow shoots to mature prior to flowering. Do not apply N to soils as the
flowering induction period approaches.

e Thisis a convenient method to split N into smaller, more frequent applications to match tree
needs and reduce N losses.

e Do not fertigate waterlogged soils.

Smaller applications of soil-applied fertiliser resulted in higher NUE. This implies that uptake of

smaller applications of N via fertigation would follow the same trend; however, fertigation NUE was

not trialled in this work.
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Foliar application

Conventionally prepared as a dilute solution of KNOs with a surfactant, it is usually applied
before flowering induction and may continue periodically during the flowering and fruit set
period. It needs to be prepared at a low concentration that will not damage leaves, usually
1-4 % KNOs.

This method can be used to apply N at any time of the year unless rain is expected in the
following 24-48 hours.

Quantitative measurements of foliar uptake of N in mangoes show that between 27 and 44 % of the
N applied to leaves is taken up across the cuticle over 1-2 days, depending on variety. NMBP 1201
and NMBP 1243 have the least efficient uptake and NMBP 4069 the most efficient uptake. KP and
Calypso® are mid-range. These NUE compare favourably with soil NUE, but there is extra value with
foliar application. It is usually applied in the dry season, and remnant solution is likely to stay on the
leaves until washed off by rain, diluted by dew and falls onto the litter below, or the leaves drop and
become litter. In this way there are two opportunities for the N to be taken up into the tree.
Additional N in litter can contribute to increasing the rate of litter decomposition.

Right form

Commercially available fertilisers are recommended.

In this work, ammonium sulfate [(NH4)2SO4] and urea [(CO(NH,);] were used for soil, litter
and infusion trials, and KNOs for foliar application.

Minimal N,O emissions were measured with decomposing litter and/or CO(NH>), applied to
soils.

Preliminary work on soil amendments found that zeolite mixed with topsoil maintained
water and nutrient content better than the other combinations tested. Biochar mixed with
topsoil also performed well.

There were no studies comparing the performance of different forms of enhanced efficiency
fertilisers as they are considered unsuitable for the wet-dry tropical climate.

Soil amendments are likely to have a place in NT mango orchard management if an affordable,
available form is found.

Right place

Placement or delivery of fertiliser will vary according to the method of application.

Soil-applied fertiliser should be placed on soil under the drip line of the canopy, where tree
feeder roots can easily access it. Avoid placing close to tree stems.

Fertigation will depend on the orchard irrigation in place and the water/solution pressure
within the system. Ideally, sprinklers would throw the solutions evenly under canopies to
deliver fertiliser to tree feeder roots.

Foliar applications should be made using spray equipment that is correctly calibrated to
deliver the desired volume of N to each tree across the orchard.

Placement of N was not specifically researched in this project.

Right amount

This will vary according to location, soils, seasonal conditions and yield. It assumes that litter and
pruned material are left on the orchard floor. Information to consider includes:
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e Most available N is lost from soils annually between the break of season rains and the end of
the wet season.

e Litter contains up to 20 kg N ha in a commercial orchard annually. Decomposition of litter in
response to rain events releases ~11 kg of available N ha in the top 20 cm of soil in the
Darwin region each season and ~17 kg N ha in the Katherine region. These amounts cycle
each year. What is not taken up by trees is effectively lost.

e Mangoes in managed orchards contain ~0.8—1 kg N tonne™ of fruit harvested. This amount of
N leaves the property and needs to be replaced. Trees receiving no N inputs over four years
had fruit with 0.4 kg N tonne™ of fruit harvested.

e Growers need an understanding of the relationship between yield, excess N application and
‘stay green’ skin on ripe mangoes in their orchard.

o For example, at a commercial KP orchard, with a yield of 20 tonnes fruit ha * and
250 trees ha'l, fruit from trees receiving 25 kg N ha had blotchy green skin when
ripe, and at 50 kg N ha™* the fruit stayed green when ripe. Fruit from trees receiving
12.5 kg N ha or 50 g tree ripened normally.

o There were no differences in yield, number of fruit, % dry matter (% DM), or fruit N
content in response to 0, 12.5, 25 or 50 kg N applied ha™.

o The same N rates applied after that harvest generated yields the following year that
approached 40 tonnes ha, and no fruit ripened with ‘stay green’ skin. The N content
in fruit did not vary in response to applied N levels. Fruit numbers increased, fruit
size was the same and there was no yield response to the range of N levels applied.

e How much N a maturing mango tree takes up from soil-applied fertiliser is linked to how
much is applied.

o Inourwork, ~75 % of 5 kg N ha* was taken up.
o 35%of10kg N ha'and 20 % of 15 kg N ha was taken up.
o The NUE reduced as more N was applied.
e Avoid applying ‘insurance’ N. Most of it will be lost and inaccessible to trees.

e Additional N can be applied via fertigation at most times, but avoid when soils are
waterlogged, during monsoon rainfall and the period of quiescence or dormancy prior to
flower induction.

e Foliar application of N can occur at any time in clear weather.

Each of the ‘right amount’ points is supported by data collected as part of this project, and can be
found in Appendix C and Appendix D.
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3.1 Project level achievements

KPI no. and KPI due Relevant Summary of final outcome of the research concluded by this KPI
description date CRDC
FRP
milestone
number/s
KPI 8.6 and 8.7: Provide a | 30/6/21 Activity B4 Enhanced efficiency fertilisers show limited economic or environmental benefit in NT weather conditions and
final account of the 41 appropriate biological fertilisers were unavailable locally. There was biochar being produced locally, and an alternative
evaluation of the best program was designed to assess the potential of soil amendments to improve N retention in local horticultural soils. The
performing enhanced work was conducted in a laboratory setting using zeolite, biochar, hydrochar or leaf litter with urea and simulated rain
efficiency fertilisers in events on soil column incubations over time. Overall, soil nitrate levels increased over the period while ammonium levels
mango crops. decreased as the fertiliser was hydrolysed and nitrified. Zeolite mixed into the topsoil retained the most mineralised N,
being significantly more effective than zeolite placed on the surface. The same result was seen with biochar mixed into
the topsoil compared to surface placement. After rain events, leachate was collected from the columns and zeolite mixed
with topsoil released the least nitrate and ammonium leachates. Soil emissions of N2O varied significantly between
treatments but were minor, showing that the main loss pathways were leaching of nitrate and ammonium (Figure 1).
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KPI no. and
description

KPI due
date

Relevant
CRDC
FRP
milestone
number/s

Summary of final outcome of the research concluded by this KPI
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Figure 1 Breakdown of N loss pathways and N retention in soils for each treatment based on final (Day 100) values. (100
mg of N applied)

A summary comparing the N retained in soils, N lost via leaching and unaccounted for each amendment combination
shows zeolite mixed with topsoil having the highest N retention, closely followed by biochar mixed with topsoil and
hydrochar (Figure 2). Also, zeolite nutrient losses were close to zero after ~30 days of 100, suggesting potential for
longer-term retention capacity.
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KPI no. and
description

KPI due
date

Relevant
CRDC
FRP
milestone
number/s

Summary of final outcome of the research concluded by this KPI
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Figure 2: Percentage and comparison of soil N retained, N lost and unaccounted for loss
pathways at the end of incubation for all treatments. Bars indicate standard error. N loss
includes leachate and N,O emissions.

For the soil tested (Kandosol, sampled from Coastal Plains Research Farm in the Darwin region), zeolite mixed into topsoil
was the best performing amendment. While zeolites do not break down in the environment, the longer-term impacts on
soil physiochemical properties are unknown.

Industry outcomes:

An application of zeolite on a broad scale would cost about $50,000 ha™. Biochar is being produced on a small, domestic
scale in the NT, and is costed at $17,600 ha at an application rate of 2 L m™. Neither of these are viable in dollar terms;
however, the results do indicate that soil amendments can make large differences in N retention if an economic option
can be found. It is new, baseline research for industry to build upon. Refer to Appendix D for further details.
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NUE for mango nitrogen
use.

KPI no. and KPI due Relevant Summary of final outcome of the research concluded by this KPI
description date CRDC
FRP
milestone
number/s
KPI 8.9: Provide a brief and | 30/6/21 Activity B5 5 | Measuring nitrogen uptake efficiency in mangoes
final account of calculating d

In the environment, N occurs naturally in two stable isotopic forms, N and >N. Over 99.6 % occurs in *N form and less
than 0.4 % as °N, which has an extra neutron and is heavier. This natural ratio can be enriched, increasing the >N
component in fertilisers such as ammonium sulfate ((NH4)2S04) and potassium nitrate (KNOs). This enriched or labelled
form of N can be measured in plant tissues using mass spectroscopy techniques.

We mixed the labelled (NH4)2SO4 fertiliser with standard (NH4)250s, and applied it to the soil in a developing mango
orchard. Over three years, from the juvenile phase to mature and entering commercial productivity, we quantified how
much of the applied fertiliser was taken up by trees by measuring the *N:1°N ratio in the tree tissues. From these direct
measurements, we found that N uptake efficiency (NUE) in a maturing mango tree reduces as the amount applied
increases (Figure 3). Not only did the uptake efficiency reduce, the amount of N taken up reduced. There were no
differences in fruit yield, number of fruit, % DM of fruit, fruit N content or tree size in response to the N treatments.

N (kg ha™")
100
a =15

_ = 10
e 15
w
2
=z
[
o
[=

2017 2018 2019

Figure 3: Nitrogen uptake efficiency (NUE) of trees changed over time, as trees matured and began commercial
production in 2019. Trees with the lowest quantity of N applied showed significantly higher uptake than the two
larger N applications in 2019 (letters indicate significant difference), time series analysis of variance (ANOVA),
Tukey’s post-test, p=<0.0001, n=3).

Foliar uptake of N applied to fruit trees has never been measured directly. Also, it is usually applied as a dilute KNO3
solution for the potassium to maximise flowering and fruit retention on panicles. The spray adds about 2.2 kg N hatifa

18




Rural R&D for Profit Program Final Report: More Profit from Nitrogen

KPI no. and KPI due Relevant Summary of final outcome of the research concluded by this KPI
description date CRDC

FRP

milestone

number/s

2 % solution is applied twice. A method was developed using a °N-labelled solution of KNOs and potted, grafted
mangoes. N was absorbed through the leaf surface over two days, and the NUE into the leaves varied from 27 % to 44 %,

depending on the mango variety (Figure 4).

Leaf N dff (%)
Leaf NUE (%)

KP 1201 1243 4068 B74 KP 1201 1243 4069 B74
Mango variety Mango variety

Figure 4: The amount of N derived from the KNOs dipping solution showed significant varietal differences with
letters indicating similarities and differences (a) ANOVA, p=0.0009, mean, standard error of the mean (sem), n=10,
LSD post-test). Varietal differences were also significant when N uptake efficiency was calculated (b). Means with
different letters are significantly different at 5 % LSD (p=0.033, mean, (sem), n=10).

To assess seasonal use and movement of N in mango trees, a method was developed to infuse >N-labelled (NH4)2SO0a.
This provided evidence that N is moved rapidly within trees and the labelled N was evenly distributed in every tissue,
including the roots, xylem and phloem within 70 days of infusion. Leaf N content increased during the quiescent period,
as trees approached the flowering induction period, then dropped as high N content flowers developed, using almost
10 % of total tree N (Figure 5a). Much of the reduction in tree N over the season (Figure 5b) is accounted for by N
measured in flowers and fruit (Figure 5a), but not all. The flower N can be recycled on the orchard floor but fruit N will

leave the orchard.

19



Rural R&D for Profit Program Final Report: More Profit from Nitrogen

KPI no. and
description

KPI due
date

Relevant
CRDC
FRP
milestone
number/s

Summary of final outcome of the research concluded by this KPI
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Figure 5 Nitrogen (N) distribution in tree components over time (a) and total N in trees over time (b)

Excess application of N can have negative effects on the colour of skin while fruit is ripening. A grower may not be aware
they are picking fruit with this ripening defect as it is not possible to see when fruit is harvested at the mature, green
stage. While it will depend on the soil, season, orchard history and how much N is applied, we established some
guidelines to work within to reduce the incidence of ‘stay green’ skin. For example: at a commercial KP orchard, on a low
yield year of 20 tonnes fruit hal and 250 trees ha’, fruit from trees receiving 25 kg N ha* had blotchy green skin when
ripe, and at 50 kg N ha! the fruit stayed green when ripe (Figure 6). Fruit from trees receiving 12.5 kg N ha™ or 50 g tree!
ripened normally. The same rates applied after that harvest generated yields approaching 40 tonnes ha™, and no fruit
harvested ripened with ‘stay green’ skin. The difference in skin colour when ripening was quantitatively measured (Figure
7).
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KPI no. and KPI due Relevant Summary of final outcome of the research concluded by this KPI
description date CRDC

FRP

milestone

number/s
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Figure 6: Fruit from trees with a range of levels of N were harvested on the same day and imaged every second day to
visually track ripening progress. At each level of N application, 0, 12.5, 25 and 50 kg ha* (above, top to bottom), the same
tray of replicate fruit from a single tree is shown 3 days post-harvest (left column of images above), 7 days post-harvest
(centre column of images) and 10 days post-harvest (right column of images above).
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KPI no. and KPI due Relevant Summary of final outcome of the research concluded by this KPI
description date CRDC

FRP

milestone

number/s
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Figure 7 Colour components of skin colour were measured on ripening mangoes with a Konica-Minolta colorimeter using
the CIEL*a*b system (a). Skin lightness showed significant variability in response to tree-applied N levels (p=0.007).
Significant interaction between N level and time occurred, and LSD post-tests indicate that fruit skin from trees with

50 kg N ha! applied was significantly darker over the period compared to fruit from trees with lower N treatment (* in b
above). Measurements of skin *a (green-red) showed no significant differences in response to N treatments (p=0.052);
however, there was a strong trend implying that as N application to trees increases, fruit skin colour tends to be greener
as it ripens (c). Values for *b (blue-yellow) show significant differences in response to N levels applied and no significant
interactions (p=0.008), LSD post-test indicates that skin of the fruit from trees with 50 kg N hal is less yellow than from
trees with lower levels of applied N (* in d above). ANOVA, mean, sem, n=4.

Industry outcomes will be summarised at the end of the table as they related to the results as a whole.
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KPI no. and KPI due Relevant Summary of final outcome of the research concluded by this KPI
description date CRDC
FRP
milestone
number/s
KPI 8.10: Develop and test | 30/6/21 Activity B5 Remote sensing and satellite image analysis is expanding into precision agriculture associated with tree crops, including
algorithms for remote 5¢d mangoes. This collaboration between the University of New England (UNE), Central Queensland University, Queensland
sensing of leaf N content Department of Agriculture and Fisheries, University of Sydney, peak bodies for mango, macadamia and avocado, and
(mangoes) for the mango others is ongoing. To assist the mapping project, we provided a desktop generated layer of all mango orchards to the
industry. UNE project and directly to Queensland Department of Science, Innovation and IT (DSITI), (NTMango Layer version1).
Queensland DSITI have used this information to generate the draft Australian mango map. The current version (not
linked with this project) is here:
ATCM Dashboard Experience (arcgis.com)
Imagery analysis can reliably predict yield and number of fruit. The models are refining with work over time, and we
continue to provide field estimates of number of fruit and annual yield, then harvest the fruit to validate the modelling. It
has the potential to assess tree health and biosecurity issues in the future.
This milestone was aspirational, but was ultimately not financially viable.
KPI 8.11: Develop NUE 30/6/21 Activity B5 By collecting litter and pruned material in commercial orchards, we found that significant quantities of N are recycling on
guidelines for the 5f the orchard floor annually, 17-27 kg N annually (Figure 8).
horticulture industry to Activity B6
target.
6d

KPI 8.14: Quantify the
timing and amount of N
released in crop residues.
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Figure 8: The N content of in-orchard annual litter and pruned material in the Darwin region litter was
similarly proportioned (a, b). In the Katherine region, the KP orchard with large, mature trees and minimal
branch tip pruning, shed most N in litter over the year 2018-19 (c). In contrast, the B74 were pruned heavily
and reshaped, with most N accumulated in the prunings (d). Mean, sem, n=10 collection trays at each site.
Data is standardised to a tree density of 250 trees haL.

Litter and pruned material also deposits ~40 kg ha! of calcium (Ca) annually along with other macro and micronutrients.

In the Darwin region, 100 % of leaf litter decomposes annually over the build-up and wet season, and in the Katherine
region the figure is 85 %. The difference is attributed to reduced rainfall in the Katherine region.

Decomposition of litter in response to rain events releases ~11 kg of available N ha in the top 20 cm of soil in the Darwin
region and 18 kg N ha in the Katherine region. These amounts cycle each year. Soil samples suggest that any available N
that is not taken up by trees is leached and lost annually. There is little or no capacity for sequestration of N in soils.

Minimal N20O emissions (~0.2 kg N ha) were measured with decomposing litter, CO(NH2)2 applied to soils and in
combination.
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KPI no. and
description

KPI due
date

Relevant
CRDC
FRP
milestone
number/s

Summary of final outcome of the research concluded by this KPI

Summary of industry guidelines:

The new knowledge to incorporate into mango orchard management in the NT will expand grower
knowledge of how much N is in mango orchards, how it cycles annually, how much is taken up and
how much is lost. Further extension work and materials are in preparation and it will encourage
growers to review N application and, for many, will encourage a reduction in N application and
associated savings.

New knowledge includes:

How much N a tree takes up from soil-applied fertiliser is related to how much is applied.
o Ifitis less than the tree needs, ~75 % of applied N can be taken up.
o Otherwise, it is 20-35 % uptake of applied N and less N overall.
Foliar uptake of N into leaves has an efficiency similar to soil-applied fertiliser. Uptake is fast, N is rapidly

transported around trees, and there is a second uptake opportunity as the N is recycled on the orchard floor in
rainfall or litter.

Most available N is lost from soils annually between the break of seasonal rains to the end of the wet season.

Apply fertiliser to soils immediately post-harvest to take advantage of first rainfall events, before the monsoon
period.

o Avoid applying ‘insurance’ N, it is wasted.

o If Nis need during the dry season, fertigation or foliar application is preferred.
Decomposition of litter in response to rain events releases ~11 kg of available N ha in the top 20 cm of soil in
the Darwin region and 18 kg N ha in the Katherine region. These amounts cycle each year.
Mangoes contain ~0.8-1 kg N tonne™ of fruit harvested. This amount of N leaves the property and needs to be
replaced.
An understanding of the relationship between yield, excess N application and ‘stay green’ skin on ripe mangoes.

o For example: at a commercial KP orchard, on a low yield year of 20 tonnes fruit ha™ and 250 trees ha’,
fruit from trees receiving 25 kg N ha™ had blotchy green skin when ripe, and at 50 kg N ha the fruit
stayed green when ripe. Fruit from trees receiving 12.5 kg ha™ or 50 g tree™ ripened normally.
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KPI no. and
description

KPI due
date

Relevant
CRDC
FRP
milestone
number/s

Summary of final outcome of the research concluded by this KPI

o The same rates applied after that harvest generated yields approaching 40 tonnes ha’, and no fruit
harvested ripened with ‘stay green’ skin.
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3.2 Contribution to MPfN program objectives

The objective of the More Profit from Nitrogen (MPfN) program is to enhance NUE, improving
profitability and sustainable use, through better understanding the influence of contributing factors.
These results will:

1. Generate a greater knowledge and understanding of the interplay of factors to optimise
nitrogen (N) application, rate and timing for tropically grown mango crops in the Northern
Territory.

2. Provide clear information about the timing and quantity of N availability, cycling and losses
within mango orchard systems in the NT. It has also shown that significant quantities recycle,
that excess available N in the system is lost annually, and the level of N at which there may be a
reduction in harvested fruit quality. The N uptake efficiency of soil and foliar application were
quantified, and advice on best timings and rates provided (Activity 5).

3. Establish the timing and amount of mineralisation of N in mango orchards, with reference to the
two mango growing regions of the NT (Activity 6).

4. Show the potential of a range of soil amendments were tested using local soils, in a laboratory
situation. The nutrient holding capacities, leaching of nitrates and ammonium, and nitrous oxide
gas emissions were quantified. There is potential for soil amendments to be used in commercial
situations depending on cost and availability (Activity 4).

3.3 Demonstrate more profit from nitrogen
The research has quantified N uptake, N cycling and N loss pathways in NT orchards.

It has demonstrated that applying more N than necessary risks harvesting fruit with ‘stay green’ skin, a
post-harvest defect that can reduce the value of a crop. Excess available N is lost annually over the wet
season.

The significance of litter has been quantified in terms of nutrient content and nutrient recycling. A value
for that litter being maintained in the orchard system can be calculated along with the N losses
associated with wet season rainfall.

An economic analysis was prepared by Ag Econ, contracted by the MPfN project and will be available
October 2021 (More Profit from Nitrogen | CRDC). The potential fertiliser cost savings are estimated at
$140 per hectare. Also, reducing N inputs maintained fruit quality at “first grade”, with less likelihood of

fruit being downgraded to “composite”. This maximised the harvest return, potentially worth $2,949
per hectare.
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4 Collaboration

The most productive collaborations are those with NT commercial mango growers. A research program
that generates meaningful results is only possible with their generous assistance and access to their
orchards. There are many that have participated in multiple projects over the years. Thank you to all of
you for past and future collaborations.
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Extension and adoption activities

Description Title Date
Project launch: Mango PrOJ?ct fundlr.1g success — More 10/07/2016
Matters Profit from Nitrogen
Project announcement: NT RD4P projfzct fundir.1g success — 1/12/2016
Farmers newsletter More Profit from Nitrogen
NT Department of Primary
Industry and Resources Project starts research work 24/03/2017
(DITT) e-newsletter article
Australian Mangoes
Industry Association (AMIA) | Project starts field work 14/04/2017
e-newsletter article
DITT webpage article NT mango research hits the national 10/05/2017
stage
Fresh Plaza e-newsletter of New research to better use nitrogen
the Fresh Produce Industry: | . . & 12/05/2017
. . in mango production
Project article
Presentation to Chinese Understanding nitrogen in mangoes
delegation from Baise City, . . g. . .g goes, 17/12/2016
. improving profitability
Guangxi
Abstract for XIl Precision farming in mango to
International Mango " & & 15/03/2017
. . manage nutrition
Symposium, China
T
International Mango g ' . ) ' 15/03/2017
. . position and time of potassium
Symposium, China .
nitrate spray
. More Profit from Nitrogen:
P tat t AMIA
resentation a Understanding the role of nitrogen 4/05/2017
conference, Bowen . .
in mango production
Presentation at AMIA Multl-s.cale monlt.orlng tools for
managing Australian tree crops — 5/04/2017
conference, Bowen
phase 2
2017 Australian M Indust
Top Paddock article ustralian Mango fndustry 15/09/2017
Conference a blast
Participation in mango
magpie geese pI’OJEC"E - Mango magpie geesg project — 25/05/2017
mango grower meeting at mango grower meeting
CbU
Growers can actively lead new
Mango Matters article — cutting-edge research into 12/07/2017

Winter 2017

optimising nutrient management for
the mango industry
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Presentation at XII

Precision farming in mango to

International Mango " 12/07/2017
. . manage nutrition
Symposium, China
Participation in AMIA
mango pre-harvest AMIA mango pre-harvest meetings 15/08/2017
meetings
Master’s thesis: Maddison Site-specific variation of nitrogen
Clonan, Charles Sturt availability across four soil types 15/11/2017
University found on Top End mango farms
MPfN mango grower
update — November 2017 Mango grower update 16/11/2017
newsletter
Quantifying nitrogen use efficiency
Top Paddock article in tropical mango production 15/12/2017
systems
DITT and NT Farmers L .
Association mango R&D Optimising nutrient management
. . for improved productivity and fruit 9/05/2018
forums for industry (Darwin uality in maneoes
and Katherine) q ¥ &
International Society of .
Horticultural Science lonome balance analysis of mango
fruit from an orchard with and 12/08/2018
Congress, 12-18 August without resin canal discolouration
2018, Turkey
Nitrogen Natters article Nitrogen manag'e'ment for |mproved 31/07/2018
mango productivity and quality
Journal article Optimisi;i fotlia; n(i:ltlrogerjc ulptz;ke of
] mango: Effect of adjuvant, lea
Acta Horticulturae 1299, p position and time of potassium 22/05/2018
269-274 nitrate spray
Journal Article Exploring the potential of high
resolution WordView-3 imagery for 22/11/2018

Remote Sensing 10, 1866

estimating yield of mango

Post-harvest review
meeting, NT Farmers

Post-harvest review meeting Darwin
and Katherine the following day

21,22/03/2019

Research group meeting on
mango-based research
across horticulture,
entomology and
biosecurity. Berrimah Farm.
DITT

More profit from nitrogen

30/05/2019

MPfN mango grower
update — May 2019
newsletter

Mango grower update

30/05/2019

Top Paddock article

Mango leaf litter and pruning: A
large and hidden nitrogen input

3/06/2019
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AMIA 12th Biennial
Australian Mangoes

Conference, 2019 Darwin- Advances in mango production 2019 | 15/05/2019
presentation
AMIA 12th Biennial
Australian Mangoes Optimising nutrients-nitrogen in
Conference, 2019, field day | mango systems of the NT 17/05/2019
presentation
Project presentation
RRDP1720: 2019 Australian . .
Fertiliser Industry Optimising nutrient management
Conference/MPfN program fclojrallri:pir:\;i:nprgssuctlwty and fruit 6/09/2019
partner forum field q ¥ &
excursion
Exploring the potential of high-
Conference procgedmg, resol'utl.on satellite imagery for yield 11/11/2019
TROPAG 2019, Brisbane prediction of avocado and mango
crops
Northern Territory Natural
Resource Management. More efficie.nt nitrc_>gen fertiliser use 12/11/2019
Awards. DITT MPfN project | in mangoes in tropical climates
finalist
Master’s thesis: Dakshina Effect of different scions on
Yadav, Charles Darwin macronutrient resorption of mango | 1/12/2019
University Kensington Pride rootstock
DITT Territory Natural Resource
Top Paddock article Management (TNRM) Award 9/12/2019
finalists
Honours thesis: Benjamin The limit of soil organic carbon
Vickery, Queensland L & . . 2/12/2019
. . sequestration in tropical soils
University of Technology
. . The interaction between nitrogen
American Geosciences fertiliser and leaf litter application
Union Fall meeting, San rHser . PP 9/12/2019
. drives nitrous oxide emission from
Francisco, USA K
tropical mango orchards
Nitrogen Natters article Mango Ieaf'lltter ar'1d prunl.ngs: A 20/12/2019
large and hidden nitrogen input
Australian T C
us rallan rée rop 'Floored' by mango's benefits 26/02/2020
Magazine article
Zoom presentation to .
Mango orchard N cycling and use 30/04/2020
Nutrano Farm managers
2020 MPfN program Optimising nutrient management
partner update and for improved productivity and fruit 23/04/2020
exchange quality in mangoes
2020 International Nitrogen . L
Nitrogen recycling in mango
Initiative (INI) conference in g yeing 8 27/05/2020

Berlin, abstract and poster

orchards from litter and biomass
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accepted (deferred due to
Covid-19)

Mango Matters magazine —

Skin deep: How ethylene affects

15/10/2020

Submitted for review

fertilisation and precipitation

Spring 2020 article mango quality
Australian Tree Crop . . .
M litter linked to fruit col
magazine — Winter 2020 ango fitter finked tofrutt coour— 30/06/2020
. penalty
article
Is there leaf N uptake from foliar
Nitrogen Natters article spraying of potassium nitrate at 14/08/2020
mango flowering and fruit set?
The mango team creatively extend
Nitrogen Natters article their work to mango growers of the | 18/11/2020
NT
Participation in mango Mango growers pre-harvest
growers pre-harvest gog p 11/08/2020
. roadshow, Darwin
roadshow, Darwin
Participation in mango
growers pre-harvest Mango growers pfe harvest 12/08/2020
. roadshow, Katherine
roadshow, Katherine
Journal article Combined effect of nitrogen
Nutrient cycling in fe?rtiliser a_nd Ieaf.lit.ter c.arbon qrive 23/09/2020
agroecosystems, nitrous oxide emissions in tropical
September 2020 soils
Journal article F_eaf Iittcer deFomposition dynamics .
in tropical soils: The effect of N Submitted

Factsheet

Will be available
electronically, DITT

Foliar uptake of nitrogen

In preparation

Factsheet

Will be available
electronically, DITT

How nitrogen affects mango fruit
quality

In preparation

Factsheet

Will be available
electronically, DITT

Annual nitrogen cycling in NT mango
orchards

In preparation

Factsheet

Will be available
electronically, DITT

Nutrient resorption in mangoes

In preparation

Mango orchard N balance
for the NT —in preparation

Best practice guide for N application
in NT mango orchards-in
preparation for inclusion in
MG17000

Continuing

Please note that some planned extension events were cancelled due to Covid-19 restrictions and

associated uncertainties in 2020.
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5.1 Extension of the research to the end user

The ‘story’ has come together at the end of the project and while a number of articles were written and
updates provided in talks and meetings along the way, the big picture was in development as
components were gradually completed. There were significant delays due to Covid-19 in 2020 with
laboratories shut down for extended periods and catching up with the subsequent backlog of analyses.
However, the project has generated interesting and new information for growers to consider and
incorporate into their orchard management.

To ensure this story containing new and different information is heard, it is being further developed for
delivery to NT growers.

This will from part of a collaborative project (MG17000 with Hort Innovation, AMIA, DITT, CQ University,
Queensland Department of Agriculture and Fisheries (QDAF), and the Western Australian Department
of Primary Industries and Regional Development (WADITTD) that is underway building ‘best practice’
resources for the mango industry. The factsheets resulting from our N research are being prepared for
local release. This will expand the reach and extension of this work significantly.

5.2 Recommendations to industry on adoption of the research
outcomes

The data generated in the MPfN mango project is consistent with the presented outputs of the cherry,
cotton and sugarcane industries. There is an excess of N being applied generally across horticultural
crops.

In mangoes, there is a fruit quality penalty to excess application of N. In this work, an indication of what
constitutes too much N in NT conditions for post-harvest ripening defects has been provided for
growers.

Other consequences of excess N application for mango growers, but not canvassed in this work, are
increased fruit susceptibility to fungal pathogens and associated fruit rots during the post-harvest
period.

As emissions of the greenhouse gas nitrous oxide (N2O) from litter and fertiliser are well below the
Intergovernmental Panel on Climate Change (IPCC) limits for intensive horticulture in Australia, NT
mangoes have the potential to be promoted as a low emissions horticultural industry.

By adopting these recommendations, the industry will benefit from higher profits due to lower inputs
and higher quality fruit.
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6 Lessons learnt

6.1 Research level

It is always a challenge researching annual crops, particularly large and valuable trees. Field research is
preferred and if you are lucky, there is time and some sacrificial trees available to develop new
methods. Nature waits for no-one, and gathering high-quality data and samples can be an exciting and
occasionally stressful occupation.

We learnt that mango trees transpire slowly and develop only slightly negative xylem pressure in the
wet season when humidity is around 90 % and the ground is waterlogged. This contrasts dramatically
with the low humidity of the dry season when there is no rain for months.

Mangoes contain about the same amount of N as apples, and trees require comparatively low amounts
of N to produce high-quality fruit.

On a lighter note, tree netting is not suitable to catch litter in NT mango orchards as pythons can
become trapped and are unable to reverse out of a tight situation. This was discovered before
experiments began and several pythons were released. The revised shade cloth and screen litter nets
captured every leaf and flower while pythons were seen passing through.

6.2 Industry level

NT grown mangoes have the potential to be promoted as a crop associated with low nitrous oxide (a
greenhouse gas) emissions. The emissions measured in this project were well below the Tier 2 IPCC
limits for intensive horticulture. Compared to many crops, mangoes require low N inputs.

The impacts of ethylene-accelerated ripening on sugar accumulation in mangoes are notable. In this
project, skin colour and flesh softening processes responded to ethylene treatment, but sugar
accumulation did not. Industry needs to be aware of this; it has the potential to extend the time to ‘next
purchase’.

6.3 Service provider/ Primary producer level

Talking to producers is always a learning opportunity. Finding out how they manage crops and the
reasons why they do certain things at certain times can make a researcher re-evaluate priorities or
redesign an experiment. It also provides a better understanding of the commercial pressures they
operate under, such as product pricing and timing, labour needs and costs of inputs. All these things
contribute to better directed research programs.
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Appendix A: Additional project information

A.1 Project material and intellectual property

Journal papers published

Pandeya H, Friedl J, De Rosa D, Asis C, Tilorook J, Scheer C, Bristow M, Grace P, Rowlings D (2020) Combined effect
of nitrogen fertiliser and leaf litter carbon drive nitrous oxide emissions in tropical soils. Nutrient Cycling in
Agroecosystems 118, 207-222. https://doi.org/10.1007/s10705-020-10094-6

Rahman M, Robson A, Bristow M (2018) Exploring the potential of high resolution WorldView-3 imagery for
estimating yield of mango. Remote Sensing 10, 1866. https://doi.org/10.3390/rs10121866

Sarkhosh A, Shahkoomahally S, Asis C, McConchie C (2021) Influence of rootstocks on scion leaf mineral content in
mango tree (Mangifera indica L.). Horticulture, Environment, and Biotechnology.
https://doi.org/10.1007/s13580-021-00355-w

Journal papers in preparation and review

Pandeya H, Friedl J, Mitchell E, De Rosa D, Asis C, Tilbrook J, Scheer C, Bristow M, Grace P, Rowlings D. Submitted
for peer review. Leaf litter decomposition dynamics in tropical soils: the effect of N fertilisation and precipitation.

Conference papers

Anson D (2019) Optimising nutrients in mango systems of the NT. 12th Australian Mango Conference, AMIA,
Darwin, Northern Territory.

Asis C, Meschiari L, McConchie C (2019) lonome balance analysis of mango fruit from orchard with and without
resin canal discolouration. Acta Horticulturae 1244, 221-228. https://doi.org/10.17660/ActaHortic.2019.1244.33

Asis C, Alexander T, Sarkhosh A, Umar M, McConchie C (2020) Optimising foliar nitrogen uptake of mango: effect
of adjuvant, leaf position and time of potassium nitrate spray. Acta Horticulturae 1299, 269-274.
https://doi.org/10.17660/ActaHortic.2020.1299.40

Bristow M, Asis C, Niscioli A, Robson A, Rowlings D (2017) Precision farming in mango to manage nitrogen
nutrition. XIl International Mango Symposium, China.

Bristow M, Asis C, Tilbrook J, Rowlings D, Robson A (2017) More profit from nitrogen: understanding the role of N
in mango production. 11th Australian Mango Conference, AMIA, Bowen, Queensland.

McConchie C (2019) Advances in mango production: 2019. 12th Australian Mango Conference, AMIA, Darwin,
Northern Territory.

Rahman M, Robson A, Salgadoe S, Walsh K, Bristow M (2019) Exploring the potential of high resolution satellite
imagery for yield prediction of avocado and mango crops. Proceedings 36, 154.
https://doi.org/10.3390/proceedings2019036154

Pandeya H, Friedl J, Asis C, Scheer C, Grace P, Rowlings D (2019) The interaction between nitrogen fertiliser and
leaf litter application drives nitrous oxide emission from tropical mango orchards. AGU Fall meeting, San Francisco
USA.

Thesis

PhD thesis

Pandeya H (2021) Carbon and nitrogen flux dynamics in highly weathered tropical soils: interaction effect of leaf
litter and fertiliser. Queensland University of Technology. Submitted for assessment May 2021.

Master’s theses

36
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farms. Master of Environmental Mangement, Charles Sturt University.

Yadav, D (2019) Effect of different scions on macronutrient resorption of mango Kensington Pride rootstock.

Master of Environmental Management, Charles Darwin University.

Honours thesis

Vickery, B (2019) The limit to soil organic carbon sequestration in tropical soils. Queensland University of

Technology.

Intellectual property

Nil

A.2 Equipment and assets

A.3

Item purchased

Date of purchase

Purchase price
(GST exclusive)

Nil

NA NA

Media and communications material

Description Title Date
Project Iaun'ch: Mango PrOJect'fundlng success — More Profit 10/07/2016
Matters article from Nitrogen
Project announcement: NT RD4I.3 project.funding success — More 1/12/2016
Farmers newsletter Profit from Nitrogen
DITT e-newsletter article Project starts research work 24/03/2017
AMIA e-newsletter article Project starts field work 14/04/2017
NT h hits th tional
DITT webpage article mango research hits the hationa 10/05/2017
stage
Fresh Plaza e-newsletter of New research to better use nitrogen in
the Fresh Produce Industry: . & 12/05/2017
. . mango production
project article
Top Paddock article 2017 Australian Mango Industry 15/09/2017
Conference a blast
. Growers can actively lead new cutting-
Mjcmgo Matters article edge research into optimising nutrient 12/07/2017
Winter 2017 -
management for the mango industry
MPfN mango grower
update — November 2017 Mango grower update 16/11/2017
newsletter
Top Paddock article O\ual"ltlfylng nitrogen us? efficiency in 15/12/2017
tropical mango production systems
Nit t fori d
Nitrogen Natters article 'trogen management for Improve 31/07/2018

mango productivity and quality
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Journal Article Optimising foliar nitrogen uptake of
Acta Horticulturae 1299, p mango: Effect of adjuvant, leaf position 22/09/2018
269-274 and time of potassium nitrate spray
Journal Article Exploring the potential of high resolution
Remote Sensing WordView-3 imagery for estimating yield | 22/11/2018
10’ 1866 of mango
MPfN mango grower
update — May 2019 Mango grower update 30/05/2019
newsletter
M leaf litt d ing: Al
Top Paddock article ango featlitier and pruning: A 1arge 3/06/2019
and hidden nitrogen input
. DITT Territory Natural Resource
Top Paddock article Management (TNRM) Award finalists 9/12/2019
Nitrogen Natters article Mangp leaf “Fter and'prunlngs: Alarge 20/12/2019
and hidden nitrogen input
Austra!lan Tr?e Crop 'Floored' by mango's benefits 26/02/2020
magazine article
Ma.ngo Matters. magazine — Skinldeep: How ethylene affects mango 15/10/2020
Spring 2020 article quality
Australian Tree Crop
magazine — Winter 2020 Mango litter linked to fruit colour penalty | 30/06/2020
article
Is there leaf N uptake from foliar
Nitrogen Natters article spraying of potassium nitrate at mango 14/08/2020
flowering and fruit set?
Nitrogen Natters article The mango team creatively extend their 18/11/2020
work to mango growers of the NT
Journal article ) ) .
. o Combined effect of nitrogen fertiliser
Nutrient cycling in and leaf litter carbon drive nitrous oxide | 23/09/2020
agroecosystems — emissions in tropical soils
September 2020
Journal article Leaf.litter (.:Iecomposition dynami_c_s in. .
. ) tropical soils: The effect of N fertilisation | Submitted
Submitted for review and precipitation

Resource outputs for industry

Title Author Date finalised Host platform for
ongoing use
Poster: Mango leaf uptake Tilbrook, Anson, In preparation, Electronic:
of foliar applied nitrogen Niscioli, Rowlings | ready for editing DITT
and Asis and publication
Poster: Nutrient cycling in Tilbrook, Niscioli, In preparation, Electronic:
mango orchards Anson, ready for editing DITT

Jayasekara,
Guinto, Bristow,

and publication
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Rowlings, and

Asis
Poster: Leaf nutrient Tilbrook, Yadav, In preparation, Electronic:
resorption in mango Adabor and Asis ready for editing DITT

and publication

Poster: How nitrogen affects | Tilbrook, Anson, In preparation, Electronic:
mango fruit quality Niscioli, Guinto, ready for editing DITT

Jayasekara, and publication

Rowlings and Asis
Poster: Mango trees and Tilbrook, Anson, In preparation, Electronic:
nitrogen movement within Niscioli, Rowlings | ready for editing DITT

and Asis and publication
Best practice guide for N . In preparation for | Electronic

S Mango extension | . Lo
application in NT mango roup DITT inclusion in AMIA
orchards group MG17000 DITT
A.5 Budget

Reconciliation and final budget details are pending final submissions and approvals.
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Appendix B: Current management practices of
commercial mango orchards in the NT

B.1 Introduction

Mango is the largest fruit crop by volume and value in the Northern Territory (NT). It is grown in two
main regions: Darwin and Katherine. Both regions have distinct wet and dry seasons; they are prone to
intense rainfall and flooding during the wet season, followed by droughts and fires. The average annual
temperature is around 27 °C. Over the course of the year, the temperature in Darwin typically varies
from 20 °C to 33 °C and is rarely below 17 °C or above 35 °C, with a minimum humidity of 30 % during
the dry season (Figure B.1a). In Katherine, the temperature ranges from 14 °C to 37 °C and is rarely
below 10°C or above 40°C, and humidity in the dry season is typically less than 10 % (Figure B.1b). Mean
annual rainfall ranges from 1,724 mm in the Darwin region and 1,009 mm in the Katherine region, with
the most rain occurring during the distinct November—March wet season.
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Figure B.1. Temperature and rainfall records for the Darwin mango growing region (Middle Point) (a) and Katherine mango
growing region (RAAF, Tindal) (b). Figures are redrawn from data sourced in 2020 (BOM).

The annual mango production cycle in the NT is dictated by the arrival of cool season weather between
April and August. Any variation in the timing of cool weather will influence when flowering occurs. The
fruit growth component of the production cycle is also influenced by temperature. Temperatures that
are too cool or too hot can limit fruit growth. Warm temperatures throughout the off-season period
(December to March) coincide with monsoonal rainfall which encourages vegetative growth and tree
recovery.
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A typical NT mango harvest starts in the Darwin region in September and ends in Katherine in
December. Fruit is sold in the domestic markets of Brisbane, Sydney, Melbourne and Adelaide with a
small crop volume exported.

This is a summary of current tree and fertiliser management practices in commercial mango orchards
across the NT. It highlights the variability within the industry where growers have site-specific practices
that are influenced by cultivar, microclimate and soil variability. This information was collected over
time from a range of sources as part of the More Profit from Nitrogen project (MPfN) and includes
grower engagement, field experiments conducted during MPfN, published information, observations,
industry small group extension activities and recent and historic grower surveys.

An examination of grower practices, in conjunction with MPfN project research results, will help
understand how nitrogen fertilisers are being used in the local mango industry and focus on nitrogen
use efficiency in the NT environment to deliver the benefit to growers in terms of a higher return on
investment.

B.2 Variety

In the NT, Kensington Pride is the most commonly cultivated mango variety and accounts for around 70
% of production. Australia-wide it accounts for ~50 % of production but is reducing as new varieties are
planted commercially. Other prominent commercial varieties are Calypso, R2E2 and Honey Gold, with
Nam Doc Mai and Keow Savoey grown for the green mango market (Table B.1). Kensington Pride and
common mango rootstocks are generally used for grafted trees and the type of rootstock used generally
comes down to its availability. The release of three new mango hybrids developed by the Australian
National Mango Breeding Program is pending. Currently known as NMBP 1201, NMBP 1243 and

NMBP 4069, they were developed to produce superior fruit in Australian conditions.

Table B.1: Orchard characteristics vary across the NT, depending on varietal and spacing recommendations at the time of
planting. The mango varieties, age and planting densities indicate the range of practices observed across the Darwin and
Katherine mango growing regions (personal observations of Alan Niscioli, DITT).

Variety Average tree age (yr) Tree density (trees ha'?) Tree spacing
Row (m)  Tree (m)
Kensington Pride 20-25 100-180 9-10 8-9
Calypso 15 125-300 8-10 4-6
R2E2 15 125-200 8-10 6-8
Honey Gold 10-15 125-300 8 4-8
Nam Doc Mai 10-15 125-300 8-10 4-6
Keow Savoey 10-15 125-300 8-10 41-6
B.3 Soil

Mangoes are grown on a range of soil types from light sandy loams to red clay loams that are common
in the growing regions of Darwin and Katherine. The soils are weakly structured and tend to lack any
textural contrast. They are generally characterised as having a high sand content of approximately 50 %
along with an average clay content of around 10-30 %. Soil chemical properties are acidic to neutral,
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trending into alkaline in Katherine, the drier of the two regions. This difference in pH is correlated to the
cation exchange capacity (CEC) of soils and the higher calcium content of Katherine soils (Table B.2). The
soils in these regions have been classified as Kandosols with grades of Rudosols and Tenosols (Vickery
2019).

Table B.2: The physicochemical properties of soils collected from six sites in the Northern Territory, Australia. Native vegetation
and orchard sites from the Darwin and Katherine region were paired with adjacent sites containing mango orchards of different
ages. Soil properties include soil texture, cation exchange capacity (CEC), pH, electrical conductivity (EC), bulk density (BD), total
nitrogen (N), and total carbon (C). The displayed BDs were calculated after the removal of gravel > 2 mm. Standard deviation is
shown (n=3) (Vickery 2019).

Native vegetation +SD  Orchard +SD Inter-row +SD

Clay (%) 9.2 16 8.7 1.8 8.8 038
Silt (%) 40.2 4.0 37.3 5.2 37.1 1.7
Sand (%) 50.6 4.9 53.9 6.6 54.0 2.4
Bulk density (g cm3) 1.2 0.1 1.3 0.1 1.3 0.0
CEC (cmol kg1) 4.0 1.1 4.5 1.1 3.3 0.2
pH 6.5 0.2 7.3 0.3 6.8 0.0
EC (mS cm3) 246 10.1 33.2 9.6 25.1 1.4
Total N (t ha'l) 1.6 0.4 1.6 0.3 1.6 0.1
Total C (t ha'V) 316 11.2 31.3 8.7 28.5 11
Stable C (t ha') 228 7.2 214 53 202 038
Labile C (t ha'?) 9.0 5.0 9.8 4.2 193 03

B.4 Fertiliser management

Nutrition can be a significant constraint to the productivity of mangoes in the tropics. Mangoes respond
well to macro elements such as nitrogen (N), phosphorous (P), potassium (K), calcium (Ca), magnesium
(Mg), sulphur (S) and micronutrients such as boron (B), copper (Cu), iron (Fe), manganese (Mn), zinc (Zn)
and molybdenum (Mo) (Levin 2018).

N has the greatest influence on the growth and development of mango plants and is an essential
element for chlorophyll, enzymes, protein and hormones. Deficiency of this element impacts on
vegetative and reproductive growth (Marschner 2012).

P is needed for energy storage and transfer and is associated with stem and root development. It is also
important in fruit set and ripening. Deficiencies of P impact a wide range of metabolic processes and can
lead to poor growth and small fruit (Marschner 2012; Nasreen et al. 2014).

K regulates osmosis and the movement of assimilates. It helps strengthen plants by thickening their cell
walls which improves fruit set, crop quality and shelf life. The strengthening of cell walls improves
tolerance to stress and diseases. K deficiency harms physiological functions and can affect fruit
development and reduce yield (Marschner 2012).
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Ca is essential for plant processes including signalling, cell wall construction, and cell division. A lack of
calcium can reduce plant stress responses and weaken tissue development, causing physiological
disorders in fruit (de Freitas and Mitcham 2012; Hocking et al. 2016).

Mg is a central constituent of the chlorophyll molecule and is essential for carbohydrate metabolism
and nucleic acid synthesis. Deficiencies of this element are detrimental to metabolic processes and
affect photosynthesis and carbon assimilation (Marschner 2012).

Microelements, B, Zn, Fe, Mn, Cu and Mo all have roles in cell growth and enzymatic activity in mangoes
(Winston undated). B for instance is associated with germination and development of apical growing
points. It has a strong relationship with Ca. Deficiencies in B can lead to reduced fruit set while Zn is
important for growth regulation and other metabolic processes, formation of chlorophyll, proteins and
carbohydrates. A lack of this micronutrient can lead to stunted growth, fruit abscission and reduced
yield (Winston undated; Marschner 2012).

Mango fertiliser/nutrition practices are determined by soil type, tree size and cropping history. Climatic
conditions, phenology cycle and annual leaf and soil analysis are usually considered when fertilising.
Nutrient management in mangoes is not highly standardised and a mix of methods are used to
determine fertiliser programs. Some growers develop programs based on technical advice provided by
agronomists while others base their programs on the interpretation of leaf and soil analysis (Hunt,
unpublished). Some growers experiment with various amendments and compounds to ameliorate soils
and improve nutrient productivity or to address a nutrient deficiency. Such products are used
intermittently and usually not for sustained periods. They range from organic and inorganic compounds
through to biological amendments and stimulants (Table B.3).

A number of fertiliser application methods are used in mango production including granular surface
application, fertigation and foliar spray application. Most fertilisers are generally applied after harvest
as a way of replacing nutrients removed from the farm when the fruit is harvested. A base-level mix of
fertiliser is administered either as surface-applied granules, which are broadcast within the irrigation
zone, or through fertigation using soluble forms of N, P, K, Ca and B. They can be applied singly or in
appropriately blended formulations (Table B.3).
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Table B.3: Examples of commercially available fertilisers which are soluble and suitable for fertigation or application via
irrigation systems.

Fertiliser

Principle nutrients

Urea

Calcium nitrate

Potassium nitrate

Potassium sulfate (‘K spray’)
Monoammonium phosphate (MAP technical grade)
Magnesium sulfate (Epsom salts)
Solubor

Boric acid

Zinc sulfate heptahydrate

Iron sulfate

Iron chelate

Manganese sulfate

Copper sulfate heptahydrate

Nitrogen

Nitrogen, calcium
Nitrogen, potassium
Potassium

Nitrogen, phosphorous
Magnesium

Boron

Boron

Zinc

Iron

Iron

Manganese

Copper

Foliar fertiliser sprays are generally applied to add trace elements or to top up nutrient supplies at
critical times in mango phenology such as flowering and setting fruit. In biennial bearing or less reliable
mango cultivars, the foliar application of N- and K-based solutions has become normal practice for
promoting and synchronising floral development, which depends on maturation or hardening of flushes
during inductive periods.

Atmospheric sources of nutrients

Atmospheric nutrient deposition, both wet and dry, can be important sources of critical or limiting
nutrients in natural ecosystems. An examination of the precipitation chemistry for Katherine over four
years (1980-1984) (Likens et al. 1987) found that wet season rainfall was responsible for the deposition
of 0.59 kg ha* dissolved nitrate and 0.42 kg ha* ammonium forms of N. Rainfall was also found to
contain 0.39 kg ha* of dissolved Ca, 0.18 kg ha™ of Mg and 0.44 kg ha of K. The study indicated that
higher rates of deposition occur early in the wet season. The concentration of chemical constituents in
precipitation decreases in the later months of the wet season when monsoonal rainfall is heaviest,
suggesting a dilution of ions in the atmosphere. It was postulated that these relatively high
concentrations were driven mostly by the combustion products of wildfires burning in the region. The
Darwin region experiences significant wildfires and rainfall over the same periods, so nutrient
deposition may also be fire-linked, with around 1 kg ha™ N deposited annually.

B.5 Water management

The irrigation of mangoes is highly varied between orchards. Almost all commercial mango enterprises
in the Katherine and Darwin regions irrigate their mangoes with water derived from bores that recharge
in the wet season. The quality of water varies from low pH and low mineral content water, usually

44



Rural R&D for Profit Program Final Report: More Profit from Nitrogen

derived from shale or quartz-based aquifers, to high pH and high Ca and Mg content water that comes
from dolomitic or limestone based aquifers (Blaikie and Cavenagh 2003).

In soils irrigated with water of low pH, such as in the Darwin region, nutrients tend to be available for
uptake into plants, but are also more mobile and subject to leaching (Table B.4). Regular applications of
Aglime and dolomite are needed to maintain the desired cation balance, while fertiliser additions may
be required to compensate for lost nutrients. Water with a high pH is generally derived from limestone
aquifers, as in the Katherine region. The soil in the region tends to have a high pH and can require large
applications of dolomite or gypsum to maintain nutrient availability (Slattery et al. 1999)

Table B.4: The characteristics of bore water can vary greatly depending on the source. The slightly acidic (lower pH) water in
the Darwin region has little to no Ca or Mg so they are applied as fertiliser components. Bore water in the Katherine region
tends to be alkaline and the soil is alkaline which can limit the availability of Ca and Mg to tree roots in orchards. Applications
of dolomite or gypsum can reduce soil pH, making these nutrients more available for uptake. Table redrawn (Blaikie and
Cavenagh 2003).

Location pH EC Ca Mg HCO3
(yScm?) (mglL?)
Darwin 5.2 19 5 1 3

Katherine 7.4 655 79 29 232

Delivery and irrigation scheduling

Micro sprinkler systems with high delivery rates, usually 70 L ha or more, to irrigate orchards are
common across the industry. A wide range of irrigation schedules are used by growers. Some growers
use a fixed schedule throughout the flowering and fruiting period where the same weekly amount is
applied across the irrigation season, while others have a varying schedule that considers the
physiological stages of mango such as flowering, fruit growth, fruit load and seasonal conditions.

In mature orchards (established fruiting trees), most growers prefer to start irrigating at low or
restricted volumes at the pre-flowering stage, equivalent to 25-50 % of the average rate of evaporation
(Blaikie and Cavenagh 2003). This is usually from the early-to-mid dry season until flowering
development begins (April-June). This period of low soil moisture or mild water stress is believed to
encourage earlier and more synchronous flowering. The supply of small volumes of water ensures trees
are not excessively stressed and encourages enough active growth for bud development and
differentiation. Some growers prefer to increase irrigation after 50 % of the tree is in flower and at least
50 % of the flowers are open. This can cause flower drop and reduced fruit set. However, most
producers will increase the irrigation from the commencement of visible flower panicle development in
an attempt to speed up the flowering and fruit-setting process (Diczbalis et al. 2006). Post flowering,
trees generally receive irrigation at a level of around 70-85 % of the rate of evaporation, which is
usually continued until harvest. Some growers encourage the earlier development of 15 % fruit dry
matter (minimum market standard) by manipulation of irrigation inputs whereby irrigation volumes are
reduced up to 1-2 weeks prior to harvest, usually at 20—40 % of evaporation. The desire for the early
flowering of trees is driven by the financial benefits of early access to interstate markets and the
associated reward of high prices.
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After harvest, some growers will reinitiate irrigation to promote growth and early flush. This is usually
applied after pruning and fertiliser operations are complete, especially if there is a delay in wet season
rain.

Irrigation rates

The irrigation requirements of mangoes are highly variable and depend on many factors including the
variety grown, tree age, planting density, rainfall, evaporation and evaporation replacement. The
amount of water taken up by the roots differs considerably from about 100 L per week in young trees to
around 700 L per week in mature trees. When losses of soil water such as evaporation, runoff and deep
drainage are considered, the weekly irrigation requirement to avoid plant drought stress during times of
peak demand can be in the range of 1,000-1,500 L for large trees (Blaikie and Cavanagh 2003).

Irrigation volume and frequency depend on soil type (water holding capacity), effective root depth, bore
capacity and output. Many growers calculate their crop irrigation requirements based on crop
coefficients that have been published for mangoes. The crop coefficient (Kc) is calculated from data
about the production site and plant development phase, along with rainfall and evapotranspiration (ET)
estimates or forecasts and soil water holding capacity. Combined, they are used to calculate the mango
irrigation requirement for a specified area. Typical crop coefficients and factors for mango grown in the
Darwin region are outlined in the irrigation calculator (Table B.5).

Table B.5: Irrigation calculator prepared by Plant Industries, NT Department of Industry, Tourism and Trade for ‘Building Best
Management Practice Capacity of the Australian Mango Industry’ (MB17000) project, part of the Hort Innovation Australia
Mango Fund.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Crop coefficient (Kc) 07|07 07|07]|]07|07|07]|07|07]|07]|07]|07

Mean menthly rainfall (mm) 301 (256 | 246 | 70 (14| O 0 0 486752 816 404

Mean menthly ET (mm) 155 | 159 | 124 | 136 | 146 | 129 | 146 | 164 | 187 | 168 | 186 | 115

Soil water holding capacity (mm/m) 168 168 168 | 168 168 168 168 168 168 @ 168 @ 168 168

Irrigated area (%) 70 ) 70 |70 (70|70 [ 70 | 70 | 70 [ 70 | 70 [ 70 | 7O

Total area (ha) 100 | 100 | 100 | 100 | 100 100 100 100 | 100 A 100 | 100 100

Irrigation efficiency 085 0.85/085/0.85 0.85/085 0.85 0.85/0.85 085|085 0.85
Annual

Effective rainfall (mm) 168 | 168 | 168 | 70 | 14 | 0 0 0 |48.6[75.2|81.6| 168 | 946.8

Crop water requirement (mm) 0 | 111 |86.5|953| 102 | 90.4| 102 | 114 | 131 | 118 | 130 | 80.5 | 1161.2

Water deficiency (mm) 0 0 0 |30.3]106 954|107 | 119 |87.3 |47.3 |53.7| 0 |646.46

Volume (ML/ha) 0 0 0 |0.18[0.63/0.57|0.64[0.71)0.520.28 | 0.32| 0 | 3.8464

Volume (ML/total area) 0 0 0 18 | 63 | 56.8 |63.7|71.1/51.9|28.2| 32 0 | 384.64

Volume (ML/total area/day) 0 0 0 |06 [203[1.890|2.05[2.29[1.73/0.91[1.07| 0

B.6 Canopy management

Annual pruning

Pruning on an annual basis is widely practised in commercial orchards. Regular pruning is used to
maximise the number of fruiting terminals and control tree size, making it easy to harvest and manage
while improving fruit quality.

Pruning is usually conducted as soon as possible after harvest. This allows the new flush/leaves time to
fully develop in the wet season when the potential for photosynthesis is greatest and provides an
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opportunity to rebuild the stored reserves of the tree before the onset of flowering and fruiting when
demand for reserves is high.

In general, trees are mechanically pruned or hedged into a square shape with sides and top trimmed
flat. They are typically maintained at about 4 m in height and kept in check once desired size is achieved
by removing the previous season’s growth at each pruning event.

Some hand pruning may be necessary after machine pruning, particularly within the tree canopy. The
interior of the tree is usually opened by removing some of the branches where growth is crowded or
crossing over. An open canopy will improve spray application, increase light and air circulation, and
minimise both disease and pest load.

Almost all commercial mango operations recycle the material resulting from pruning operations. Cut
material is generally dragged into the inter-row and mulched to small pieces or woodchip using a
mulcher/flail mower. This material is left in situ and allowed to decompose, recycling nutrients and
carbon within the orchard system.

Growth regulators

Growth regulators are used for canopy management in mangoes. Paclobutrazol (PBZ) is a plant growth
regulator registered with the Australian Pesticides and Veterinary Medicines Authority (APVMA). It is
widely used to reduce vigour in mango trees and to promote flowering, leading to increased yields. PBZ
is registered for use on mango as a collar drench at a rate of up to 20 mL tree}, to be applied after
harvest and generally no later than mid-February. However, reported usage rates vary widely. Some
operators describe off-label rates of administration as high as 60—90 mL on extremely large trees. On
sandy soils, some growers allow trees to commence vegetative growth after harvest prior to treatment.
The chemical is diluted in several litres of water to assist in the application and spread around the root
zone and is applied 90—120 days prior to when flower induction is required. The post-harvest
application of PBZ to the soil can have a significant effect on flowering and fruiting following application.

B.7 Flower induction

Temperatures are inductive

In mangoes, the trigger for reproductive growth is complex, but cool weather is generally associated
with the onset of flowering. Floral induction occurs when trees are exposed to cooler night-time
temperatures that occur in the dry season, typically (May—June). In general, mangoes grown in the NT

require temperatures below 18 °C to stimulate flowering; however, daytime maximum temperatures
may also have inhibitory effects and some influence on floral induction. Recent studies suggest that
these temperature thresholds are cultivar specific with different varieties exhibiting different
sensitivities. Although cooler temperatures are required to induce flowering, the level of vegetative
flushing will also modify or even inhibit the flowering response (Clonan et al. 2021). If trees are
undergoing a flush of new leaves when cool inductive temperatures occur, then those terminals are less
likely to flower compared to terminals that did not recently flush. The development of a new flush can
also disrupt the signalling processes associated with flowering across the tree by altering the ratio of
temperature-regulated florigenic promotors and age-related vegetative promotors during shoot
initiation.
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Paclobutrazol

PBZ is a plant growth regulator widely used to reduce vigour in mango trees and to promote flowering.
It is believed that gibberellins act as inhibitors to flowering. PBZ acts by blocking the synthesis of these
flowering inhibitors, allowing the flower-promoting factor(s) to be effective. PBZ itself does not induce
flower initiation in mangoes as it is applied months before induction. It is thought that PBZ increases
carbohydrate reserves through increased photosynthesis and slows the vegetative flush cycle. This
allows the most recent flush to mature, making it more responsive to inductive treatments and
favourable low air temperatures.

Potassium nitrate and other floral promotors

Foliar potassium nitrate (2—4 %) is commonly used by growers as a floral promotor and is thought to
promote bud development, which undergoes floral induction when contemporaneous with low
temperatures. Potassium nitrate is also thought to be effective in the synchronisation of flowering when
temperatures are inductive. Some growers use foliar applications of both potassium and ammonium in
sulfate form. Urea and foliar mixes of N, P and K are also used to mature flushes and induce flowering.
Synchronised flowering means that fruit harvesting is more efficient, with most fruit maturing at the
same time.

Cincturing and girdling

Girdling or cincturing is a technique used to improve the earliness and intensity of flowering in
mangoes. The procedure involves cutting a ring of bark (phloem) out of the main trunk or branches of
trees which restricts the movement towards the roots of carbohydrates produced in the leaves. This
temporarily restricts tree growth, changes the hormone balance, and makes the tree more likely to
flower. This technique is generally applied to mature or older trees as this technique can be too stressful
for younger trees. Girdling was a widely used technique that is now occasionally practised in the
industry. Some benefits in terms of flowering and increased yield have been shown (Chacko et al. 1982;
Blaikie et al. 2000), while leaf photosynthesis is reduced (Urban and Alphonsout 2007) and vegetative
growth reduced by 50-60 % (Blaikie et al. 2000). The risk of productive trees dying as a result of
cincturing, and the chemicals involved, discouraged continuing widespread use of the technique.

Tip pruning for flowering and yield

Controlling growth to stimulate the formation of vegetative and reproductive buds is common practice
in fruit tree management. Flowering occurs on new growth, so if there are more new shoots, more
flowers are likely which means a higher potential yield in the following season.

Pre-flowering tip pruning is used to induce synchronous, uniform flowering and fruiting in mango. This
pruning takes place from about the middle of May and involves the removal of apical stems to stimulate
the initiation of axillary shoots. If the timing and temperature are right, it is followed by a floral rather
than a vegetative flush, meaning more flowers on the tree and potentially more fruit set and higher
yield. The added advantage is a reduction in tree size when two or more leaf flushes are cut back. Tip
pruning is not a common practice as the time span when this pruning can be safely done is short.
Unfortunately, if it is done too soon or too late in the season, the crop can be lost due to vegetative
growth instead of flowering.

In this way, pruning can regulate shoot production and timing and improve productivity. Growth of
mango is not continuous but occurs during the active growth period over the wet season as
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intermittent, short-lasting flushes from apical or lateral buds. Under normal conditions, early initiation
and cessation of growth, followed by a definite dormant or quiescent period during the early dry season
will help shoots attain proper physiological maturity essential for fruit bud initiation.

Commercial mango orchard management practices are continuously reviewed and updated as research
knowledge builds along with rapidly developing technologies.
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Appendix C: Research technical summary.
Optimising nutrient management for improved
productivity and fruit quality in mangoes

The dynamics of nitrogen (N) uptake, movement and storage in mango trees over time has not been
investigated in tropically grown mango in the Northern Territory (NT), which has a climate and soils
that are different to conditions in other mango growing regions of Australia. To understand what
constitutes efficient use of N in commercial orchards, an N budget for mangoes needs to be
constructed. A budget needs to include N applied, N cycling, gaseous emissions, N losses via
leaching and N leaving the orchard in harvested fruit. This will provide information to reassess N
application and nitrogen uptake efficiency (NUE) in commercial orchards, thus identifying potential
cost efficiencies and reduction in N loss to the environment. The experimental work was conducted
in a range of locations including Coastal Plains Research Farm (CPRF) in the Darwin region,
commercial orchards in the Darwin and Katherine regions, and pot-based trials at Berrimah Farm,
Darwin, NT.

Yields of mango fruit generally vary from year to year. This could be attributed to the irregular
bearing nature of the tree, seasonal conditions, or mineral nutrition of the plant. Among the
essential nutrients needed by mango, N has the greatest effect on the growth and development of
plants because of its role in morphological and physiological functions. It is a constituent of key cell
molecules such as amino acids, nucleic acids, chlorophyll, adenosine triphosphate (ATP) and several
plant hormones. N is also an essential regulator involved in many biological processes, including
carbon metabolism, amino acid metabolism, and protein synthesis (Eckstein et al. 1999; Marschner
2012; Crane et al. 2009; Bally 2009).

C.1 Uptake of soil-applied nitrogen fertiliser into mango trees

Introduction

Mango trees obtain N from the soil and take it up into their root systems, mostly in ammonium
(NH4*) and nitrate (NOs’) forms. Soil organic matter often contains much of the soil reserves of
nutrients, in particular N. However, soils in the NT are low in organic matter because they are
oxidised during the long annual dry periods. Carbon (C) levels in well-drained soils are less than 1 %
on the surface horizon and the mineral fraction of most soils has very low cation exchange capacity.
Low soil fertility and high permeability also increase the leaching and lateral movement of nitrates
and phosphates. Therefore, most soils are highly erodible, have poor natural fertility, and have low
water holding capacity (Smith and Hill 2011).

External application of N fertiliser from organic and inorganic sources is important to meet the crop
demand. However, the response of mango to N fertiliser application is also influenced by its source,
its rate, timing, and method of application, tree-growth stage, climate, edaphic conditions, soil
moisture status, and cultivar vigour (Bally 2009). Improper or excess application of N may lead to
nutrient deficiencies and toxicities which result in reduced tree growth, yields and fruit quality.
Additionally, excessive application of N can negatively affect the natural environment. Thus, N
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fertiliser management practices should continue to be refined and developed. This involves
monitoring the dynamics of N at different growth stages of the plant.

Our research interest is geared towards understanding the uptake, dynamics and recycling of N
during the different growth stages of mango. The partitioning and recycling of N can be determined
by using stable isotope-labelled fertiliser. In this study, we will quantify the nutrient uptake and
mobilisation of N. This information will help to improve the N fertiliser management and N use
efficiency in mango production systems. Experimental work was conducted on young Kensington
Pride (KP) mango trees at CPRF and on mature KP trees at a commercial orchard in the Katherine
region of the NT.

Methods

The experiment was conducted from June 2015 to November 2019. Seeds of KP were collected from
Jabiru Tropical Orchard (JTO) in Lambell’s Lagoon. Embryos were extracted from the mango seeds
and germinated in commercial potting soil, in plastic pots. Two months after emergence, individual
seedlings were repotted into larger (1.5 L) pots, then grafted with KP budwood, also sourced from
JTO. Three blocks of twelve grafted trees were transplanted into a field site at CPRF in

September 2015. A row of buffer trees was planted around and between the blocks. In each block of
twelve trees, three replicates of four levels of N (0, 20, 40 or 60 g tree) in the form of ammonium
sulfate (NH,S0O,) were applied according to a randomised block design. This was equivalent to 0, 5, 10
and 15 kg ha at a planting density of 250 trees ha. Foliar application of micronutrients was
completed at 6 and 12 months after planting. Also applied were the commercially recommended
quantities of P (35 kg ha), K (76 kg hal), S (20 kg ha) and Ca (from lime, 6 kg hal). In January 2016—
2019, 300 g of MPK was applied to each tree. As a risk mitigation strategy, a duplicate set of three
blocks of twelve trees was established immediately adjacent with the same management and
fertiliser application, to be sampled in the event trees were lost due to weather (cyclones or storms)
or destruction by Mastotermes darwiniensis. Fruit was harvested from the duplicate blocks of trees
in 2018 and 2019.

To enable quantification of tree uptake of soil-applied NH,SO., an enriched form with 2.10 atom%
excess >N was applied at the various treatment levels to the soil under the canopy drip lines of all
trees in January 2017 and January 2019. During the experimental period of 2015 until 2019, usual
orchard management practices were followed for pest management and micronutrient application,
with no potassium nitrate foliar sprays.

Data collected over time included tree height, canopy size, N content of tree components, fruit yield
and N uptake from soil-applied N as trees grew from the juvenile stage in 2015 past the first harvest
of commercial quantities of fruit in 2019. To quantify N uptake of soil-applied N, a single block of
twelve trees was destructively sampled in 2017, 2018 and 2019 (Figure C.1).
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Figure C.1: Preparation of tree material started with grafting of KP shoots onto KP rootstocks (a), growing the pots (b),
leaves flushing on grafted KP trees (c), setting up the orchard irrigation prior to planting (d), planting grafted KP into the
orchard (e), pruning for shape (f), measuring and lifting trees from the soil to measure N content and uptake through the
trees (g and h).

Soils

Soil nitrate and ammonium content in soils at CPRF did not vary widely in response to the range in
guantities of applied N fertiliser in January of each year 2017-2019 (Table C.1).

Table C.1: Orchard soil nitrate (a) and ammonium content (b) at CPRF did not vary over time or in response to annual soil-
applied fertiliser. Mean, standard error of the mean (sem), n=3.

Measured soil nitrate (yg g)

Applied N
g tree! kg hat 2017 2018 2019
@250 trees hal tsem tsem tsem
0 0 0.5 0.1 0.6 0.3 0.5 0.1
20 5 0.7 0.1 0.9 0.4 0.5 0.1
40 10 1.0 0.1 0.5 0.2 0.4 0.1
60 15 0.7 0.1 0.8 0.2 0.4 0.1
b. Measured soil ammonium (yg g1)
Applied N
g tree! kg hal
@250 trees ha? tsem tsem +sem
0 0 11.6 0.7 5.3 0.6 13.3 1.5
20 5 13.0 0.4 5.1 0.3 18.3 4.9
40 10 135 1.1 5.0 0.8 124 0.6
60 15 15.9 0.1 5.0 0.9 15.0 1.5
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Tree harvesting and biomass partitioning

A method of lifting whole trees was developed to enable quantification of tree components, N
content, ’N-labelled content and uptake of N applied to the soil into mango trees over time.
Equipment used for creating fence post holes was modified to do this. A hollow metal probe of
approximately 1.6 m length, with a perforated, tapered tip was connected to hoses, which were then
attached to a firefighting water tank fitted with a pressure pump (Figure C.2a, b).

Figure C.2: A method was developed to deconstruct, then lift trees out of the soil so the component parts could be
weighed and dried for analysis. A hollow steel probe with a perforated, tapered tip was attached to a fire tank with a
pressure pump (a, b). Trees were de-branched with pruning saws and a chain saw (c). The probe injected large quantities
of water into soil surrounding the trunk of the trees, sufficiently softening it to lift out with most roots remaining intact (d).

Testing showed that injecting large quantities of water into the ground, to the full depth of the
probe, around a 3 m radius from the tree trunk, softened the soil into a slurry. A webbing ‘snatch
strap’ was wrapped around the trunk, then attached to a tractor forklift to elevate the tree out of the
ground (Figure C.2c, d).

The lifting of a tree out of the ground followed a sequence:

1. Trees were irrigated overnight.
2. One tree was lifted and processed at a time, and fresh weights (FW) of components recorded.

Large quantities of water were introduced into the soil around the stem of a tree to make the
soil into a slurry (Figure C.2a, b).

4. Branches were cut from the canopy and transported in a tarpaulin into an open shed and
leaves were immediately stripped from branches into large plastic bins.

5. The stem had a snatch strap wrapped at the top, at the point of branching.
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6. Additional water was introduced into the soil if possible, then the tractor forks lifted the
snatch strap and attached tree slowly from the soil as roots released from the soil.
7. Soil attached to the roots and fine roots was washed off.

Stem was cut from roots using a chain saw, and slices (biscuits) cut from the stem (three cuts:
top, middle and base of stem) and taproot (one cut at 20 cm below the soil surface).

9. All components were deconstructed and FW recorded, starting with leaves, then branches,
stem and roots.

Blocks of twelve trees (three replicates for each N treatment level) were measured then lifted in
April 2017, April 2018 and post-harvest in November 2019. In 2017, all harvested materials of the
juvenile trees were transported to Berrimah Farm and dried in ovens at 50 °C until stable weights
were achieved. In 2018, most above-ground materials were dried and, in 2019, materials subsampled
from trees were dried and standard curves constructed from FW:DW data in the preceding two years
were used to calculate the DW of each component.

Representative material was subsampled from across each quadrant of the tree in a standardised
fashion for each year. Leaves (approximately 500 g DW randomly selected), branches (10 x 5 cm
lengths of current season green branch and 10 x 5 cm lengths for older brown bark branch), stem or
trunk (3 x biscuits of wood were cut from the top, middle and base of stem) and roots (fine, <2 cm
diameter and 1 x biscuit from the taproot, subsampled for analysis in the ratio 1/3: 1/3: 1/3 on a DW
basis).

The material was washed in tap water, rinsed in Millipore filtered water then dried in ovens at 50 °C
until a constant dry weight was attained. All fruit on trees was harvested in October 2019. For
analysis, three fruit from each tree were measured for dry matter content using a near infra-red
meter calibrated for KP fruit (F-750, Felix Instruments, Camas WA, USA), FW recorded, then sliced
and dried in ovens as described. All tree and fruit components were ground in a Rocklabs Standard
Ringmill and analysed for total N, >N atom% excess and carbon by mass spectroscopy (EA-IRMS,
Sercon Limited, UK) at the Institute for Future Environments at Queensland University of Technology
(QUT). The % N derived from fertiliser (dff) was calculated using the method (IAEA 2001):

% N dff = (atom% >N excesspiant / atom% >N excessfertiliser) *100

From % N dff, the amount of applied fertiliser in each tree and nitrogen uptake efficiency (NUE) were
calculated from the tree N content and DW. The total N difference method was used to calculate the
% N dff and NUE for 2018 (IAEA 2001). The fruit was harvested in August 2018 and October 2019
from duplicate blocks of trees (n=6). In 2019, three fruit were sampled from each replicate of each
treatment level, dried, bulked, processed and subsampled as above (n=3).

Statistical analysis

Statistical analysis of the data was conducted using the International Rice Research Institute’s free
software Statistical Tool for Agricultural Research (STAR) version 2.0.1 for linear regression and
ANOVA (IRRI 2019)The treatment means were separated using the least significant difference test
(LSD) at 5 % level of significance. Alternatively, data were analysed using Prism 9.0 (Graphpad
Prism®) for linear regression to assess the FW:DW relationships of tree components, one way ANOVA
with Tukey’s post-test for fruit yield, fruit % N dff, time series or two way ANOVA with Tukey’s post-
test for other characteristics measured-as indicated in the text or figure legends. The type 1 error or
statistical significance level is p=0.05 for all tests.
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Results
Fresh weight:dry weight relationships

Regression analyses showed strong relationships for FW:DW of tree material collected in 2017 and
2018: stem (r?=0.997), leaves (r?=0.999), branches (r>=0.98) and roots (r>=0.97), data not shown.
These relationships were used to calculate the DW of tree components harvested in 2019. Also, the
DW of the tree root mass was correlated with the DW of the total of above-ground tree components
collected in 2017 and 2018: (regression analysis, r’=0.954). This relationship was used to estimate the
DW of tree roots of trees sampled in November 2019 when the tree root systems had become too
difficult to lift with the method described above. Instead, total DW was estimated and root material
sampled.

Tree growth and yield

Tree height and canopy volume increased over time (Figure C.3a, b). Fruit was harvested when
mature in 2017 (scant, not quantified), 2018 and 2019. (Figure 3c). No significant differences were
seen in yield response to N treatments for 2017 harvest (one way ANOVA, p=0.16) 37 months after
planting, or for the 2019 harvest (one way ANOVA, p=0.14) 51 months after planting (Figure 3c)

Whole tree dry weight was measured over time and no significant differences were seen in response
to N treatments (ANOVA, p=0.3, sem, n=3) (Figure C.4a). Whole tree N was also measured, with no
significant differences in accumulation observed in response to the N treatments (ANOVA, p=0.24,
sem, n=3) (Figure C.4b). No significant interactions between time and N treatments were found in
tree DW or tree N content over time.
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Figure C.3: Mango tree height (a) and canopy volume (b) were measured prior to a set of trees being lifted from the ground
for N analysis and calculation of N uptake. No differences were seen in height in response to N treatments (time series
ANOVA, p=0.81). However, note that trees were all hand and mechanically pruned to the same dimensions (4 m wide, 4 m
deep and 3.8 m high) post-harvest in November 2018, 38 months after planting. No differences were observed in canopy
volume over time in response to N treatments (time series ANOVA, p=0.37). Fruit was harvested when mature in 2017
(scant, not quantified), 2018 (one way ANOVA, p=0.16, sem, n=11-12) and 2019 (one way ANOVA, p=0.14, sem, n=5-6).
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Figure C.4: Tree dry weight was measured over time and no significant differences were seen in response to N treatments
(time series ANOVA, p=0.3, sem, n=3) (a). Whole tree N was also measured, with no significant differences in accumulation
seen in response to the N treatments (time series ANOVA, p=0.24, sem, n=3) (b). Timing of initial complete fertiliser
application at planting and subsequent N applications and pruning are indicated by icons in (a). No significant interactions
between time and N treatments were found in tree weight or tree N over time.

The relative DW of each tree component was followed over time (Figure C.53, ¢, €, g) along with the
N content of each component (Figure C.5b, d, f, h). In juvenile trees less than two years old, leaves,
branches and roots each make up approximately 30 % of tree DW (Figure C.53, c, g), with the
remaining 10 % being the stem (Figure C.5e). The proportion of tree N in leaves was initially ~65 % of
the tree total N and reduced to just over ~40 % at 50 months after planting (Figure C.5b). In contrast,
the branch proportion of whole tree DW increases from 30 % to 50 % as the trees matured, with the
N % increasing from 20 % to ~40 % (Figure C.5c, d). The portion of the tree stem increases initially,
but as the tree matures and branches increase in DW, it ranges between 10 % and 20 % of the total
tree DW (Figure C.5e). Stem N is maintained at ~5 % over time, and root N at ~10 % (Figure C.5f, h).
The root portion of tree weight is initially 30 % of the total, reducing to around 20 % as it matures
(Figure C.5g). There were no significant differences in the tree component DW’s or N % in response
to any N treatment, nor were there any significant interactions between time and N treatment
(ANOVA, mean, sem, n=3) (Figure C.5a—h).
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Figure C.5 The proportional DW of tree components were followed over time (a, c, e, g) along with the N proportion in each (b, d,
f, h). Leaf % N and DW reduces as the tree ages (a, b) and branch % N and DW increases (c, d). No significant differences were
observed in response to N levels applied to trees (time series ANOVA, p values not shown, sem, n=3).

The NUE of the trees increased annually, with the juvenile trees showing around 20 % NUE response
to 5 kg ha! application, reducing as the applied N rate increased (Figure C.6a). The reduced uptake
response to increasing application of N also occurred in 2018, with 40-50 % NUE. The NUE in 2019
was an impressive 75 % for trees with 5 kg N ha™ applied but reduced significantly to 32 % and 16 %
for 10 and 15 kg N ha, respectively (Figure C.6a). Interestingly, the N dff within the harvested fruit
reflected the amount of labelled fertiliser that was applied (Figure C.6b).
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Figure C.6: Nitrogen uptake efficiency (NUE) of trees changed as trees matured and began commercial production in 2019.
No significant differences were seen in fertiliser uptake in 2017 and 2018 in response to N treatments (a). In 2019, trees with
the lowest quantity of N applied showed significantly higher uptake than the two larger N applications (letters indicate
significant difference). It is acknowledged that the interaction of NUE with time is significant (21 % of variation) as expected
with growing trees and repeated N applications (time series ANOVA, Tukey’s post-test, p=<0.0001, n=3). The N content of

fruit dff was, in round figures, 4, 9 and 11 %. These were significantly different, indicated by different letters (b) (one way
ANOVA, p<0.0001, n=3)

Fruit production of the trees reached commercial levels in 2019, with variability and no significant
links between the number of fruit tree’l, yield on a weight basis, dry matter or the amount of N in the
harvested fruit in response to the range of soil-applied fertiliser N levels (Figure C.7).

Fruit (# per tree)

Fruit yield (tons ha™)

0 § 10 16 : i : i
N applied (kg ha™) 0 5 10 15
C. d. N applied (kg ha™)

20

e =
o o
T 7

Dry matter
(%, NIR, modelled)
Fruit N (kg ton™ FW)

0 1] 10 16
N applied (kg ha™) N applied (kg ha™)

Figure C.7: At harvest the number of fruit from each tree was recorded (a) along with weight (b) the fruit % dry matter (c)
and the amount of N leaving the orchard in fruit (d). No significant responses to the varying fertiliser levels were seen in the
number of fruit tree”! (p=0.66) (a), total yield (p=0.14) (b), fruit dry matter content (p=0.66) (c) or nitrogen content of the
fruit harvested (p=0.47) (d). Data is standardised to 250 trees ha! (b and d). (one way ANOVA, mean, sem, n=6).

Discussion

It is well documented that nitrogen uptake efficiency in trees is highest when there is low availability
(Marschner 2012). There is a range of methodologies for calculating nitrogen use efficiency in
commercial crops with the simplest being profitability, i.e. the economic return relative to the cost of
the inputs to generate the crop. For tree crops, nitrogen use efficiency is often considered in terms of
nitrogen uptake related to the nut or fruit yield rather than biomass production (Antille and Moody
2021). In this work, the fruit yield was considered the indicator for efficient use, and no yield benefit
was observed in response to increasing N levels.
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The young mango trees with smaller root systems, fewer branches and smaller canopies showed
lower NUE, with a maximum of ~20 % of applied fertiliser taken up in 2017. As the tree increased in
size and root spread to maturity, NUE increased significantly to ~75 % at the 5 kg ha™ application rate
but remained lower at the 10 kg ha* and 15 kg ha™ rates in 2019. The data suggest that tree uptake
of the three rates were 3.9, 3.2 and 2.5 kg ha’l, respectively — NUE reducing as application rates
increase.

For NUE in terms of soil-applied N in mango orchards, efficiency is directly related to how much N is
already available to the tree from sources such as litter decomposition, mineralised N and
replenishment of N stored within the tree after harvesting of fruit. It is significant that 11-13 kg of N
left the orchard in the harvested fruit. This shows that trees are acquiring a relatively small portion of
their N requirements from soil-applied N.

Fruit N content appears to be quite consistent and, like leaf N content, does not seem closely linked
to fertiliser N applied to trees. It appears to be relatively consistent between orchards and fertiliser
management practices, implying that leaves and fruit are efficient sinks, taking resources they need
for development and maturity from those stored within the tree or from the soil. Also interesting in
this data is that the N content in harvested fruit dff does increase in proportion to soil-applied N
(Figure C.6b), while fruit total N stays similar. If NUE was the same for all treatments this would be
expected, as we know that labelled N infused into tree stems was thoroughly distributed around the
entire tree over several weeks (Section C.3), but it doesn’t reflect the tree NUE of 2019 (Figure C.6a)
which implies the opposite. Further work is required to understand the processes behind this.

This project shows that mango fruit crops generally remove 10-25 % of tree total N content,
depending on seasonal conditions, biennial yield cycling, irrigation and other yield-limiting factors
such as temperature during flowering and fruit set (estimated from data here and Section C.3). The
remaining N in trees appears to act as a buffer to deficiencies, so any visible N deficiencies, such as
pale yellow foliage is probably indicating a longer-term deficiency.

In cropping and orchard systems, N is frequently applied in excess to needs, as inexpensive insurance
to ensure sufficient cash return for the crop. Increasingly there is an environmental premium on
nitrogen use, and it is necessary to refine our understanding of the N cycle. In addition to N outputs
in fruit, the N content of litter and pruned material cycling in orchards, along with soil N availability
and N mineralisation will help estimate annual N requirements in mango orchards.

C.2 Is nitrogen taken up across the leaf cuticle?

Introduction

Leaves have evolved to intercept light energy and take up CO; for photosynthesis in an atmosphere
that contains low concentrations of water. All vascular plant leaves have a cuticle layer that is
hydrophobic and acts as a barrier, controlling water loss from the plant or tree (Kerstiens 1996). The
cuticle of leaves (and fruit, flowers and stems) protects plants from biotic and abiotic stresses such as
insects, pathogens (Serrano et al. 2014) and ultraviolet radiation (Krauss et al. 1997). The cuticle is
also a barrier to any solution applied to leaves, and movement of a solution across the cuticle is
passive, despite being called ‘uptake’ (Fernandez and Eichert 2009). Recent work on a Quercus
variety has shown that local climatic conditions can affect the composition of cuticular waxes, but
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had no impact on leaf water loss via the cuticle (Bueno et al. 2019). The leaf cuticle also has stomatal
openings through it. Stomatal density and diameter vary widely on both the upper and lower
surfaces of leaves and penetration of any solute into leaves via stomata can be highly variable and
unpredictable (Eichert et al. 2008; Eichert and Fernandez 2012). It would be interesting to know how
these observations apply to mangoes growing in different climates, and also whether cuticular wax
varies between varieties.

Any foliar uptake of agrochemicals is by diffusion according to Fick’s Law (not stomatal uptake),
where the solute moves down a concentration gradient into leaves, depending on the permeability
of the cuticle (Fernandez et al. 2017). If N can cross the cuticular barrier and cell membranes into the
cytoplasm, it is generally stored as nitrate in the vacuole (Tegeder and Masclaux-Daubresse 2018). In
fully expanded leaves, the stored N is used to maintain the metabolism of photosynthesis (Liu et al.
2018). In mangoes grown in the Darwin region, varietal differences in net photosynthesis and
stomatal conductance have been measured. The differences were more noticeable in the dry season,
with KP unable to maintain photosynthesis in hot, dry season conditions (Lu et al. 2012).

Foliar application of fertilisers to commercial cotton, fruit and vegetable crops is common (Huett and
Vimpany 2006; Luo et al. 2015; Lovatt 2013). Potassium nitrate (KNOs), in particular, is applied to
mangoes at flowering and fruit set with the assumption that additional potassium (K) will enhance
fruit set and, hopefully, maintain more fruit on the flowering panicles (Oosthuyse 1993a; Sudha
2012; Protacio 2000). At low concentrations in water, the K* cation dissociates completely from the
NOs™ anion. No research publications were found tracing K* movement across leaf cuticles; however,
K* movement has been quantified using artificial membranes (He and Rezai 2020). While no direct
measurements of foliar uptake of NOs” or NH," across mango leaf cuticles have been published, foliar
applications have been found to increase yields of mangoes, oranges and avocadoes when sprayed
onto trees at flowering and fruit set (Lovatt 1999; Oosthuyse 1993a; Sudha 2012). Also, varietal
differences have been observed in the seasonal stomatal conductance of leaves (Lu et al. 2012).
While it is still uncertain, solution components may be taken up via stomata depending on the
stomatal structure, particle size and the time of application (Eichert and Fernandez 2012; Asis et al.
2020). Commercial mango orchards carry out multiple spray applications of 1-4 % KNOs solutions to
promote flowering and fruit set. In terms of orchard management, two applications of a 2 % KNO3;
solution adds about 5.5 kg of N ha™.

The main mango varieties grown in the NT are KP and Calypso. Pending commercial release are three
varieties developed in the Australian National Mango Breeding Program (NMBP). There is significant
commercial interest in establishing orchards of these three varieties. This created an opportunity to
see whether varietal differences exist in cuticular uptake of foliar-applied N.

As part of determining the annual nitrogen budget and efficient nitrogen use in mango orchards of
the NT, the question is: how much N is diffused into leaves when trees are sprayed with water-based
solutions of KNO3? How much does it contribute to the N needs of the trees? Are there varietal
differences in leaf N uptake in mango? To find the answer, we designed a controlled, pot-based
experiment and quantified the uptake of foliar-applied N using *>’N-labelled KNOs.
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Methods

Potted KP seedlings were grafted with scions of B74 (Calypso), KP and NMBP varieties 1243, 1201
and 4069 in January 2019 and grown in the plant nursery at Berrimah Farm, Darwin, NT. Trees were
fertilised and monitored for the next vegetative flush. Once flushing leaves were fully expanded, 20
similar-sized plants of each variety were selected and the plants moved into the full sun to harden
the leaves to replicate orchard conditions.

An experiment was conducted on July 25-26, 2019 during the dry season, at the same time orchard
grown trees were flowering and usually receiving foliar KNOs. The treatments were time of foliar
application (midday or dusk) of 2 % KNOs on five mango cultivars (B74 (Calypso), KP, NMBP 1243,
NMBP 1201 and NMBP 4069) with five replicates and arranged in split-plot design. An untreated
control was also included to determine the >N abundance level in experimental plants. The lists for
the midday group (1-50, control and to be treated) and the dusk group (1-50, control and to be
treated) were randomised using the Microsoft Excel 2016 randomisation function and arranged in
randomised complete block design in pot racks placed on benches. The plants were dipped in the
same randomised order (Figure C.8).

Figure C.8: In preparation for dipping leaves into 1>N-labelled KNO;s solutions to assess leaf N uptake, mango varieties
Kensington Pride, B74 (Calypso®) and National Mango Breeding Program varieties 1201, 1243 and 4069 were grafted onto
Kensington Pride rootstocks. Plants were sun-hardened to replicate orchard growing conditions and set out in a randomised
block, split-plot design.

Plant leaves were dipped at either midday (1100-1300 h) or dusk (1700-1900 h Australian Central
Standard Time) to assess any temporal differences in uptake response (n=5, at two time points, five
mango varieties). Pots were watered to field capacity on each morning of the experiment to ensure
similar water potential conditions existed for each tree. The dipping sequence for pots at each time
point was completed in the order of the randomised experimental design.

For each pot, 8-10 fully expanded, attached leaves at the top of each plant were very loosely
bunched using a soft rubber band and the plant was inverted to submerge the leaves completely into
either the control solution of 0.4 % LI 700°® or a treatment solution of 2 % KNOs, containing

2 atom% °N and 0.4 % LI 700°®. LI 700® is a commonly used adjuvant in KNOs foliar applications. It is
a surfactant, penetrant, and acidifier of solutions that claims to temporarily loosen waxy components
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of leaf cuticles to facilitate movement of various ions into leaves (Nutrien 2018; Nufarm 2006). Both
solutions were prepared at room temperature (25 °C) with Millipore filtered water with pH of 3.18
(control solution) and 3.20 (treatment solution). On leaf removal, excess solution was allowed to run
back into the container until dripping ceased, leaves were gently released to avoid splashing and the
seedlings were replaced outside on benches to air dry, then returned to their designed position
(Figures C.8, C.9). The amount of solution transferring to leaves was measured by weighing the
solutions before and after each dipping event. Dipping was repeated 24 hours later and the dipped
leaves sampled 46 hours after the initial dipping.

To remove dipping solution residues from leaf cuticles, leaf samples were washed individually and
thoroughly by rubbing both sides of the leaf blade and along all venation under running tap water,
then rinsed three times in Millipore filtered water. Leaves were scanned to measure leaf area then
dried in ovens at 50 °C and weighed. Samples were ground in a Rocklabs Standard Ringmill and
analysed using mass spectroscopy (EA-IRMS, Sercon Limited, UK) at the Institute for Future
Environments at QUT. The percentage of N derived from the fertiliser (% N dff) was calculated (IAEA,
2001).

Figure C.9: On each seedling, the top 8—10 fully expanded, mature leaves were loosely secured with a rubber band, then the
leaf blades were fully immersed in a solution of either 1>N-labelled KNOs or water, 24 hours apart (a, b). The loose banding
minimised damage to leaves as they were dipped, and stopped ‘flicking’ of droplets of solution as excess drained from the
bunched leaves. Dipped plants were placed outside to air dry, and were replaced in their design positions. Both dipping
solutions contained surfactant to replicate commercial practices and facilitate even coverage of leaf surfaces. Twenty-two
hours after the second dip, treated leaves were sampled and washed thoroughly before processing.

To assess reproducibility and consistency of the dipping method, leaf area and the measured
quantity of solution left on the leaves after two dipping events were plotted (Figure C.9a). To test the
efficiency of the washing method in removing the labelled dipping solution from leaves, an
experiment was conducted with five additional B74 plants grafted onto KP rootstocks using the same
labelled KNOs-LI 700 solution as the principal experiment. Eight to 10 leaves from each plant were
dipped, removed from the plants, washed and processed as described (Figure C.9b). To validate the

method, data were analysed using linear regression (Graphpad Prism®).

The amount of N in leaves derived from the labelled NOs™ in the dipping solutions, or N derived from
the fertiliser (N dff) was calculated using the formula:

measured *°N(atom%) — naturally occuring >N (atom%) ) 100
*

N dff(%) = <

solution >N (atom%) — naturally occuring >N (atom%)
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Nitrogen uptake efficiency (NUE) was calculated:

NUE (%) = (quantity of N taken up into leaf (g) / quantity of N adhered to the leaf (g)) * 100

The N derived from foliar fertiliser and leaf N uptake results were statistically analysed based on
analysis of variance (ANOVA) with mean separation at 5 % LSD using STAR statistical software version
2.0.1 (IRRI 2019). Normality and homogeneity of variances were checked based on Bartlett’s test and
Shapiro-Wilk’s test, respectively. If required, data were normalised using square transformation to
meet the assumptions of ANOVA. Data were back-transformed for interpretation and visualisation.

Results

The relationship between leaf area and the quantity of solution left on leaves after dipping them
twice was found to be robust. Linear regression showed no significant difference between the lines
of best fit for control and treatment solutions held on the leaf surfaces, p=0.012, with r? values of
0.78 and 0.86 respectively, n=50 (Figure C.10). An alternative method of remnant solution removal
from leaves using cellulose acetate in acetone was trialled, but discarded as unsuitable for the scale
of this experiment (Silcox and Holloway 1986). Instead, the efficiency of the leaf washing method was
tested. Washing the leaf surfaces was highly efficient (0.99 +/- 0.006, mean, sem, n=5, data not
shown) indicating that leaf washing has effectively removed ions on the external surface of the
leaves prior to grinding and nutrient analysis.
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Figure C.10: The dipping method was found to be valid. The relationship between leaf area and the volume of solution held
on the leaves after two dipping events was examined. Linear regression analysis indicated there were no significant
differences between the slopes (p=0.12). The r? values were 0.78 and 0.86 for leaves dipped in control and KNO3 solutions
respectively, n=50.

For leaves sampled from each variety, the mean leaf N content of control plants ranged between
0.98 and 1.25 %, and 0.98 to 1.30 % for the treated plants. Also, the leaf °N content of the control
plants was comparable with that of the natural °N abundance indicating that plants did not receive
any external N during treatment application (data not shown). All varieties dipped in the *N-labelled
KNOs solution showed a significant increase in °N-labelled nitrogen in their leaves compared to the
natural abundance of °N measured in leaves dipped in the control solution (p=0.0001). However, no
significant differences between leaf N uptake at midday or dusk were seen (data not shown, ANOVA,
p=0.76).
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Leaf analysis showed that 4-6 % of the total N in leaf content was derived from the dipping solution
(Figure C.11a). Varietal differences were seen with leaves from NMBP varieties 1201 and 1243 having
3.8-3.9 % of their leaf N derived from the solution which is significantly less than the 5.6-6.1 % leaf N
content in KP, B74 and 4069, (p=0.0009, ANOVA, mean, sem, n=10, LSD post-test). Leaf NUE was also
calculated to assess what portion of the N was taken up from the KNOs dipping solution that dried on
leaves. Again, significant differences were seen between varieties (ANOVA, p=0.033, LSD post-test,
mean, sem, n=10) with NMBP 1201 taking up the least with 27 % mean uptake (Figure C.11b). The
highest N uptake across the cuticle occurred in leaves of NMBP 4069, with a mean uptake of 44 %.

Leaf N dff (%)
Leaf NUE (%)

KP 1201 1243 4069 B74 KP 1201 1243 4069 B74
ango variety

=
=

ango variety

Figure C.11: The amount of N derived from the KNOs dipping solution showed significant varietal differences with letters
indicating similarities and differences (a) (ANOVA, p=0.0009, mean, sem, n=10, LSD post-test). Varietal differences were also
significant when nitrogen uptake efficiency was calculated (b). Means with different letters are significantly different at 5 %
LSD (p=0.033, mean, sem, n=10).

Discussion

Foliar spraying of a low concentration (1-4 %) foliar KNO3; onto mangoes during inflorescence
development is known to increase yields by increasing fruit retention (Oosthuyse 1993a). It is also
known that an excess of N in mango trees can result in excess foliage growth at the expense of fruit
yield (Stassen et al. 1999) and reduced post-harvest fruit quality due to skin that stays green when
the fruit is ripe (Nguyen et al. 2004). It is still not clear whether the N, K, or both elements potentially
enhance the yield when applied around the inflorescence. N transport from leaves into flowers, fruit,
and seeds may be via the phloem and released into the symplast, or the xylem and released into the
apoplast, with either route unloading into adjacent parenchyma or transfer cells of fruit tissues
(Tegeder and Masclaux-Daubresse 2018; Patrick et al. 2001).

This work provides direct, quantitative evidence of N uptake into mango leaves from foliar
application of a dilute KNOs plus adjuvant solution (Figure C.11). It is known that leaf N content can
reduce from the recommended 1.0-1.5 % N to around 0.7 % during flowering, fruit set and growth
on mango trees (Catchpoole and Bally 1999) as the reproductive sink becomes stronger than the
vegetative sinks (Tegeder and Masclaux-Daubresse 2018). The processes are complex, however, as
there is evidence that leaves close to floral terminals have lower photosynthetic capacity due to a
reduction in the light saturated rates of the photosynthetic electron chain because of a reducing leaf
N content (Léchaudel et al. 2005a; Urban et al. 2008). It is possible that the foliar application of N at
flowering increases leaf N content sufficiently to increase leaf photosynthetic capacity and contribute
to the delivery of sufficient solutes to maintain more fruit on a tree. Perhaps flowers can take up N
applied this way too, another potential avenue of fruit retention. However, there are some limits
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with foliar applications of nitrogen, as concentrations of 3 % KNO3 and higher have been reported to
cause necrosis around leaf margins, which could reduce the photosynthetic capacity of the tree.

Significant differences in NUE with foliar N applications were seen among the tested varieties, with
NMBP 1201 having the lowest and NMBP 4069 the highest. NUE ranged from 25 % to 43 % efficiency.
Further work is needed to understand the differences in uptake, whether it is related to cuticle or
leaf structure or some other physiological differences between varieties. In this group, the varieties
with the lowest NUE in these terms are both Irwin x KP progeny. The variety with the highest NUE is
the progeny of Van Dyke x KP. This could be a starting point for further investigation.

It is acknowledged that these results reflect the fact that both surfaces of the leaf were covered with
the KNOs solution, whereas in-orchard spraying is likely to result in partial coverage. In addition to
potential localised leaf toxicity, the effect of repeated or frequent spray applications over time is not
known, but as N is highly mobile within plants, it is likely to be utilised if there are deficiencies. The
cumulative amounts should be kept account of, as excess inputs will recycle in orchards in litter and
soils. Experimental work carried out in the KP orchard at Katherine Research Station in 1995-2000
indicated that while no significant differences were found annually, collated data from the five-year
period did show that foliar application of 140 grams tree® of N as KNO3 when fruit was golf ball size,
or at the post-harvest leaf flush, gave significantly higher marketable yields and number of fruit
compared to untreated trees (unpublished). This supports the use of foliar KNOs as an efficient
method to counter N deficiencies in an orchard and maximise yields.

The foliar NUE values are comparable to soil-applied NUE (refer to Section C.1), albeit on the low end
of the scale in terms of application rate. Along with other commercial fruit crops, we confirm foliar N
application in mango orchards is efficient, targeted and more environmentally friendly when
compared to the uncontrolled losses of N from runoff and leaching that is associated with soil
application (Tanou et al. 2017). They suggest that foliar application is comparatively efficient for
applications of small amounts of N, likely to be rapidly available for use in the tree. This is highly
useful knowledge for mango producers and forms part of the crop N budget. It should be
incorporated into annual fertiliser assessments and planning.

C.3 Nitrogen movement within the tree

Introduction

A nitrogen content of 1-1.5 % in a mature dormant or quiescent mango leaf is the accepted industry
standard for quality fruit production, although Catchpoole and Bally (1996) recommend a range of
0.8-1.9 %. Small varietal differences in leaf N content are seen; however, they are insignificant
compared to N variation between phenological stages over a year (de Almeida et al. 2014). The
dynamics of N uptake, movement and storage in mango trees over time has not been investigated in
tropically grown mango. It may be useful to quantify how much N is stored in trees and to
understand how it moves within the system in flowers, leaves, fruit, pruning litter and the
environment at key phenological stages. This will provide information that may be used to reassess N
application and N use efficiency in commercial orchards, and thus identify potential cost efficiencies
and reduction in N loss to the environment.
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Mango growers in the NT use a variety of orchard management practices across a range of soils and
climates, which culminate in a wide variety of nutritional states. Leaf N content is commonly
measured in commercial orchards as an indicator of fertiliser requirements. However, leaf N changes
throughout the year and is not directly related to fruit yields.

Nitrogen is highly mobile in mango trees, and it would be useful to know if N cycles within the system
at key developmental time points in response to tree N demand. Tissues other than leaves may be
more useful as indicators of tree N sufficiency. The questions are, does N content in tree tissues vary
seasonally, and if so, how can that movement be characterised? In this context, fertiliser application
timing and volumes can be reassessed in mango orchard systems.

Methods

Labelling technique using *°N

A rapid labelling technique was modified from one used in spruce (Nair et al. 2014) and another in
macadamia (Fletcher et al. 2009) and successfully trialled to generate *N-labelled leaf litter. The
litter was used to generate quantitative data for litter decomposition and movement of N in soils of
mango orchards in the wet-dry tropics (Section C.5) Tree labelling was also used to assess soil-applied
N uptake in two orchards using N dilution in planta to estimate uptake and the movement of N over
a year (Section C.1). The technique takes advantage of the soil-plant-atmosphere continuum, where
water moves passively along a water potential gradient that is slightly negative in the soil, becoming
more negative across root cell membranes, across the cortex and into the apoplastic pathway. The
pressure gradient becomes progressively more negative as it moves up stem xylem vessels and
tracheids into branches and the canopy where leaves transpire and water is lost into the atmosphere
(Taiz and Zeiger 1991).

Figure C.12: A tree infusion device was created using a 60 mL syringe with fittings (a, b, c) and tubing. (d). A disposable
plastic 200 yL tip was secured with plumbing tape (e, f).

A 60 mL syringe with a female ‘slip tip’, also known as Luer lock (Figure C.12a) was attached to a male
‘slip tip’ (Figure C.12b). A 3 mm internal diameter vinyl tubing was softened in just boiled water
(Figure C.12d) then attached to the other end of the slip tip and the collar tightened to seal firmly
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(Figure C.12c). Teflon thread seal tape was stretched and wound around the other end of the tubing
(Figure C.12e) and a 200 yL disposable pipette tip softened in just boiled water then attached firmly
over the tape (Figure C.12f). The tip was trimmed to less than 30 mm length and seal tape was
applied generously at the end to be inserted into the xylem of the tree.

Millipore filtered water was loaded into the infusion equipment and all air bubbles aspirated or run
through to remove. A 4 mm diameter, 30 mm deep hole was drilled into the stem at a 45-degree
angle to the surface. Flushing of the bit and hole with Millipore filtered water was continuous during
drilling and continued until the infusion apparatus was inserted and sealed. The aim was to maintain
a continuous uptake of water or solution with minimal embolism in xylem vessels — essentially a
closed system without the elasticity of air bubbles or leaks to enable efficient uptake of the labelled
solution. Once the syringe was secured to the branch above the tip entry into the xylem, most of the
remaining water in the barrel was aspirated and replaced with the labelled (NH4),SOa4. The open top
of the syringe barrel was covered to reduce evaporation and contamination, then pierced with a
needle to stop any vacuum development or resistance to solution uptake. The pipette tip/seal tape
and tree phloem junction was sealed with silicone sealant. This method of solution uptake was found
to be fast and efficient in the dry season when there was high evaporative demand on leaves during
the day and low air humidity. Depending on the infusion solution concentration and density, the
complete uptake of 50 mL could be complete in an hour or two. In the wet season, where air
humidity was high and there was very little difference between the leaf mesophyll and air water
potential, stem water potential appeared to be high (less negative) and uptake time was generally
between 8 and 24 hours. At the completion of the infusions, drill holes were filled with silicone
sealant-no evidence of disease or significant damage was visible at infusion sites when inspected a
year later. Generally, drilled holes were closed and the sealant avulsed.

At CPRF, four sets of three trees were selected and infused with two 50 mL aliquots of a 0.757 M
(NH,),SO4 solution prepared with Millipore filtered water (10 g of 60 atom% (NH4),S04). The infusion
commenced 11 December, and uptake was confirmed as complete (Figure C.13a). Litter traps under
four replicate trees were also established, slung high to avoid the irrigation system (Figure C.13b),
with weights of several kilograms in the base to stabilise the nets and prevent lifting and litter loss in
windy conditions. Litter was collected weekly or fortnightly depending on the season and weather. It
was sorted, washed, rinsed in Millipore filtered water, oven-dried at 50 °C and bulked into two
monthly collections for January—February, March—April, May—June, September—October, and
monthly in July, August and September over the flowering and fruiting period. Litter traps, n=4 until
July when the tree was lifted as part of a replicate set, so n=3 for the remainder of season and trees
harvested for fruit % N and % N derived from infusion (dfi). To provide baseline N %, leaves were
sampled from adjacent trees of the same age and history, receiving the same management but no
infusion during the active growth period and post-harvest, then processed with the same methods.
Dried materials were ground in a Rocklabs Standard Ringmill, subsampled and analysed using mass
spectroscopy (EA-IRMS, Sercon Limited, UK) at the Institute for Future Environments at QUT.
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Figure C.13: A 15N-labelled solution was infused into the xylem tissue of trees over several days in December 2018 (a). Litter
traps to capture all material falling from the trees were placed under four trees and regular collections of the litter were
made in the following year (b). The nets were weighted so that litter fell to the low point of the traps, and to prevent
material loss from lifting or billowing in windy weather.

From tree FW:DW data collected in this orchard previously (see ‘Methods’ under Section C.1),
established relationships were used to calculate the DW of all tree components harvested in 2019.

Three replicate trees were lifted from the ground at four time points, reflecting four distinct
phenological stages: active growth (20 February 2019), quiescence (25 May 2019), flowering and fruit
set (16 July 2019) and post-harvest (11 November 2019) (Figures C.14 and C.15). Trees were
separated into the root, stem (trunk), branches and leaves, as described. Additionally, branch
sections subsampled across the canopy were separated into xylem and phloem tissues and then
dried. Sections taken from the top, middle and base of the stem were also separated into xylem and
phloem tissues before drying. Analysis of the tree tissues enabled quantification of N and labelled N.
The percentage of N within the tree material derived from the infused nitrogen (% N dfi) was
calculated (IAEA 2001). The fruit was harvested on 8 October 2019. Further details of the tree-lifting
method and the field site are found in Section C.1. It is acknowledged that a portion of fine roots was
not collected during tree lift; however, the weight was considered insignificant in the context of root
total dry weights ranging between 13.6 and 17.1 kg DW, and their N content 0.29-0.63 %.
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Figure C.14: To characterise N content and N movement around mango trees at phenological time points of active growth,
quiescence, flowering and fruiting and post-harvest, trees were lifted from soil saturated with water. The canopy was
deconstructed by pruning all branches from the main stem (a, b, c). Branches were immediately stripped of leaves, any
flowers or fruit and all components weighed when fresh (d). Subsamples were collected from across the canopy for
washing, drying and processing. The stems were used to lift the roots out of the saturated soil.

Figure C.15: During the active growth period in February 2019, after branch removal, replicate trees were lifted from soil
using a snatch strap attached to the stem and lifted by a forklift connected to a tractor. Dirt was washed from the tree roots
(a) before subsampling root tissue and chainsawing stem and trunk biscuits for analysis (b).
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Xylem sap extraction

Prior to each tree lift, twelve branch tips 6-8 mm diameter and 15 cm length were cut at chest height
from around the entire canopy of each tree, placed in a cliplock bag and held on ice, then
refrigerated at 4 °C overnight. Phloem tissue was separated from the branch tips, and the mid 6—

8 cm of xylem tissue was cut and placed into new, 50 mL centrifuge tubes (Figure C.16). Filled tubes
(6—8 cm branch xylem sections) were centrifuged at 4,000 x gravity for one hour to release xylem
contents (Beckman Coulter Allegra 25R). Aliquots of sap were stored in sealed microfuge tubes at -
20 °C. Samples were dehydrated, ground, then analysed using mass spectroscopy (EA-IRMS, Sercon

Limited, UK) at the Institute for Future Environments at QUT.
F " J—

Figure C.16: Branch tip sections were stripped of phloem and remaining xylem centrifuged to elute xylem sap. The sap was
analysed for N to see how the N concentration varied over a season.

Results

Tree nitrogen at phenological timepoints

In the NT, the N content of mango tree components varies over time, with the highest measured

N tree™ at the end of February during active growth over the wet season (Figure C.17a, b). The first
tree lift occurred at the end of February, 70 days post-infusion of °N. The N content of leaves,
branch xylem and branch phloem started higher than other tissues, then followed a similar pattern,
reducing over time (Figure C.17a, b). Stem xylem and phloem N quantities peaked during active
growth and were relatively stable for the balance of the cycle and root N was lowest at flowering and
fruit set but had increased post-harvest (Figure C.17b).

Some seasonal variation can be seen in N distribution across the components of mango trees over a
season. Leaf N variation is well documented, with high N in preparation for translocation to flowers
and fruit, then falling until after harvest (Figure C.17a). Branches follow a similar pattern with a lower
portion of tree N over the season, with branch xylem holding or transporting more N than the branch
phloem. Root N followed a parallel time course with branch phloem until flowering and fruit set, and
increased post-harvest. Root tissues were the only component to show an increase at any time point
(Figure C.17b). While acknowledging the experimental trees had received no additional N application
since planting in 2015, the harvested fruit in October 2019 accounted for just 10 % of the tree N at
the time of picking (Figure C.18). This is less than half of the harvested fruit N content per tonne FW
measured on adjacent trees as part of the soil NUE experiment at CPRF in 2019 (refer to Section C.1).
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Figure C.17: All tree components had a maximum N content during the active growth phase over the wet season. Leaf N
change over a season is well documented, with a reduction at flowering and fruit set in July (a). The N content of tree roots
drops to a minimum at flowering (b, expanded from (a) above), and increases post-harvest in association with break of
season rain events and associated soil activity (refer to Sections C.8 and C9). Branch xylem and phloem N content follow a
similar pattern to leaves, with xylem N significantly higher than branch phloem at each time point (mean, sem, n=3).
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Figure C.18: There is variation in N distribution across mango trees over a season. Leaf N variation is well documented, with
high N in preparation for flowering and fruit set, then drops until after harvest. Branches follow a similar pattern with a
lower portion of tree N. Roots were the only component to finish the season with a higher proportion of N than it had
during active growth (mean, sem, n=3).

During active growth, leaf % N was higher than all other tree components, except for flower N % in
July (Figure C.19a). At 1.8 % N DW (Figure C.19a), leaves were at the higher end of the recommended
0.8-1.9 % N (Catchpoole and Bally 1999), and also have high 1 % N dfi values with high variability
(Figure C.19 b). Considering the labelled N was infused directly into xylem vessels, it probably moved
directly into leaves via the xylem transpiration stream before being redistributed around the tree. By
mid-May, leaves had reduced from 1.8 % N to 1.1 % N, consistent with adjacent control trees, and
0.4 % N dfi. During flowering and fruit set in July, flowers had 1.8 % N, with 0.4 % N dfi and leaves
had reduced to 0.4 % N dfi. This suggests that the leaf-labelled N had completely dispersed around
the tree between February and May (Figure C.19a, b). The stem and the root had higher % N during
the active growth period, dropping slightly to a consistent % N and % N dfi through the rest of the
season (Figure C.19a, b). Fruit % N dfi was similar to leaves and flowers (Figure C.19b). N movement
was further characterised by separating xylem and phloem tissues. The branch phloem had

~1.8 times more N compared to branch xylem while the stem phloem had ~2.8 times more N
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compared to stem xylem across all time points. N content is higher during active growth, then
reduces and stays relatively constant for the balance of the season. The % N dfi for branch xylem and
phloem is consistent for the entire season, suggesting labelled N is thoroughly distributed in those
tissues (Figure C.19c, d), and is similar for stem xylem and phloem (Figure C.19e, f).
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Figure C.19: Nitrogen (N) distribution in tree components over time are quantified (a), along with the amount of N in each
component derived from the labelled N infusion (b). The high leaf % N and high variability in % N derived from infusion (dfi)
is likely to reflect infused N moving unevenly to leaves via the transpiration stream (a, b). This appears to be redistributed
prior to the tree lift in May 2019, where the % N dfi has dropped to values similar to the stem, flowers and fruit. Branch and
stem xylem and phloem N contents are significantly different (c, e), but % N dfi values do not change over the season.
Mean, sem, n=3 trees at each time point.

Litter and fruit

Most of the litter was collected between May and August 2019, during the dry season when there is
no rainfall and flowering and fruiting occurs — consistent with results in Section C.5. All litter
components collected over the season accounted for 51.4 g of N, and harvested fruit contained
51.2 g of N (Figure C.20a). Leaf and panicle litter % N was consistent over the season (Figure C.20a),
with the previous season’s remnant and senescing panicles showing low % N dfi as expected, until
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those which developed and dropped in 2019 were collected from July onwards (Figure C.20b). Litter
% N dfi was consistent across flowers, leaves and panicles.
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Figure C.20: Panicle and ledf litter % nitrogen content were similar and showed a slightly decreasing trend from 0.62 to
0.47 % across the season. Abscised flowers had a high N content of 1.5-1.6 % N, higher than abscised fruit (a). The
remnant panicles on the trees from 2018 continued to abscise up until flowering commenced in 2019. These panicles are
mostly senescent as reflected in the very low uptake of N derived from infusion (dfi), which increases as soon as flowering
commences in July 2019 and litter is from material generated post-infusion from December 2018 (b). Leaf, fruit and flower
litter N dfi is quite consistent over the year, with N potentially being resorbed from leaves before dropping. Litter traps:
mean, sem, n=4 December 2018 to July 2019, n=3 for August, September and October 2019 (a, b).

Nitrogen recovery efficiency

Over time, total tree N content declined, from 576 g at the end of active growth to 306 g post-
harvest (Figure C.17a). This is consistent with the post-harvest tree N contents measured in

Section C.5 (data not shown, one way ANOVA, no significant difference between N treatments,
p=0.65, mean=330 g) Mean tree DW ranged between 70.1 +/- 4.5 and 92.6 +/- 2.3 kg with trees lifted
in February being the lightest and those lifted in May the heaviest. Tree N content is shown, along
with the tree N:tree DW ratio to illustrate N loss during the season (Figure C.21a).

An assessment showed that 70 days post-infusion, ~¥96 % of infused N was recovered. However, it is
noted this point represents a single replicate because there were two aberrant values for leaf
atom% N excluded (Figure C.21b). The excluded values implied high quantities of infused N were in
the selected leaf subsamples analysed, yet to be redistributed. The remaining data is complete. The
portion of infused N that was accounted for in the trees, litter and fruit (combined, Figure C.21b)
declined during flowering and fruit set to 73 %, then to 66 % in November, including infused N
recovered from fruit harvested and litter collected. This is a tree N content reduction from ~ 576 g
during active growth in February to 306 g post-harvest in November, a reduction of 270 g. Litter
collected contained 51 g of N when combined, and the harvested fruit another 50 g N, leaving ~170 g
or close to 30 % of tree N unaccounted for.
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Figure C.21: Tree N content declined over the season (a). The quantity of infused N that could be accounted for declined
over the season also, reducing from 94.0 % to 66.6 % (b). The asterisk * at 66.6 % recovery in November 2019 includes N dfi
from collected litter (n=3-4) and harvested fruit (n=3 trees) (b). Mean, sem, n=3. Note: f indicates n=1 at this point as two
replicates of leaf litter 1°N content were aberrant, excessive values.

The leaf N content in adjacent untreated trees during active growth was 1.16 % and 0.84 % N post-
harvest. The nitrogen infused into each tree, 2.1 g, was 0.36 % of the measured whole tree nitrogen
content on a DW basis at the first tree lift in 2019 and increased to 0.67 % over the season as tree
total N reduced (Figure C.21a, b). The calculated N dfi values across the year were consistent with
these quantities (Figure C.19b, d, f, Figure C.20).

The N content of xylem sap varies between 0.04 % during active growth and less than 0.02 % during
the quiescent period (Figure C.22). From there it increases during flowering and fruit set, and is
increasing in November post-harvest. While the N content varied, the % N dfi was relatively stable,
declining slightly over time. This implies that the infused and labelled N was distributed evenly in
xylem tissue across the tree canopy in the first 70 days post-infusion.
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Figure C.22: The N content of xylem sap is highest during active tree growth and lowest during the quiescent period prior to
flowering. The stable values for N content derived from the infusion (% dfi) over the period suggest that it was rapidly
transported around the entire tree between mid-December 2018 and the first tree lift in February 2019. The declining trend
reflects the reducing infused N recovery over time but variability is acknowledged (mean, sem, n=3).
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Discussion

Plants can take up inorganic N in both nitrate and ammonium forms into roots, across the root
endodermis or pericycle and into the apoplastic space or via parenchyma tissue to access xylem
vessels and the transpiration stream. Passive and active transport mechanisms are involved in N
transport to active sinks or storage pools in tree tissues (reviewed in Tegeder and Masclaux-
Daubresse 2018). Also, N can be transferred from the xylem to the phloem of active sinks, or via
parenchyma tissue and symplastic transport into phloem tissue (Van Bel 2003; Tegeder and
Masclaux-Daubresse 2018). In this work, N content in both branch and stem xylem were higher than
the phloem tissues (Figure C.19c, e). Movement of water and solutes in the xylem tissues is via mass
flow, so while the infused N will have reached leaves on that path, all redistribution throughout the
tree, including down to the roots, would be via parenchyma tissue or rays within the xylem into
phloem tissues. Once out of the xylem and into the phloem, all transport would be active via the
symplast, not passive. Recirculation of N from phloem tissue back into the passive xylem
transpiration stream is also possible.

By loading labelled ammonium sulfate directly into the transpiration stream, it was anticipated that
labelled N would accumulate within leaves at high levels, and this was observed (Figure C.19b). What
was surprising, however, was the speed with which the labelled N was distributed to all tissues,
including the roots. While leaf N was reduced to less than 1 % N during flowering and fruit set, the
% N dfi remained stable for the rest of the season. As N content of tissues varied in xylem, phloem,
flowers and fruit, the % N dfi stabilised in all, indicating that the labelled N had been completely
redistributed around the tree tissues. The fact that while xylem sap N content varied seasonally, the
% N dfi remained steady supports this. It is expected that tree N content would again accumulate
during the active growth stage following fruit harvest. The work shows that N transport is rapid and
highly dynamic in both xylem and phloem tissue. It was so rapid that it was unable to identify and
track the seasonal source to sink N demand as hypothesised.

The question remains, where is the ~150 g N that is unaccounted for post-harvest? As litter collected
over the eleven months contained only 50 g N, and the traps were large, high, and deep with litter
frequently collected (Figure C.20b), it is unlikely that two thirds of it was lost into the orchard. Also,
when extrapolated to annual litter N collected at a tree planting density of 250 trees ha, it is

12.5 kg N ha?, approaching that collected in an older, mature KP commercial orchard in the Darwin
region over 2017 (Section C.5).

Seasonal decline in tree N content has also been documented in pot culture of the South African
mango variety, Sensation (Stassen and Janse van Vuuren 1997). However, this was attributed to the
annual N loss to litter and harvested fruit. In this current work, harvested fruit N content was low, as
trees were five years old and had received no additional N since planting. Litter and fruit N have been
accounted for, and there is strong evidence of rapid N distribution throughout the entire tree. The
below ground processes such as root exudation or root-mycorrhizal interactions are unaccounted for
and may be responsible for the unexplained losses. For example, it is known that trees improve their
drought tolerance by exuding solutes or amino acids (which are N rich) from their roots to lower the
water potential in the surrounding soil surrounding, thus increasing soil water availability (Williams
and de Vries 2020). Other recent work suggests that root exudates deposited in the soil can assist
plants to recover and rapidly take up N as soon as soil microbial activity is reactivated by break of
season rain events (Karlowsky et al. 2018), consistent with our findings (Pandeya et al. 2020). The
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trees in this experiment were irrigated throughout, with more frequent irrigation over flowering and
fruit growth until harvest. However, the sprinkler throw in this and most other orchards is limited
and most of the root zone under the canopies do not receive water directly. The proportion of tree N
in root tissues increased from the quiescent period to flowering and fruit set. This could be from root
growth, N uptake from the soil or a root focus on processes involving nutrient uptake. Increased root
activity at this time has been suggested, but the information source wasn’t specified (Winston
undated). Our Katherine-based work has shown a sudden increase in leaf N with a break of season
rainfall and no applied N (Section C.4). Together, these observations indirectly support a working
hypothesis that a portion of tree N may be released as exudate from roots into the soil after active
growth, during the quiescent period, and available for increasing drought tolerance or future uptake
and tree N replenishment to balance orchard losses in harvested fruit (Coskun et al. 2017).

In trees, N can be stored, sequestered, used in metabolic processes or growth. It can also be lost as
litter, pruned material, harvested fruit or from roots. From stored resources in planta or the soil, N is
remobilised in response to phenological or environmental demand (Millard and Grelet 2010). The
seasonal N loss appears to be a significant and dynamic element in the annual N cycling in mangoes.

C.4 Nitrogen impacts on fruit yield and quality

Introduction

Nitrogen fertilisers are relatively cheap and are often applied as insurance against potential
deficiency rather than an indicated crop need. The results of ‘insurance’ nitrogen inputs are not
always positive in orchard crops. High levels of N applied to fruit trees are linked to high variability in
the maturity of fruit on trees, changes in fruit skin colour and higher disease susceptibility
(Weinbaum et al. 1992). These factors have an impact on harvest decisions, picking costs and,
importantly, the financial premiums associated with high-quality fruit.

In the mango industry, it is known that higher levels of applied N have negative effects on post-
harvest fruit quality, in particular the skin of the fruit staying green as the fruit ripens (Nguyen et al.
2004; Oosthuyse 1993b). The fresh fruit market demands fruit with skin that shows warm blush or
golden tones when ripe, depending on variety, and premium prices are paid for this. Fruit is
harvested when physically mature, but still green and firm. The ripening process continues slowly,
the rate largely dependent on the temperature the fruit is being held in. Frequently, the ripening
process is managed or accelerated prior to sale by exposing fruit to ethylene gas which enhances
flesh softening and changes in skin colour (Barry and Giovannoni 2007), creating a visually attractive
product for buyers.

There are no recommended guidelines for N application in commercial mango orchards in the NT.
The question is, at what level of N application is there a risk of harvesting fruit with ‘stay green’ skin
characteristics or other post-harvest quality defects? Also, can post-harvest ethylene treatment
overcome the ‘stay green’ skin on ripening fruit?

Methods

Work was conducted over 2018-20 at a commercial orchard in the Katherine region on KP trees
planted in 2000. Trees were selected to be of consistent size, age and health within the allocated
rows. A randomised complete block design with four replicates was used. Within each block, four
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sets of three trees were randomly assigned an N treatment (Microsoft Excel randomisation function).
Recent N application history for the trees was by post-harvest soil application in early January 2017
and two 2 % KNOs spray applications at flowering, in July 2017.

Figure C.23: Aerial view of the experimental site south-east of Katherine. Each treatment (0, 12.5, 25 or 50 kg ha of N)
was randomised within the four blocks, (blue, red, green and yellow outlines). The experimental site was buffered with a
row on either side receiving no N fertiliser (white dashed line above) and treatments were separated by a minimum of one
tree. Blocks of trees were selected for uniformity of age and canopy. Yellow arrow with adjacent N indicates the direction
north.

Nitrogen application

Buffer rows and trees were defined around the experimental trees and no N treatments were
applied to these trees (Figure C.23). A range of N levels was applied to the soil in January 2018 and
2019 according to the design; 0, 50, 100 and 200 g N tree® (equivalent to 0, 12.5, 25 and 50 kg ha* at
a planting density of 250 trees ha') in the form of ammonium sulfate.

Pest management and associated chemical controls by the commercial orchard operators continued
as scheduled. Flowering commenced mid-June 2018 and 2 % KNOs foliar sprays were applied on

25 and 28 June 2018 during fruit set. There were a number of inflorescence flushes that contributed
to several ‘select picking’ events at harvest because not all fruit matured at the same time. Leaves
were sampled periodically from the central tree of each replicate set in each block, then washed,
rinsed in Millipore water.

The foliar KNOs applied was equivalent to ~22 g N tree? or up to ~6 kg N ha! at planting densities of
250 trees ha™. This is conventional commercial practice although the frequency and concentration of
solutions applied can vary.

Soils

Soil is classified as red Kandosol (Isbell and NCST 2021). Soil samples to a depth of 60 cm were
collected within the drip line from each side of the central tree in each treatment level of each block.
For the initial analysis, they were mixed well, bulked, dried at 50 °C, sieved (2 mm screen) and
subsampled for analysis (Table C.2). For the post-experiment soil analysis, three samples to 60 cm
depth were collected from the drip line, and 50 cm and 100 cm within the drip line of each central
tree and mixed thoroughly, (but not bulked) then processed for analysis using the same techniques
(Table C.3). Soil analyses were completed by CSBP Soil and Plant Analysis Laboratory in Perth,
Western Australia.
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Table C.2: Soil nitrogen content, pH and cation exchange were measured in the commercial Kensington Pride orchard in the
Katherine region prior to the commencement of experiments in January 2018. Samples in each quadrant of the central tree
in each treatment were collected to a depth of 60 cm, bulked for each block and subsampled. Mean, sem, n=4.

Mean £
NOs mgkg? | 1.00 0.58
NHs mgkg! | 0.03 0.00

N % 0.45 0.04
C % 0.38 0.04
pH 7.88 0.11

EC dSm? | 0.04 0.00

Table C.3: Soil nitrogen content, pH and cation exchange properties were sampled in a commercial Kensington Pride
orchard in the Katherine region after experimental work in January 2020. Soil was sampled to 60 cm in each quadrant of
the central tree in each treatment in each block. Mean, sem, n=4.

0 kg ha 12.5 kg ha't 25 kg hat 50 kg ha!

Mean X Mean X Mean X Mean X
NOs mgkg?! | <1 <1 <1 <1
NHs mgkg?! | 4.00 0.41 | 4.25 0.48 | 4.50 0.29 | 4.50 0.96
N % 0.04 0.00 | 0.04 0.00 | 0.04 0.00 | 0.04 0.00
C % 0.19 0.02 | 0.19 0.02 | 0.25 0.04 | 0.23 0.03
pH 8.48 0.09 | 8.73 0.12 | 8.50 0.07 | 8.60 0.11
EC dSm? | 0.04 0.00 | 0.04 0.00 | 0.04 0.00 | 0.04 0.00

Harvest and post-harvest assessment 2018

Flowering continued over several weeks in 2018 which resulted in a staged harvest. The first select
harvest at the Katherine region KP commercial orchard was conducted on 2 October, 104 days after
50 % flowering. The fruit was selected and picked at the mature, green stage 0 Soft on the softness
scale ((Holmes et al. 2009) but minimal fruit was harvested. The second select harvest commenced
on 9 October and a final strip pick was completed on 18 October 2018. ‘Mature green’ for KP fruit
means having full shoulders that rise slightly above the pedicel connection and well-filled cheeks and
tip, with a minimum dry matter (DM) content of 15 % (AMIA 2016). All fruit was harvested from the
tree at the pedicel and washed to remove sap in a harvest aid vehicle containing Mango Wash®
solution prepared and replenished according to label instructions. The fruit was counted, sorted and
weighed as ‘commercial’ grade in terms of size, shape, colour and any other defects, or ‘other’,
suitable for processing, pulping or juice, then transported to a commercial packhouse.

In each block, mango fruits from three trees were harvested for each treatment level and the mean
yield was calculated. This was repeated in the four replicate blocks within the orchard (Figure C.23).
The yield benefit ratio was calculated by dividing fruit yield (tonnes ha) by the quantity of N applied
(kg ha'l), noting that data for fruit picked from O N treatment trees (see ‘Nitrogen application’, this
section) are included because they received N in foliar sprays of KNOs at flowering and fruit set.

To estimate how much N left the orchard in harvested fruit, a separate sample of four fruit from each
treatment and block were collected and dried in ovens at 50 °C. Fresh and dry weights were
recorded. The dried fruit material from each treatment was bulked, processed and subsampled (n=4
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for each N treatment) for N and C analysis at QUT as previously described (refer to ‘Methods’ under
Section C.1). N content in the fruit yield was estimated from these analyses.

From fruit picked on 9 October 2018, 24 (two trays) from each treatment and replicate block were
sampled for post-harvest assessment, 12 with all green skin and 12 fruit with a degree of blush. This
was to ensure that representative fruits were sampled across the entire canopy as green skinned
fruit tends to develop within the canopy and blushed fruit may have more light and sun exposure.
The % DM of fruit was measured using a near infra-red spectroscope (F750, Felix Instruments)
calibrated locally for KP (Anderson 2017) prior to the harvest. Fruit was stored overnight in a cold
room at 13 °C at Katherine Research Station (KRS). It was transported to Darwin on 10 October 2018
and ripened in the post-harvest laboratory at Berrimah Farm at a room temperature of 22-24 °C with
regular manual venting to standardise room air CO, content. (Note, in October in tropical Darwin the
lowest temperature attainable was 22—24 °C in the 24-hour airconditioned laboratory. Temperature-
controlled ripening rooms were unavailable in 2018.

Fruit was imaged on alternate days post-harvest until fruit reached stage 4 soft, ripe and ready to eat
according to the industry rating scale (Table C.4) (Holmes et al. 2009). Skin colour was measured on
the same points on each fruit (marked at an equatorial point on each full cheek) with a colorimeter
using the CIE L*a*b System D65 calibrated daily (CR-A43 white) according to operating instructions
(Konica-Minolta CR400). The system measured absolute reflected colour values for Lightness on a
scale from black (0) to white (100), *a from green (-) to red (+) and *b from blue (-) to yellow (+). To
account for variability in colour of a single fruit, both cheeks were measured, and the mean value
was calculated for each treatment in each randomised block (n=48, cheeks=24 whole fruit) in the
four blocks. Data were analysed over time using ANOVA, n=4, mean, sem, and second-order
polynomial curves fitted.

Destructive sampling of the fruit was carried out once stage 4 Soft was reached for each replicate
set of fruit (Table C.4), which, depending on N treatment, was not always consistent with the skin
colour guide (Figure C.24). For consistency, one person, with extensive experience related to mango
quality, assessed all fruits.

The flesh colour components L, *a and *b of both cheeks of each fruit (n=24) were measured using
the colorimeter and the mean for each fruit was calculated. Sugar content (°Brix) of juice was
measured (Atago, temperature compensated digital refractometer). A disc of the flesh of a cheek of
each mango was cut and the skin sliced from the surface with a sharp knife leaving a 10 mm deep
section. The texture was measured on the section, skin side up (Stable Micro Systems Texture
Analyser fitted with a conical Perspex tip P/60C). The force (Newtons) required for the instrument tip
to travel 5 mm into the flesh at a speed of 2 mm s was recorded (Figure C.25a, b). Data were
analysed using ANOVA on the split-plot design and mean separation based on 5 % LSD or Tukey’s
post-test using STAR version 2.0.2 (IRRI 2019) and Graphpad Prism® as described in figure legends.
Normality and homogeneity of variances were checked based on Bartlett’s test and Shapiro-Wilk’s
test, respectively. If required, data were normalised using square transformation to meet the
assumptions of ANOVA. Data were back-transformed for interpretation and visualisation.
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Table C.4: Fruit was assessed according to the industry standard for softness (ripeness scale) (Holmes et al. 2009). When
fruit achieved ‘4’ on the scale, which is considered ripe for eating Kensington Pride (KP), destructive sampling occurred to
measure °Brix, flesh colour and texture.

Stage Description
0 Hard — no 'give' in the fruit
1 Rubbery —slight 'give' in the fruit

Sprung-flesh deforms by 2—3 mm with extreme thumb pressure

Firm soft — whole fruit deforms with moderate hand pressure

Soft — whole fruit deforms with slight hand pressure

kin colour guide

2 a [ S 6

0 - 10% yellow 10 - 30% yellow 30 - 50% yellow 50 - 70% yellow 70 - 90% yellow 90 - 100% yellow

i
Py dttos
b

Figure C.24: Ripening of mangoes can also be tracked using a guide where the proportion of yellow skin colour is estimated
on each fruit. Over six stages, yellow skin colour changes from 0-10 % to 90-100 % of the fruit (Ledger et al. 2012).
Kensington Pride (KP) are considered to be ‘eating ripe’ at stage 5-6 or 70-100 % yellow.

Figure C.25: To assess any post-harvest quality effects of the in-orchard nitrogen application or ripening +/- ethylene, the
flesh was examined for differences in texture in 2018 and 2019. Discs of fruit being prepared for texture analysis (a). A
Stable Micro Systems Texture Analyser fitted with a conical P/60C measured the force required (Newtons) for the tip of the
instrument to travel 5 mm into a 10 mm deep disc of mango flesh at the rate of 2 mm s (b).

Harvest and post-harvest assessment 2019

The harvest and post-harvest assessments were repeated in 2019. An additional experiment was
added to assess whether green skin on ripe fruit from trees fertilised to excess N can be reversed
with post-harvest ethylene treatment. An extended flowering period was again observed, with 50 %
full bloom occurring on 24 June. A 2 % KNOs foliar spray was applied that week and the following
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week during fruit set. At 114 days after 50 % bloom, a series of four select picking events began;

16 October, 21 October, 29 October and a final strip pick on 7 November 2019. As in 2018, 24 mature
green and blushed fruits from each treatment and replicate block were subsampled from the

21 October harvest. % DM was measured using the NIR spectroscope and fruits were stored
overnight in a cold room at 13 °C at KRS. On day one post-harvest, fruits were transported to CPRF
and 12 fruits from each treatment (six with green and six with blushed skin) were randomly selected
and placed in a vented ripening room set at 21 °C. The remaining 12 fruits in the replicate were
placed in an adjacent vented ripening room at 21 °C with ethylene gas set and maintained at 15 ppm
for 30 hours, until fruit skin colour in fruit from trees receiving 0 soil-applied N changed from 0 %
yellow to 10-30 % yellow, consistent with moving from stage 1 to 2 in the mango skin colour guide
(Figure C.24). To maintain the same conditions for all ripening fruit over time, (with ethylene
treatment as the only variable), all fruit was transported to the post-harvest laboratory at Berrimah
Farm. Measurements and ripening continued at room temperature between 22-24 °C, with regular
manual venting to remove excess CO,.

Skin colour was measured on each fruit at the same location (n=12 fruit — ethylene, n=12 fruit +
ethylene treatment), commencing 2 days post-harvest and repeated every two days until fruit
reached stage 4 Soft (Table C.4). Measured values for L, *a and *b were taken for each level of N
application to trees, +/- post-harvest ethylene treatment (n=12 whole fruit for each treatment and
ethylene combination). Destructive sampling and analysis for flesh colour, sugar content and texture
followed and data were analysed as in 2018. Data were analysed using the mean of each set of
measured values using ANOVA. Means in figures with different letters above are significantly
different at 5 % LSD. Normality and homogeneity of variances were checked based on Bartlett’s test
and Shapiro-Wilk’s test, respectively. If required, data were normalised using square transformation
to meet the assumption of ANOVA. Data were back-transformed for interpretation and visualisation.

To estimate how much N left the orchard in harvested fruit, a separate sample of four fruits from
each treatment and blocks were collected and separated into skin, seed and flesh components and
dried in ovens at 50 °C. Fresh and dry weights were recorded, samples were processed for analysis as
described for 2018.

Results

Leaf N content was confirmed as sufficient at > 1 % dry weight in January of 2018 and 2019 and at or
above the recommended minimum of 0.8 % during the quiescent or dormant periods prior to
flowering (Catchpoole and Bally 1999). Monitoring of leaf N continued over the experimental period
of January 2018 to January 2020 (Figure C.26). Soil nitrate reduced over that time to less than

1 mg kg, while soil ammonium content increased from less than 1 to 4 or more mg kg across the
experimental blocks (Tables C.2, C.3).
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Figure C.26: Leaf N was monitored over two years in a commercial Kensington Pride orchard in the Katherine region.
Management of the orchard over time is shown by images in the timeline: sack indicates soil-applied fertiliser, orange
flower and droplets indicate foliar application of 2 % potassium nitrate, green mango indicates fruit harvested at the
mature green stage, grey clouds indicate break of season rainfall events that mark the beginning of the wet season. Note
the rapid increase in leaf N in January 2019, prior to additional N application. Leaf N increase in all treatments to ~1.4 % N
is probably the result of locally decomposing litter and soil microflora and microfauna activity in response to the indicated
rain events. Mean, sem, n=4.

Harvest yields 2018 and 2019

‘Commercial yield’ is defined as a fruit that has symmetry, correct size and shape, and no blemishes.
‘Other yield’ may be small, misshapen, have a skin blemish or physical defect but are suitable for
pulp or juice. In 2018, mean yields from each block ranged between 18.6 and 22.6 tonnes ha*
(Figure C.27a). In contrast, the 2019 mean yields from the same trees ranged between 37.2 and
38.5 tonnes ha (Figure C.27b). There was a significant difference in yield over the two years
(ANOVA, p<0.0001, with no significant interaction between year and N applied, p=0.67, n=12). No
significant differences were seen in total yield in response to soil-applied N (ANOVA, p=0.8, n=12).
The ratio of harvested yield/N applied follows the same pattern in 2018 and 2019, with sharply
reducing benefits as N application increased (Figures C.27c, d). Note that the yield benefit calculation
includes 0 kg of soil-applied N because all trees received just under 6 kg N ha* via foliar sprays of
KNOs at flowering and fruit set as part of conventional orchard management practices.
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Figure C.27: Total yield for Kensington Pride (KP) mangoes in a Katherine region orchard varied over 2018 (a) and 2019 (b),
illustrating the recognised KP varietal habit of alternate year bearing. There was a significant difference in yield over the
two years (ANOVA, p<0.0001, with no significant interaction between year and N applied, p=0.67, n=12). No significant
differences were seen in total yield in response to soil-applied N (ANOVA, p=0.8, n=12). The yield benefit ratio of yield
(tonnes ha) / N applied (kg ha) is shown for 2018 (c) and 2019 (d). Data were standardised to 250 trees ha.

For the 2018 harvest, the mean N content in a tonne of fruit ranged between 0.84 and 0.93 kg tonne"
1 with the concentration in fruit from trees treated with 12.5 kg N ha being highest (Figure C.28a). In
2019, the quantity of fruit harvested from the 25 and 50 kg ha* N treatments contained higher N
content of ~1.1 kg per tonne compared to 0.96—0.98 kg N per tonne for the two lower N treatments
(Figure C.28b). When applied to the total fruit yields, in 2018 it is estimated that 16.3-21.0 kg N ha*
left the orchard in fruit (Figure C.28c), and in 2019 the exceptional harvest resulted in 36.7—

42.7 kg N ha! leaving the orchard (Figure C.28d) across all treatment levels. These results are
extrapolated from analysis of fruit subsampled from each treatment during the harvest (n=4), thus
are estimates only, mean and sem are shown.
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Figure C.28: Nitrogen content in harvested fruit was estimated on a fresh weight basis for comparison between years with
extreme variation in yield (a, b). In 2018, it is estimated that 16.3-21.0 kg N ha! left the orchard in fruit (c), and in 2019 it
was around 36.7-42.7 kg N ha! (d). These are indicative quantities of nitrogen leaving the orchard in the crop, estimated
from a relatively small subsample of fruit. Therefore, no statistical analyses were performed, n=4, mean and sem.

Post-harvest quality assessment 2018

There were no significant differences in % DM in response to N levels applied to trees (p=0.26). Fruit
harvested from trees treated with 25 kg N ha had the lowest mean with 17.9 % DM and fruit
harvested from trees treated with 0 kg N ha™* had the highest with 18.5 % (Figure C.29).
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Figure C.29: Dry matter in harvested fruit was measured on the day of harvest with a near infra-red gun calibrated for
Kensington Pride (KP) in the 2018 season (Anderson 2017; Subedi et al. 2007). No significant differences were found
between blushed and green harvested fruit (ANOVA, p=0.36, mean, sem, n=24). * denotes the Australian mango industry
recommended standard for a minimum dry matter of harvested KP fruit (AMIA 2016).

85



Rural R&D for Profit Program Final Report: More Profit from Nitrogen

Imaging of fruit over the ripening period showed visual differences in colour between the sets of fruit
across the range of N treatment levels over time. Fruit harvested from trees receiving N at

50 kg N ha* exhibited ‘stay green’ skin, a post-harvest quality fault that occurs when trees are
supplied with excessive N and becomes evident as fruit ripen. Fruit from trees receiving 25 kg N ha
appeared green, remaining at stage 1 Colour (Figure C.24) while stage 3 Firm (Table C.4), taking
another two days before achieving stage 4 Soft and ready to eat. Fruit from trees receiving

25 kg N ha? achieved stage 2—3 Colour on day 10 post-harvest, while fruit from trees receiving 0 and
12.5 kg N ha* N while stage 3 Firm had fruit with skin ranging from stage 3—4 Colour.
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Figure C.30: Fruit from trees with a range of levels of nitrogen were harvested on the same day and imaged every second
day to visually track ripening progress. At each level of nitrogen application, 0, 12.5, 25, and 50 kg N ha! (above, top to left
bottom), the same tray of replicate fruit from a single tree is shown 3 days post-harvest (left column of images above),

7 days post-harvest (centre column of images) and 10 days post-harvest (right column of images above).

Quantification of skin colour changes over the ripening period showed that fruit from trees receiving
50 kg ha of soil-applied N had significantly darker skin on the L (lightness) scale (Figure C.31a, b)
compared to those applied with 0, 12.5 or 25 kg N ha* (p=0.007). This difference remained relatively
consistent from harvest until fully ripe. L changed significantly over time as expected. There was a
significant interaction between N and time (ANOVA, p=0.05), and the LSD post-test confirmed that
fruit from trees receiving the highest N treatment started the time series with significantly lower
mean L relative to the others, then maintained that curve through the series (see asterisk in

Figure C.31b). Immediately post-harvest, the skin of all treatments had similar *a values. Overall,
there was no significant difference between *a measured at each N treatment level (p=0.052), but
with significant interaction between N levels and time (p=0.0). The LSD post-test confirmed a
noticeable trend, with the fitted curves suggesting that over time, ripening skin of the fruit from
trees receiving higher N treatments had higher *a values (Figure C.31a, c). The curves had similar
relationships over days 2—6 post-harvest, then diverged in a consistent pattern over days 8-12 post-
harvest. The skin of the fruit from trees receiving 0 and 12.5 kg N ha® crossed from the green -*a
values into +*a red values when fully ripe, while the other levels sustained negative values

(Figure C.31c). On the *b blue-yellow scale, skin of the fruit from trees receiving the highest N
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treatment of 50 kg ha™* maintained significantly lower values (p=0.008) or reflected less yellow
through the ripening process. No significant interactions were found for *b (Figure C.31c, d).
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Figure C.31: Colour components of skin colour were measured on ripening mangoes with a Konica-Minolta colorimeter using
the CIEL*a*b system (a). Skin Lightness showed significant variability in response to tree-applied N levels (p=0.007), Significant
interaction between N level and time occurred, and LSD post-tests indicate that fruit skin from trees with 50 kg ha* N applied
was significantly darker over the period compared to fruit from trees with lower N treatment (* in b above). Measurements of
skin *a (green-red) showed no significant differences in response to N treatments (p=0.052); however, there was a strong
trend implying that as nitrogen application to trees increases, fruit skin colour tends to be greener as it ripens (c). Values for
*b (blue-yellow) show significant differences in response to N levels applied and no significant interactions (p=0.008), LSD
post-test indicates that skin of the fruit from trees with 50 kg N ha! is less yellow than from trees with lower levels of applied
N (* in d above). ANOVA, mean, sem, n=4.

Flesh attributes of ripe mangoes were assessed when fruit reached ripening stage 4 Soft. Small but
significant differences were noted in the sugar content of fruit when ripe (p=0.04). Mean values
ranged between 14.6 and 15.62 °Brix, with fruit from trees treated with 0 kg N ha having the
highest sugar content and those receiving 25 kg N ha* the lowest (Figure C.32a). Texture analysis of
the flesh showed no differences in response to the nitrogen treatments (p=0.99) (Figure C.32b).
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Figure C.32: Sugar content (°Brix) of mango fruit when soft and ready to eat was found to be small but significantly different
between treatments, with letters indicating the differences (a) (p=0.04, ANOVA, LSD post-test, n=24). The dotted line*
indicates the industry recommended sugar content of fruit when ripe for eating (a). The texture of the flesh of mango cheeks
was measured at stage 4 Soft and no differences were found between all treatments (b), ANOVA, p=0.99, sem, n=24.
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Flesh colour was measured with a colorimeter and no significant differences were seen in L (p=0.48)
or *a (green-red) of flesh (p=0.34) (Figure C.33a, b). For *b (blue-yellow), mean values were between
59.9 and 62.1, with flesh from fruit harvested from trees treated with 12.5 kg N ha having a
significantly higher value (p=0.04). (Figure C.33c). There was a noticeable incidence of the post-
harvest fruit quality defect ‘soft nose’, with a trend suggesting that as applied N increased, the
incidence of the defect increased; however, it was not significant (data not shown).
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Figure C.33: Colour components of stage 4 Soft flesh were measured. The range of nitrogen treatments did not impact
significantly on L (p=0.46) or *a (p=0.58) (a and b). However, the *b in ripe flesh of fruit from trees receiving 12.5 kg N ha?
had significantly higher values (p=0.04) (c). Letters indicate significant differences (c). ANOVA, Tukey’s post-test, mean,
sem, n=24.

Post-harvest quality assessment 2019

Fruit was harvested at a lower % DM in 2019 compared to 2018. Mean values for % DM ranged
between 16.35 % +/- 0.43 and 17. 05 % +/- 0.42 in the replicate sets of 24 fruit, with no significant
differences between N treatments (p=0.28). No trends were noticeable (Figure C.34).
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Figure C.34: In 2019, dry matter in harvested fruit was measured on the day of harvest with a near infra-red instrument
calibrated for local KP (Anderson 2017). * denotes the Australian mango industry minimum standard of 15 % for dry matter
of harvested fruit (AMIA 2016).

Ethylene-treated fruit achieved stage 4 Soft (Table C.4) and stage 5 skin Colour (Figure C.24) five
days earlier than control fruit (Figure C.35). Skin appeared more consistently yellow in ethylene-
treated fruit compared to control fruit.
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Control

Figure C.35: Post-harvest ripening of fruit with (15 ppm) and without (control) exogenous ethylene for 3 days was assessed,
with the skin colour of fruit measured at the same location with a colorimeter over time. The fruit shown is from trees with
nitrogen applied at 25 kg haL. Above left, control fruit and above right, ethylene-treated fruit at 9 days after harvest.
Control fruit continued to ripen for another four days, whereas the ethylene-treated fruit were stage 4 Soft and ready for
destructive sampling. Fruit skins were marked to ensure that repeated measurements taken with the colorimeter were at
the same location on each fruit at every time point.

The L skin colour component responded with significant differences to N treatment applied to trees.
Fruit from trees receiving 50 kg N ha* maintained darker skin colour over days 1-9 post-harvest than
the skin of the fruit from other treatments. However, the final mean L for skin of the fruit from trees
receiving all N levels were the same (Figure C.36a). Ethylene impacted significantly on the time
course of L measured on the skin of ripening fruit days 1-9 post-harvest (Figure C.36b), with
ethylene-treated fruit skin having a mean L value of 68.0 when ripe compared to 70.5 for untreated
fruit. For *a, small but significant differences were noted between mean N values over time, with
fruit from trees receiving 50 kg N ha! having the lowest mean value of —6.47, compared to those
from trees receiving 12.5 kg N ha’l, with the highest mean value of —4.08 (Figure C.36c). Over time,
the differences reduced, and all fruit had similar *a values when soft-ripe. Ethylene had significant
effects over the time course of fruit ripening for *a, but was close to the same at the ripening
endpoint with 5.1 and 5.3 despite being measured 5 days apart (Figure C.36c, d).
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Figure C.36: Skin colour components were measured over time as the fruit ripened. Fruit was initially held in controlled
environment ripening rooms with, or without, ethylene for 30 hours (refer to arrows adjacent to the x-axes). For L,
significant differences were measured between fruit from trees with different applied N levels. Fruit from trees receiving
50 kg N ha'! had significantly darker skin over days 1-9 post-harvest (a) (p=0.0). Interaction between ethylene and ripening
time for L was significant, with asterisks indicating differences (b) (p=0.0). When soft-ripe, mean L was 68.0 for ethylene
treated fruit, and 70.5 for control fruit. For skin *a, nitrogen had a small but significant impact, with fruit from trees
receiving 12.5 kg N ha* having the highest mean value for *a over days 1-9, and fruit from trees receiving 50 kg N ha! the
lowest (b) (p=0.0). The ripening response of *a to ethylene was significant over time, with differences indicated by asterisks
(c) (p=0.003). The ripening end-point of *a for all fruit was 5.1-5.3 (d). ANOVA, LSD, mean, sem, n=8.

Colour component *b of ripening skin showed significant differences between fruit from the range of
N treatments, ethylene response and significant interactions between the two (Figure C.37a, b,
Figure C.38a-d). The *b mean value at the ripening endpoint for fruit that received no ethylene was
between 53.9 and 57.3, compared to that of treated fruit with *b ranging from 49.3 to 50.8. The *b
skin colour for soft ripe fruit was inconsistent with 2018 measurements, with fruit from trees
receiving 12.5 and 50 kg N ha having the highest values.
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Figure C.37: The blue-yellow colour component *b of the skin of ripening fruit was significantly different over days 1-9
post-harvest in response to N levels applied to the trees (p=0.04) and significant interaction between received N levels and
ethylene treatment was noted (p=0.002) (a) and (b). The *b values for fruit ripened to soft-ripe without ethylene over

14 days had means between 53.9 (0 kg N ha?) and 57.3 (50 kg N hal), which were significantly higher than *b measured
for fruit from trees treated with 25 and lower than 12.5 kg N ha! respectively (a). In contrast, ethylene-treated fruit was
soft ripe 9 days post-harvest and had mean *b values for all N levels of 49.3-50.8 (b). ANOVA, LSD post-tests, mean, sem,

n=8.
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Figure C.38: Colour component *b of ripening fruit skin varied significantly between +/- ethylene-ripened fruit and fruit
applied N levels at each time point days 3—9 post-harvest after ripening started at the same *b value for all conditions
(p=0.01). Significant differences were noted in ripening endpoints for *b of fruit from all N treatment levels, with letters
denoting differences at day 14 (a-d). Fruit from trees receiving no ethylene treatment had higher *b values, with fruit from
trees receiving 50 kg N ha! the highest at 57.3 and those from trees receiving 0 kg N ha the least with *b of 54.0. Fruit
treated with ethylene had *b values ranging from 49.3-50.8 at their ripening endpoint (ANOVA, LSD post-tests, mean, sem,
n=8).

The fruit ripening colour time course was significantly different at all levels of N treatment, with the
*b measurements of ethylene-treated fruit diverging immediately, reaching peak values on day 7,
then dropping by day 9 post-harvest (Figure C.38a-d). In contrast, *b values for skin of untreated fruit
were initially static, with small increases at four days post-harvest. All ethylene-treated fruit had *b
rising continuously to a maximum value when soft-ripe 14 days post-harvest, with a mean range of
53.9-57.3. When ripe, ethylene-treated fruit had lower *b values, with mean values between 49.3
and 50.9, so the skin was less yellow and past peak *b. Fruit from untreated fruit from trees receiving
50 kg N ha? developed the highest *b and those from trees receiving 0 kg N ha?, the lowest.
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Figure C.39: Flesh colour of fruit was measured when ripe and ready to eat according to the softness scale (Table C.4). The

L colour component of ripe mango flesh was not impacted by different levels of N application to trees. However, both *a
(p=0.001) and *b (p=0.0) showed significant differences in response to N applications, as designated by letters in (c) and (e)
above. Fruit from trees receiving 50 kg N ha! had flesh that was redder and more yellow than other treatments, with fruit
from trees receiving 0 kg N ha! reflecting the lowest *a and *b. Mean, sem of all (+/- ethylene) measured colour values of
fruit skin in response to N treatments (a, ¢ and e). All skin colour components responded significantly to ethylene treatment
(L, p=0.09, *a, p=0.004, *b, p=0.003), shown above (b, d and f) with letters indicating differences (ANOVA, LSD, mean,

sem, n=8).

Measurements of colour in ripe flesh found no response in varying N levels for L (Figure C.39a). In
both *a and *b, fruit from trees receiving 50 kg N ha had the highest mean colour values, and those
receiving 0 kg N ha* the lowest (Figure C.39c, e). Ethylene treatment impacted all colour component
values measured on ripe flesh, with treated fruit having higher or lighter L, and lower *a and *b

values than naturally ripened fruit (Figure C.39b, d, f).

Varying N applications had no impact on the sugar content of ripe fruit in 2019 (Figure C.40a).
However, fruit ripened without ethylene had a higher mean of 1.1 °Brix more than fruit treated with
ethylene (Figure C.40b). The texture, measured at the end-point of ripening for all fruit showed small
but significant differences, with fruit from trees receiving 0 kg N ha'! having more resistance when
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soft-ripe than the other N levels (Figure C.40c). There were no differences in texture between the
ethylene-treated and untreated fruit (Figure C.40d).
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Figure C.40: The sugar content (°Brix) in ripe flesh was not influenced by N application (p=0.09) (a) but was significantly
lower as a result of ethylene treatment (p=0.006) (b). Mean °Brix for fruit ripened without ethylene was 13.4 compared to
12.3 °Brix for fruit ripening with ethylene (b). The texture of ripe fruit showed small but significant differences in response
to N applied to trees, with fruit from trees treated with 0 kg N ha* having the highest flesh resistance. Differences are
indicated by letters (c). No significant ethylene response or other interactions were observed. Dotted line at 15 °Brix (a)
indicates the industry recommended minimum sugar content for ripe fruit (ANOVA, LSD, mean, sem, n=8).

Discussion
Yield

The nitrogen application levels ranging between 0 and 50 kg ha™ reflect the general range of mango
management practices in the NT. While conservative compared to other environments, they were
chosen to induce stay green skin at the highest level applied, but do not leave ongoing quality
problems in the commercial orchard. There were no significant impacts on yield in both the 2018 or
2019 harvests (Figure C.27a, b) and a rapidly reducing yield-benefit for the nitrogen inputs in each
year (Figure C.27c, d). Interestingly, despite the large differences in yields for 2018 and 2019, the
nitrogen content was relatively similar on a fresh weight basis, ranging between 0.84 and

1.11 kg tonne™® of fruit harvested across all treatment levels. When expressed in terms of N leaving
the orchard in the fruit, in 2018, 16.3-21.0 kg N ha left the property compared to 36.7-42.7 kg N ha
1in 2019. Growers need to factor in these quantities of N when considering how much to apply the
following year to ensure that soil fertility is maintained and nutrient mining of the soil is avoided
(Majumdar et al. 2016). It is notable that in January 2018, at the beginning of the experiments, the
commercial orchard soil N content was 0.45 %. In January 2020, soil N was down to 0.04 %, which
may reflect high 2019 yields in conjunction with fruit N content maintained around 1 % FW. Lower
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soil N could also be due to heavy break of season rains in December 2019 and January 2021
(Figure C.26), potentially flushing nutrients down the soil profile and out of reach of tree feeder
roots.

The post-harvest defect of ‘soft nose’ in fruit was noted across all N treatment levels in 2018, with an
increasing incidence as tree-applied N increased; however, it was a trend and not significant (data
not shown). ‘Soft nose’ occurs in the mesocarp of mangoes, distal to the seed tip where cells appear
translucent or senescent while the rest has cells with intact membranes and solid colour. The cause
has been linked to calcium deficiency and excess supply of nitrogen in fruit tissues, but this is not
certain (Raymond et al. 1998). In this instance, the in-orchard soil calcium level was higher in 2018,
the year ‘soft nose’ was observed, compared to the 2019 harvest with no incidence of the post-
harvest defect. Soil pH was within the generally accepted range for calcium being available for
uptake, with the pH ranging between 7.9 and 8.7 over the two seasons (Tables C2, C3). Work on the
physiological defects associated with fruit ripening is ongoing, with the phytohormones abscisic acid
and ethylene thought to dominate the control processes (Forlani et al. 2019).

Dry matter measurements are part of the decision-making process for the timing of the mango
harvest. The general industry recommendation to reflect sufficient fruit maturity in KP is 15 % DM
(AMIA 2016). However, a minimum of 14 % is often the decision point to commence harvesting, as
fruit can be transported while still firm and green, for example from the NT to the east coast of
Australia. This has the potential to reduce fruit damage and increases the time between harvest and
ripening, depending on travel storage conditions, particularly temperature. Dry matter in fruit is
related to carbohydrate and starch content when harvested, and the sugar or soluble solids content
when the fruit is ripe. It follows that harvesting fruit at a lower % DM can have negative impacts on
sugar content and eating quality when ripe. In B74 (Calypso), for example, % DM increases
approximately 0.07-0.12 % daily, or 0.49-0.84 % per week (Anderson et al. 2017). This suggests that
harvesting at 14 % rather than 15 % DM means between one and two weeks less time on the tree,
potentially accumulating fewer carbohydrates and ultimately fruit with lower °Brix when ripe. In this
work, there was no link or variability in dry matter accumulated in fruit with any level of applied N in
commercial orchards.

Fruit quality

Mango fruit maintaining green skin while ripening is recognised as a problem associated with excess
N application in orchards (Nguyen et al. 2004; Oosthuyse 1993b), and is particularly common in KP
(Nguyen et al. 2004). Anecdotally, commercial growers of mangoes on the nutrient-poor soils in the
NT apply less N on their orchards than orchardists in other parts of Australia, but ‘stay green’ skin can
still be a quality problem and this work indicates the N level where it becomes a consideration. The
colour component, L, of mango skin of the fruit from trees receiving up to 25 kg soil-applied N (plus
5.5 kg foliar-applied N ha for all treatment levels) in 2018 followed a similar ripening time course.
Fruit from trees receiving a total of 50 kg N ha had darker skin, and stayed darker when ripe
compared to that from lesser N levels. The *a colour component showed no significant differences,
but a strong trend indicated that as N application increased, the greener the *a component of skin
colour. For *Db, skin colour was less yellow on ripening fruit from trees receiving the high-level N
treatment. Also, the ripe flesh *b colour component of fruit from trees receiving 12.5 kg ha*
developed higher yellow values. In terms of the colour and softness scales used in the mango
industry (Table C.4 and Figure C.24), they appear to be designed as a pair, with mangoes being ready
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to eat when both scales reach stage 4 as described. This work indicates that excess application of N
results in a mismatch between colour and softness during ripening, where the excess N prevents skin
colour change and softening processes continue in the mango flesh.

Overall, in the Katherine commercial orchard in 2018, with a yield of close to 20 tonnes hal, minor
differences in ripe skin colour were seen at N application levels of less than 25 kg N ha?, and major
differences at 50 kg N ha™.

The colour components of the skin of ripening fruit from trees receiving a range of N levels, with and
without a brief ethylene gas application in 2019, were different compared to those collected in 2018.
The obvious ‘stay green’ phenotype of ripening skin was not replicated in fruit from trees receiving
higher N levels. This is not surprising, considering the seasonal yield difference. There were
measurable differences, however, with the L colour component of ripening skin again beginning the
ripening process significantly darker at the 50 kg N ha* treatment level but all fruit skin had similar L
values by the soft-ripe stage.

For *a, there were no clear trends in response to N levels, and similar ripening endpoint values with
and without ethylene. The *b component of fruit from trees receiving the highest levels of N
developed higher, more yellow values than fruit from trees receiving 0 kg N ha. This could be a
reflection of optimum fruit development for the higher applied N and the high yield of the 2019
season, rather than an excess supply response observed in 2018. The *b values for ethylene-treated
fruit peaked at 7 days post-harvest, then fell slightly at the ripening endpoint. All fruit ripened
without ethylene achieved higher *b values than ethylene-treated fruit, the difference ranging
between 4 and 7 units. These measured differences can be analysed using other systems such as
Hunter or CIELChab, (McGuire 1992), but the human eye mimicking CIEL*a*b system was preferred.
Interestingly, Hunter b component data was found to be a useful measure of mango flesh maturity
and correlated with % DM (Subedi et al. 2007). It is likely that *b results in our data are also a flesh
maturity measure of KP mangoes.

Applied N impacted on ripe flesh colour of fruit from trees receiving 50 kg N ha?, with higher *a and
*b values implying more colour development. Small differences in flesh texture were measured in
response to applied N levels but there were no textural changes in response to ethylene treatment.
Overall, the application of ethylene to obtain even, golden or blushed skin colour shortened the time
for fruit to reach stage 4 Soft-ripe by 5 days. The data suggest that exogenous ethylene skin colour
change and accelerated softening, or perhaps senescence, of the mango pericarp are processes
separate from flesh colour development and the conversion of carbohydrates to simple sugars. This
is likely to reduce the saleable life index of the mangoes (Leger et al. 2003). It would be more
desirable to have only skin colour affected by exogenous ethylene and not the tissues of the exocarp,
leaving those tissues under control of endogenous processes. It is known that abscisic acid probably
triggers the genes controlling ethylene biosynthesis. Also, the chemical genetics of signalling
cascades and interactions associated with cell wall softening in dry and fleshy fruits indicate these
two hormones dominate ripening processes (Forlani et al. 2019).

Fruit that ripened naturally had darker flesh with more red and yellow colour development. They also
had ~1 °Brix more than ethylene-treated fruit. This may sound insignificant, but it is equivalent to a
difference of ~10 g of sugar per litre of juice. Although the % DM of fruit harvested in 2019 was 16—
17 %, well above the recommended minimum, the °Brix developed in the fruit when ripe, 12.5-13.3,
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was below the desirable > 14 °Brix for KP fruit (AMIA 2016). This may be related again to the high
yield of 2019, although canopy and leaf cover was dense due to minimal pruning after the 2018
harvest, so the source:sink relationship between leaves and fruit should not have been limiting. It has
been shown that high leaf:fruit ratios often result in fruit with high structural and other dry matter,
but there is usually a concurrent increase in sugar content (Léchaudel et al. 2005b). The yield
difference between the two years was mostly due to the higher number of fruit on each tree rather
than the size of fruit (mean individual fruit weight in 2018 was 0.37 kg and in 2019, 0.38 kg). This
suggests the trees had better flowering, fruit set or fruit retention than in 2017, but photosynthesis
may have been inhibited and carbohydrate production interrupted. Lu et al. (2012) found that the
period of maximum environmental stress for KP in the Darwin and Katherine mango growing regions
occurred during fruit development. The result was reduced leaf stomatal conductance and inhibition
of photosynthesis. This means lower rates of carbohydrate production and lower accumulation in the
fruit. This could explain why a large volume mango crop did not achieve the desired sugar content
despite having a larger canopy than in other, lower-yielding years.

In summary, while skin colour appears even and softening is uniform in fruit treated with ethylene,
there is a quality penalty: a reduction in flesh colour and sugar accumulation. While ‘stay green’ skin
was not reproduced in the harvest of 2019, the response of skin colour to a tree N application of

50 kg ha was measurable and significant over the ripening time course, and sugar content of fruit
when ripe was low and below the industry quality standards (AMIA 2016). Ethylene shortened the
time taken to reach stage 4 Soft, but differences in flesh colour components L and *b and lower °Brix
were significantly different at the ripening end-point.

An awareness of the potential loss of quality in fruit because of ethylene treatment is needed,
otherwise an illusion of top quality is being sold and, if the buyer is disappointed, there is a risk of
extending the time to the next mango purchase.

Research in the Burdekin region of North Queensland found that more than 150 g tree™® of soil-
applied N risked producing fruit with ‘stay green’ skin (Nguyen et al. 2004). Foliar application of

50 g N tree! was also linked with the ‘stay green’ skin of the fruit from orchards with a history of this
post-harvest defect. This is equivalent to trees receiving 37.5 kg soil-applied N ha?, and 12.5 kg ha™®
of foliar-applied N (total N inputs of 50 kg N ha*) compared to this current, NT-based work. At these
northern Queensland recommended N application levels, fruit with the ‘stay green’ post-harvest
defect were produced in an NT commercial orchard yielding just under 20 tonnes ha, at a planting
density of 250 trees ha™. This is equivalent to a yield of ~80 kg of fruit tree, similar to the 70-85 kg
fruit tree? produced in response to a range of N treatments in Nguyen et al. (2004).

Over the season, leaf N content on the experimental trees generally followed the expected time
course, reducing as the tree entered the dormancy period in April and May (Figure C.26). The leaf N
content did not significantly change in response to soil or spray application of nitrogen, although the
12.5 and 25 kg ha™ treated trees did appear to increase leaf % N slightly in response to the KNOs;
sprays in late June. There was no increase in leaf % N over the fruiting and harvest period as depicted
in the longstanding work of Ted Winston and the Queensland Department of Agriculture and
Fisheries (Winston undated). Interestingly, the data from material collected in January 2019 showed
a large, rapid increase in leaf % N (Figure C.26). No N had been applied to the trees; therefore, it is
the result of local, naturally occurring conditions. Soil pH can increase over the dry season as large
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qguantities of alkaline irrigation water are applied. It is possible that wet season rain, which can have
a pH of 5-6, flushed and reduced the pH of the soil. This reduction in soil pH may increase
micronutrient and macronutrient availability for root uptake, including N. Also, we now have direct
evidence of rapid decomposition of litter and pruned material occurring from break of season rains
over the wet season, which, along with microflora and microfauna activity increased N mineralisation
and nitrification of soil (see Sections C.7, C.8, C.9).

The N application history of the commercial orchard in the Katherine region varies from year to year
according to advice received from service providers, but generally cycles between 140-220 g N tree !
from all applied sources. This is equivalent to 35-55 kg N ha™ for a tree planting density of

250 trees ha™.

This work supports the hypothesis that in mango, unlike many other fruit crops, there is no yield
advantage in applying N in excess. Any yield gap or possible yield increase for mangoes is likely to be
resolved using ionomics and balancing nutrients required by crops in different environments
(Mueller et al. 2012; Huang and Salt 2016). Therefore, the recommended starting point for N
application (soil-applied or fertigation) in a commercial orchard would be 12.5-25 kg N ha (80-
160 g N tree?), adjusted according to N content in the soil, N cycling in litter on the orchard floor,
how much N left the orchard in the most recent crop and any other known or potential deficiencies.

97



Rural R&D for Profit Program Final Report: More Profit from Nitrogen

C.5 Nutrient cycling in mango orchards

Introduction

Nutrient cycling in agricultural and natural ecosystems, particularly nitrogen, phosphorous and
carbon is of increasing interest as climate change impinges on crop productivity (Wright et al. 2004).
and the need for sustainable practices to balance the demand for maximum yield (Thorburn et al.
2011). The Haber-Bosch process has been used over the past ~100 years to manufacture synthetic N
fertilisers. This has supported massive increases in agricultural production and human population,
with close to 40 % of the world population relying on food grown using these synthetic products
(Erisman et al. 2008). Their manufacture and use mean that more reactive nitrogen compounds are
being released, with negative impacts on air and water quality (White and Brown 2010; Lassaletta et
al. 2014). However, there is a large body of evidence building around over-application and inefficient
use of synthetic fertilisers (Liu et al. 2016). Thus, there is a need to develop N management strategies
and technologies for widespread use at the farm-level to improve N use efficiency.

Mango (Mangifera indica) grow well in a wide range of climates and soils. In Australia, it is grown in
the wet-dry tropics of Darwin, Pine Creek, Katherine and Mataranka in the NT and the Kununurra
region of Western Australia (WA). Sub-tropical Carnarvon on the WA coast also has commercial
plantings. On the east coast, extensive mango plantings exist from the wet tropics between Port
Douglas to north of Townsville, and south to sub-tropical south-eastern Queensland and northern
New South Wales. In 2019, the NT produced 52 % of the Australian 10 million tray mango crop. This
equates to over 36,000 tonnes of a 52,000 tonne harvest yield (Brann 2020). Soils vary widely
between regions, and while fertilising practices for east coast Australian orchards are well
established, practices vary widely in the nutrient-poor soils of the NT. Successful harvest yields do
not require high volumes of N; however, fruit quality defects can result from under or oversupply of
N (Weinbaum et al. 1992; Nguyen et al. 2004). What amount of N constitutes ‘over’ or ‘under’ supply
is not well understood and there are no current guidelines for N application in NT commercial mango
orchards (AMIA 2018).

Nutrients leaving a mango orchard in harvested fruit can be estimated, but the timing, volume and
nutrient content of fallen and pruned material, and the rates of decomposition of that material in
local conditions have not been quantified for mango growing in the wet-dry tropics of the NT. Also,
there is limited information on mobilisation and retention of nutrients taken up by mango trees. The
resorption of leaf nutrients back into plants for storage or immediate transfer into new growth or
other plant processes is relevant across ecology and horticulture in all environments. On a global
basis, it is estimated the average percentage of N resorbed back into living plants is 62.1 % and for P
the figure is 64.9 % (Vergutz et al. 2012). There are evolving views on how nutrient resorption is
affected by climate, soils and plant types (Aerts 1997; Eckstein et al. 1999; Yuan and Chen 2009;
Laliberté and Tylianakis 2012). Foliage nutrient concentrations were historically used to assess plant
and environmental health (Chapin Il 1980) but more recently the focus is reversed, instead
examining how the environment influences foliage nutrient content (Brant and Chen 2015; Wang et
al. 2018). This is a relevant consideration for mango, as ‘best management’ practices for this widely
grown crop vary so widely depending on latitude, temperature, rainfall and soils. Also, it has long
been acknowledged that mango leaf nutrient content is a poor indicator of over-fertilisation
(Weinbaum et al. 1992) and fruit yield and quality (Catchpoole and Bally 1999).
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The question is: what nutrients are cycling in mango orchards in the NT and what portion of the
annual orchard nutrient budget do they form? A better understanding of these issues will contribute
to the development of sustainable nutrient budgets and evidence-based guidelines for fertiliser
application on commercial mango orchards in the wet-dry tropics.

In commercial mango orchards, substantial amounts of plant material senesce and drop onto the
ground every year where it decomposes over time. The nutrients contained in the litter are
mineralised, consumed, recycled or leached from the soil. Further, mango trees are annually pruned
or hedged to maintain canopy shape and promote new growth to bear the next crop of fruit. The
pruned material on the orchard floor is usually slashed into smaller pieces and left as mulch, joining
litter as part of the cycling/recycling of N and other nutrients.

The timing, volume and nutrient content of this material has not been quantified in the wet-dry
tropics of the NT. Also, the quantity of nutrients cycling within the orchard as plant residues move
from biomass to necromass is not known. As part of quantifying the N budget in NT conditions, the
questions posed were: 1) what amount of litter and pruned material is cycling annually, 2) when does
it accumulate and in what form and 3) how much N and other nutrients from this material are cycling
within orchards annually?

Methods

Annual litter drop and pruned material were collected at four commercial orchards in the wet-dry
tropics of the top end of the NT, Australia. In 2017-18, the material was collected in two Darwin
region orchards. Both orchards were mature, one growing Kensington Pride planted in 2002 and the
other B74 planted in 2004 (Table C.6). During 2018-19, the material was collected in two Katherine
region orchards. One had mature, Kensington Pride trees planted in 2000 that were minimally tip-
pruned prior to litter collection commencing. In contrast, the other orchard had B74 trees planted in
2011 which were in the process of significant pruning and reshaping (Table C.6). All orchards were
situated on Tippera, red Kandosol soils (ASRIS 2011; Isbell and NCST 2021).

Table C.6: Litter and pruned material were collected from four commercial orchards, growing either Kensington Pride or
B74 mangoes. Planting densities, tree age, fertiliser application and management practices varied widely and are typical
of the range of local practices. N application is for the year of data collection.

Region Variety Year Tree N Pruning
planted  density applied
ha! kgha' Type Timing

Darwin KP 2002 120 22.1 Mechanical top Nov-Post harvest
and side

Darwin B74 2004 250 2.8 Mechanical top Nov-Post harvest
and side

Katherine KP 2000 140 39.6 Mechanical top Feb 2019-minimal top prune
only

Katherine B74 2011 300 58.6 Mechanical top Apr 2019, end of wet season.
and side Tree height reduction.

Litter traps were constructed using flexible fibreglass flyscreen mesh, metal droppers and twine, set
up in an east-west orientation and extending from the trunk to just past the drip line of each tree,
0.5 m wide, n=10 randomly selected across orchard rows but including no perimeter trees. Litter
collection area, or under-canopy area was measured for each tree. Litter fall was collected weekly or
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fortnightly depending on the season to ensure minimal losses or decomposition within the traps. The
collected material was sorted, washed and rinsed in Millipore filtered water then oven-dried at 50 °C.
Dry weights were recorded and material ground using a Rocklabs Standard Ringmill for woody
material and a Retsch SK1 mill fitted with a 1 mm screen for leaf material. Once processed, materials
were subsampled for analysis.

The average crown or canopy spread of each tree was measured before pruning and canopy areas
were calculated:

Average crown spread (m) = [longest spread (m) + longest cross spread (m)]/2 = tree canopy diameter (m)
Tree canopy area (m?) = it [1/2 diameter (m)] 2
Litter drop was calculated on a tree™ basis:
Tree litter (dry weight (kg)) = [(collected litter (dry weight)/trap area (m?2)]*tree canopy area (m?)

For pruned material, tarpaulins 1.2 m wide were placed on the ground at the trunk or stem of the
tree and extended 0.5 m past the drip line to catch material as trees were machine pruned (n=10).
The collected material was sorted, washed and rinsed in Millipore filtered water then oven-dried at
50 °C and weighed. Tree canopy spreads and tarpaulin collection area were measured prior to
pruning and used to calculate the quantity of prunings on a tree® basis, as for litter.

Carbon and nitrogen content was measured for litter collected in each orchard over twelve months
and the single pruning event for each orchard in 2017-2019. To estimate the complete nutrient
content of the litter, samples of each litter component (leaves, flowers, panicles and branches, were
collected at three consecutive time points from all orchards (n=4) during flowering and fruit set,
BBCH (Biologische Bundesantalt, Bundessortenamt und Chemische Industrie) stage 615-700
(Herndndez Delgado et al. 2011) in August—September 2018, then processed as described and
analysed. Pruned material was sorted, washed, dried and processed as described. Material from each
orchard was bulked, subsampled and analysed.

Carbon and nitrogen analyses (CNS-2000, LECO Corporation, St Joseph, MI, USA) and nutrient
analyses (Agilent 8800 LA ICPMS) were conducted at the Institute for Future Environments at QUT.

The orchard tree planting densities varied between 120 and 300 trees ha* (Table C.6).and data
collected was standardised to 250 trees ha™* for comparison.

Results

The majority of natural biomass abscission in all orchards occurred during tree floral induction,
through fruit set to fruit maturity, a period of approximately 100 days. Litter components collected
over time varied in quantity depending on the phenological stage of the trees and in-orchard
management practices. The amount of flowers in litter peaked between late June and August in all
orchards, contributing the surprisingly high ~150-200 kg ha™to the total litter DW over that period
(Figure C.41). Also noticeable was the quantity of panicles in the litter, dropping mostly over fruit set-
and peaking at 50 kg ha™ in all orchards. Immature fruit drop was variable in orchards, with the
Darwin orchards losing 25-50 kg ha™ from trees over the fruit set period around August—September
(Figure C.41a, b) and a significant quantity of mature fruit was left on trees to fall as they senesced
(Figure C.41a, b). This post-harvest fruit drop into litter was not seen to the same degree in the
Katherine region orchards. At the Katherine KP orchard, all healthy fruit was picked, regardless of
commercial grade because there was access to a market for mango juice or pulp. The reworking of
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the tree canopies over the 2018 year in the Katherine B74 orchard is reflected in the low rate of leaf
litter drop, low volumes of fruit in litter and, as the trees recovered and regained productivity, the
high volume of flowers (Figure C.41d).
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Figure C.41: Litter collected over a year in orchards in the Darwin region in 2017--2018 (a, b), and the Katherine region in
2018-19 (c, d). The litter components vary significantly over time and reflect a range of management practices. N=10,
Mean is shown. Data is standardised to a tree density of 250 trees haL.

In the Darwin region, the KP orchard abscised 1.8 tonnes of litter and 2.2 tonnes of pruned
material per hectare on a dry weight basis (Figure C.42a). The B74 orchard had a heavier litter drop
of 2.9 tonnes collected per hectare but was balanced by a lower annual pruned material weight of
1.1 tonnes ha* (Figure C.42b). Overall, the quantity of material collected on orchard floors ranged
from 4.0-4.2 tonnes ha when standardised to a planting density of 250 trees ha™.

In the Katherine region KP orchard, management left the tree canopies minimally trimmed and
removed 0.15 tonne ha of material. The large quantities of leaf litter collected over the following
months, 1.3 tonnes ha, reflect the heavy tree canopy that remained (Figure C.42c). In contrast, the
Katherine region B74 orchard trees were reshaped and the tree canopies pruned significantly,
resulting in 3.2 tonnes ha of pruned material. The annual litter quantity was low as a result, with
1.1 tonnes collected over the year (Figure C.42d). Three of four orchards cycled around 4 tonnes ha
of plant material over the year.
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Figure C.42: Annual dry weights of litter and pruned material varied across the orchards, ranging from just over 2 tonnes at
the KP Katherine site to around 4 tonnes at the other three sites. The litter and pruning data reflect the orchard
management practices in the year material was collected. Mean, sem, n=10 collection trays at each site. Data is

standardised to a tree density of 250 trees haL.
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Figure C.43: The N content of in-orchard annual litter and pruned material in the Darwin region litter was similarly
proportioned (a, b). In the Katherine region, the KP orchard with large, mature trees and minimal branch tip pruning, shed
most nitrogen in litter over the year 2018-19 (c). In contrast, the B74 were pruned heavily and reshaped, with most N
accumulated in the prunings (d). Mean, sem, n=10 collection trays at each site. Data is standardised to a tree density of

250 trees hal.
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Nutrient analysis of litter and pruned material indicated that Darwin region orchards have between
18.6 kg N ha for B74 (Figure C.43b) and 22.2 kg N ha™ for KP (Figure C.43a) falling onto the orchard
floor annually. In the Katherine region, the N content of litter varied between 17 kg ha® for KP
(Figure C.43c) and 26.9 kg ha™* for B74 annually (Figure C.43d). Carbon content in the litter and
prunings varied in a pattern similar to that of N. In the Darwin region orchards, the carbon content of
litter and pruned material in the KP and B74 orchards were similar, being 1.4 tonnes ha* and

1.2 tonnes harespectively (Figure C.44a, b). In the Katherine region, the KP orchard material
contained 1.1 tonnes ha (Figure C.44c) and the B74, 1.0 tonne ha of carbon (Figure C.44d).
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Figure C.44: In the Darwin region orchards, the carbon content of litter and pruned material in the KP orchard was

1.4 tonnes ha (a) and in the B74 orchard 1.2 tonnes ha* (b). In the Katherine region, the KP orchard material contained
1.1 tonnes ha of carbon (c) and the B74, 1.0 tonne ha! of carbon (d). Mean, sem, n=10 collection trays at each site. Data
is standardised to a tree density of 250 trees haL.

Prunings 500 EmE Litter

2000 % 600 Prunings

Litter 400
300
200

100

Nutrient (kg ha’
Nutrient (g ha™)

oo
[=INES

CaC KMgN P S B CuFe Mn Mo Na Zn

Figure C.45: Litter and pruned materials contained significant quantities of macro- (a) and micronutrients (b). Some will be
taken up by roots, or mineralised and recycled within the orchard over time, while others will leach during the wet season
or heavy rain events. Nutrient content of litter was estimated from a subset of samples of leaf, flower, panicle and branch
litter from the four orchards during flowering and fruit set, n=3 time points for each component, from each orchard.

Other macro- and micronutrients were also cycling annually within the mango orchards
(Figure C.45a, b). Over 40 kg ha of calcium, 18 kg ha™ of potassium and 8.5 kg ha of magnesium are
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dropped in tree material onto the orchard floor annually (Figure C.45a). Around 400 g ha* of iron and
manganese and 50-100 g ha! of boron, copper and zinc were measured in the litter and pruned
material (Figure C.45b).

The C/N ratio in leaf litter collected in abscission trays in the four commercial orchards ranged
between 83.5 in the Darwin B74 orchard and 98.6 in the Darwin KP orchard (Table C.7). In contrast,
the measured C/N ratio in leaves from pruned (living) material ranged from 40.6 at the Darwin region
KP orchard to 51.6 at the Katherine region KP orchard (Table C.7). Panicle C/N ratios were generally
higher than the C/N of leaves, with the exception of the Darwin KP orchard where they were similar.
Abscised flowers had the lowest C/N ratio, with a range between 30.3 and 40.1. Abscised branch C/N
ratios showed a wider range and standard error, noting that few woody branches abscised from
trees outside of pruning events (Table C.7). Only abscised flowers and panicles were analysed for C
and N, not attached material.

Table C.7: The carbon/nitrogen ratio was calculated for litter components collected in the Darwin region 2017-2018 and
the Katherine region 2018-2019, as shown in Figures C.44 and C.45. Mean, sem. *Mean only, material collected from
10 trees at each orchard was bulked and subsampled for analysis — refer to Methods.

Abscised litter C/N Pruned litter C/N
Leaf +/- n Flower +/- n Panicle +/- n Branch +/- n Leaf* Branch*
Darwin KP 986 50 16 39.6 1.5 9 970 40 17 954 12.2 9 406 118.1
Darwin B74 835 42 19 303 04 6 87.8 6.9 15 146.7 180 8 46.4 116.4
Katherine KP 96.1 33 7 38.9 3.3 7 100.5 32 7 105.5 8.6 7 516 126.7
Katherine B74 843 46 7 40.1 1.3 5 1185 7.7 6 70.0 0.0 1 474 139.1
*mean only

Discussion

Litter and pruned tree material is biological yield rather than economic yield, but it is a resource that
is not quantified and does contribute nutrients within an orchard. Most litter dropped to orchard
floors between the flowering of the trees and fruit harvest. There was high variability in the quantity
of each litter component during the year, reflecting the range and differences in management and
harvest practices across commercial orchards over time. We know, for example, in the Darwin region
B74 orchard a significant quantity of fruit dropped from trees after harvest (Figure C.41b). This is due
to instructions given to pickers by orchard management about the quality of fruit required, which
meant more fruit remained on the trees to fall naturally post-harvest. In other orchards, fruit with a
wider range of quality were picked and sorted off orchards in the pack houses. Also, the decision to
heavily prune the Katherine B74 trees between crops 2018—-2019 was illustrated by minimal leaf litter
collected as the trees re-grew and re-leafed from December to February (Figure C.41d). The minimal
pruning in the Katherine KP orchard (Figure C.42c) meant that trees were impinging on vehicle access
between the rows as fruit matured. It is estimated that the quantity of material pruned post-harvest
was substantial, probably in excess of 2 tonnes hal. The distribution of carbon between litter and
prunings was also consistent with the differences in tree management at each orchard for the 2018
19 year. What is interesting overall, is the consistency in the total amount (DW) of material,
containing significant quantities of N and other nutrients, that is cycling in orchards on a tree™ basis,
regardless of management practices and stage of tree maintenance.

Resorption proficiency (RP) is the level a nutrient is reduced to in senescent leaves, usually expressed
as % content on a DW basis. Calculation of the annual N content of the litter components and
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prunings showed that % N in leaf litter ranged between 0.4 and 0.7 % on a dry weight basis, a
reflection of RP of ~45 % for N in senescent mango leaves (refer to Section C.6). The leaf litter N
content in the NT orchards is similar to the 0.7 % N in mango leaf litter collected under un-named
varieties in Zimbabwe (Musvoto et al. 2000) and the Palmer variety in Brazil (de Almeida et al. 2014),
but lower compared to the 1.5 % N measured in litter collected under an unspecified mango variety
in India (Naik et al. 2017). Leaf litter deposited over a year contained 6.0-11 kg N ha®, with flowers
adding a substantial 4.6-7.9 kg N ha’. Flowers collected in the litter of the orchards contained an
average of 1.3 % N, +/- 0.07 (data not shown). It is well known that mangoes flower prolifically, but a
very low percentage of those flowers set fruit, with most flowers senescing from panicles for a range
of reasons (Pérez et al. 2019). What is surprising is the additive quantity of flowers in litter and its N
contribution to nutrient recycling in orchards (Figure C.43). The combined leaf and flower litter N
content is similar to that leaving an orchard in 10—-15 tonnes of harvested fruit (refer to Section C.3).

Most litter is deposited on orchard floors during the dry season, May—September. It remains
relatively inert until ‘build-up’, break of season rain events increase soil moisture to levels that
facilitate the activity of the decomposer communities (Garcia-Palacios et al. 2016; Naik et al. 2017).
Despite tropical soils being nutrient-poor, there is evidence that meso- and macrofauna activity (soil
fauna ranging in size from small beetles to large cockroaches) augment microfauna population, soil
temperature and soil moisture to break down litter in these environments (Parsons et al. 2014;
Peguero et al. 2019). Temperatures stay high in the tropics and rainfall, in particular, facilitates litter
decomposition, mineralisation of organic matter, then either uptake of nutrients via roots or losses
via leaching (Anaya et al. 2012).

Litter decomposes relatively quickly in the wet-dry tropics (Sections C.7, C.8, C.9), but this does not
mean that the nutrients are immediately available (Murovhi and Materechera 2015; Musvoto et al.
2000). Work completed within this project by Pandeya et al (2020) confirms that break of season
rainfall is the annual starting point for the release of N,O and decomposition processes of litter on
the orchard floor. Interestingly, the release of gaseous N,O appears to be N-limited where there was
no additional N fertiliser applied, but C-limited in the presence of N fertiliser but no litter on the soil.
When litter and fertiliser were combined, N,O losses were minor, with soil leaching and runoff being
the likely major N loss pathway (Pandeya et al. 2020).

Resorption efficiency (RE) in leaves is a nutrient conserving mechanism, and is the percent reduction
of a nutrient between green and senesced leaves as a percentage of leaf dry weight. The high C/N
ratio in leaf litter is a reflection of the RE of N in mango leaves (Section C.6). Mango varieties in the
NT, including KP and B74, resorbed between 53 and 62 % of leaf N, while C resorption was close to
zero. Therefore the C/N ratios in senesced and abscised leaf litter of 83.5 to 98.6 compared to
pruned, living leaves with C/N ratios between 40.6 and 51.6 are as expected (Table C.7). Mango leaf
litter collected across the NT commercial orchards have a C/N ratio considered to be at the higher
end in both tropical and other environments (Manzoni et al. 2010) which means it is less likely to
increase soil organic C (Zhou et al. 2019).

Recent work shows that long-established mango orchards in both the Darwin and Katherine regions
have almost identical total N and C pools compared to paired, adjacent, native savanna (Vickery
2019). This means that there has been no alteration in local soil N and C equilibrium in response to
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long-term changes in land use, implying climate (temperature and rainfall) and perhaps biotic
decomposers are the dominant factors (Garcia-Palacios et al. 2016).

As litter has the potential to harbour mango pathogens, good orchard management and healthy,
unstressed trees remain a priority. Orchard hygiene best practices should always be implemented,
including the pruning or skirting of trees above the rainfall splash zone, and the cleaning and
maintenance of equipment.

Litter and pruned material recycling in orchards enhance nutrient return to the orchard (Asigbaase et
al. 2021; Blair 1988) with no additional monetary costs. The nutrients of litter, thus far, have not
been included in the annual mango orchard nutrient budgets and can now be incorporated into
higher precision planning of fertiliser application in commercial mango orchards.

C.6 Leaf nutrient economics

Introduction

Mangoes are evergreen and maintain their canopy during dry periods, unlike drought-deciduous
trees in the wet-dry tropics (Ishida et al. 2006). Resource conservative evergreen plants tend to have
long-lived leaves (Corte et al. 2009; Ishida et al. 2006) and, in India, leaf life span for mango trees
growing in a range of environments and soils was found to be between 2.7 and 3.9 years. Longer leaf
vitality was associated with varieties originating from regions with low soil nutrient availability
(Ganeshamurthy and Reddy 2015). Leaf life span can vary widely between and within species,
depending on growing conditions (Russo and Kitajima 2016; Eckstein et al. 1999). Similarly, there is
wide variation in nutrient resorption from leaves back into trees as leaves senesce (Aerts 1997).

Nutrient resorption from senescing leaves back into trees is well studied in deciduous crops such as
peach, cherry (Grassi et al. 2003; Ayala et al. 2014) and apples (Neilsen et al. 2001). It also occurs in
evergreen trees, most efficiently in low nutrient environments (Eckstein et al. 1999; Tateno and
Takeda 2010; Ishida et al. 2006). This mechanism allows nutrients to be recycled within the tree and
stored or utilised according to seasonal demand.

Suggested optimum nitrogen content in mango leaves is variable depending on variety, usually 0.9—
1.5 % despite there being no direct link between fruit yield and leaf N (Catchpoole and Bally 1999).
As part of understanding nutrient cycling in mango orchard systems of the wet-dry tropics, we
examined nutrient resorption in leaves of a range of mango varieties grown on Kensington Pride
rootstocks. The questions posed are: 1) what nutrients are resorbed back into the tree as leaves
senesce before abscission from the tree; and 2) are there varietal differences in leaf nutrient
resorption?

Methods

Leaves were sampled from seven-year-old trees forming part of a randomised complete block trial of
current commercial varieties and National Mango Breeding Program (NMBP) selections growing at
Katherine Research Station, NT (Figure 46). Five varieties were selected: B74 (Kensington Pride x
Sensation), Kensington Pride, 1201 (Irwin x Kensington Pride), 1245 (Irwin x Kensington Pride) and
4069 (Van Dyke x Kensington Pride). All trees were grafted onto Kensington Pride rootstocks and
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received the same fertiliser and irrigation management since being planted in July 2012. Each tree in
the NMBP trial received 18 g nitrogen, 35 g phosphorous and 44 g K over January and February 2019.

Orchard soils are Tippera, red Kandosol, thin, non-gravelly, clay loam (ASRIS 2011). Soil samples
were collected across the orchard and analysed (Table C.8).

Figure C.46: The National Mango Breeding Program trial orchard at Katherine Research Station, 320 km south-east of
Darwin, Northern Territory, in the wet-dry tropics, provided leaf material for an assessment of varietal variability in leaf
nutrient resorption efficiency and proficiency. Photo from Google Earth 14 January 2021.

Table C.8: Soil samples from the NMBP trial orchard at Katherine Research Station were analysed at CSBP Soil and Plant
Analysis Laboratory, Perth, Western Australia. Mean, sem, n=6.

Units Mean +sem
Boron mg kg1 90.5 2.5
Calcium % 2.9 0.1
Chloride % 0.1 0.0
Copper mg kg! 11.1 1.0
Iron mg kg1 80.9 5.8
Magnesium % 0.3 0.0

Manganese mgkg! 157.4 6.3
Molybdenum  yg kg 585.1 134.8

Phosphorous % 0.1 0.0
Potassium % 1.0 0.1
Sulfur % 0.1 0.0
Zinc mg kgt 21.4 0.9
Nitrate mg kg1 <40 -
Total nitrogen % 0.9 0.1

Leaf samples were collected on a single day in September 2019 during fruit development, from
branches that were not fruiting. Vital (mature, green) and senesced (yellow and still attached to a
branch) leaves were harvested from five replicate trees. Each sample consisted of 20 leaves collected
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from the top and base of the canopy, on the eastern and western sides — five leaves from each
aspect. Vital green and senesced leaves were collected from the same branches within the canopy.
Leaves were washed in tap water, rinsed thoroughly in Millipore filtered water then oven-dried at
50 °C. Samples were milled using a Rocklabs Standard Ringmill. Soil and plant samples were analysed
by CSBP Soil and Plant Analysis Laboratory in Perth, Western Australia for macro- and micronutrient
content.

Leaf nutrient resorption efficiency (RE) was calculated for all macro- and micronutrients as the
percent reduction of a nutrient between green and senesced leaves as a percentage of leaf dry
weight:

[(nutrient content in green leaves — nutrient content in attached, senesced leaves)/nutrient content in green leaves)] *100

Leaf resorption proficiency (RP) is the leaf nutrient content of senesced leaves expressed as a
percentage of leaf dry weight and was calculated for all nutrients.

Statistical analysis of RE and RP results were completed using one way ANOVA and Tukey’s post-test,
in Graphpad Prism ® version 9 (https://www.graphpad.com/scientific-software/prism/).

Results

Mean RE of macronutrients in mango leaves showed low variation between varieties. For example,
leaf nitrogen RE ranged between 53 % for KP x KP and 67 % for NMBP 4069, a cross of Van Dyke and
KP, but were not significantly different (Figure C.47a). Leaf RE mean values for carbon were not
significantly different and ranged between 0.6 and 4.8 % (Figure C.47b). The RE of calcium was
negative as expected (Figure C.47c), reflecting calcium immobility within the leaves (White and
Broadley 2003; Vergutz et al. 2012) and its increasing proportion within the leaf material as other
nutrients were resorbed back into the tree. Varietal differences were seen in RE of phosphorous and
magnesium. B74 and 4069 showed complete, 100 % RE of phosphorous while the other varieties
ranged between 61-65 % (Figure C.47d). The values for RP of phosphorous in B74 senescent leaves
were lower than in NMBP 1201 (Figure C.47j), but variability was not as marked as in phosphorous
RE. It should be noted that the green leaf phosphorous content was between 0.04 % and 0.08 %,
which is below the sufficiency levels (Catchpoole and Bally 1999). Potassium RE showed little varietal
difference (Figure C.47e); however, in terms of RP, B74, KP and 4069 resorbed significantly more K
than 1201 and 1243 (Figure C.47k). Magnesium RE had varietal differences with 1201 and 1243
having higher efficiencies than the others (Figure C.47f). The RP of the leaf magnesium content of
B74 was significantly higher than 1201, 1243 and 4069, but similar to B74 (Figure C.47l). Leaf sulfur
RE ranged between 10 % for KP and 18 % for 1243, with no significant differences (data not shown).

Leaf micronutrients displayed less variability in RE and RP than macronutrients (Figures C.47, C.48).
The only difference noted was that KP had a lower manganese RE than 4069 (Figure C.48d).
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Figure C.47: Macronutrient resorption efficiency (a—f) and resorption proficiency (g—I) of green and senescent leaves from
mango tree varieties. Significant differences between varieties were observed in phosphorous (d) and magnesium (f)
resorption efficiencies. Also significant were phosphorous (j), potassium (k) and magnesium (l) resorption proficiencies.
ANOVA, p<0.05, Tukey’s post-test with letters indicating similarities and differences, n=5 trees sampled. Data are shown as
boxplots with median, interquartile box and range (whiskers).
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Figure C.48: The micronutrient resorption efficiency (a—e) and resorption proficiency (h—I) of green and senescent leaves
were generally consistent between mango tree varieties. The exception was manganese (d) resorption efficiency, where KP
was significantly lower than NMBP 4069. ANOVA, p<0.05, Tukey’s post-test with letters indicating similarities and
differences, n=5 trees sampled. Data are shown as boxplots with median, interquartile box and range (whiskers).
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Discussion

Resorption of nutrients from leaves back into plants for re-use is highly efficient and a desirable
characteristic for commercial fruit crops. It is an active process, but the energy costs of nutrient
resorption compared to active uptake of nutrients from other sources, such as via the roots, are
currently unknown (Brant and Chen 2015). Recent work on seven Indian mango varieties grown
across a range of climates and soil types found N RE in leaves varied between 42.0 % and 46.5 %
(Ganeshamurthy and Reddy 2015). All varieties analysed in this orchard had higher RE, between 53 %
and 67 % with NMBP 4069 the highest. Possible reasons for a difference in RE could be an adaptive
environmental response (Menge et al. 2011) or an inherited attribute.

All varieties in this work have KP as a parent, which is an early Australian variety identified in
Queensland in the 1880s (Johnson 2000). KP is polyembryonic, unlike the monoembryonic Indian
mango varieties, suggesting it is a cross between an Indian and a polyembryonic South East Asian
type (Olano et al. 2005). The KP x KP cross had the lowest N RE, and NMBP 4069, a Van Dyke x KP
cross, the highest. Van Dyke is a cultivar selected in the Florida, USA group of mango varieties prior
to 1940. Early molecular work suggests a heritage including Haden, Terpentine 10 and Mulgoba
which was imported into Florida from India (Olano et al. 2005). The first complete mango genome
was recently published (Bally et al. 2021) and, while the focus so far has been on identifying
guantitative trait loci (QTL) for fruit size, skin colour, canopy habit and other quality characteristics,
there is now scope to use the mango mapping populations on hand to consider attributes such as RE,
RP, water use efficiency, flowering at higher temperature and other abiotic stress tolerances, and
identify the associated genes.

In terms of an adaptive environmental response, variability in RE from leaves back into plants can
also be related to nutrient availability or constraint (Yuan and Chen 2015; Vergutz et al. 2012;
Killingbeck 1996), although this is not certain (Aerts 1997; Yuan and Chen 2015; Brant and Chen
2015). Also, it has been noted that leaf RE of N (Kazakou et al. 2007) reduces as leaf nutrient content
increases with the application of fertilisers, and nitrate resorption efficiency and uptake efficiency
are higher when trees are growing under low nitrate conditions (Havé et al. 2016; Nacry et al. 2013).
Leaf sampling in this instance occurred during fruit development, after green leaf N concentrations
reach their annual minimum N content at flowering and fruit set, but were still at or above the
recommended minimum levels of 0.8 % (Catchpoole and Bally 1999). The measured high values for N
RE were likely connected to: a) fruit acting as a strong sink for N; b) the tree recycling N from readily
available sources within the tree to the fruit; and c) low nutrient availability in soils with previously
applied fertilisers leached out of range of active roots.

Soils in the wet-dry tropics of Australia have very low naturally occurring P, mainly due to the
leaching effect of monsoon rainfall (Kooyman et al. 2017). Also, among Australian plant species it has
been found that the older the soil they grow on, the concentration of leaf P is lower and RE of leaf P
increases (Hayes et al. 2014). It is not known if this impacts on introduced tree species such as
mango; however, it has been demonstrated that canola, wheat and white lupin grown in
chronosequenced soils also have similar leaf P reduction and increased RE (Laliberté et al. 2013). The
green leaves of all varieties had a P content below the recommended pre-flowering concentration of
0.12-1.30 % (Catchpoole and Bally 1999). Varieties B74 and NMBP 4069 resorbed 100 % of leaf P
content back into the tree, significantly more than KP, NMBP 1201 and 1243 which reflects mean
global estimates for evergreen leaf RE at 61-65 % (Vergutz et al. 2012). B74 and 4069 also had the
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lowest green leaf P content, 0.04—0.05 %. Plants tend to resorb and recycle P more efficiently in low
P environments, and the relatively high % RE for both N and P in mango leaves may reflect that
growth is being limited by both N and P (Chen et al. 2010) despite applications of N and P during the
preceding wet season.

Ca transport in plants is mostly apoplastic and connected to water uptake and transpiration.
Symplastic Ca movement is thought to be minimal and, once translocated into cells, Ca functions as
an osmoticum in vacuoles and cell signalling processes (Gilliham et al. 2011; McLaughlin and Wimmer
1999). It is well documented as an essential element in fruit development and cell wall stability
(Hocking et al. 2016). The low mobility of Ca is reflected in the negative values for RE and less than

4 % RP in leaves.

K is essential for multiple plant processes such as protein, carbohydrate and ATP production,
photosynthesis and enzyme activation (Marschner 2012) and is applied to soil and as a foliar spray in
most commercial orchards. Compared to other evergreen trees growing in tropical environments
which have a mean K RE of 52 %, mango leaf K RE was a low 18-37 % (Vergutz et al. 2012).

NMBP 1201 and 1243 maintained higher K RP in senesced leaves, meaning more of their leaf K would
become a component of litter on the orchard floor rather than be resorbed.

C.7 Soil N fixation and gaseous losses in mango orchard soils

Refer to:

Combined effect of nitrogen fertiliser and leaf litter carbon drive nitrous oxide emissions in tropical
soils (Pandeya et al. 2020)

Summary

Intensification of agriculture in the tropics is likely to increase reactive N losses in the form of nitrous
oxide (N,0), but drivers of emissions from tropical soils remain poorly understood. This study
investigated the effect of leaf litter and urea fertiliser on N,O emissions from two Australian tropical
mango orchards. Treatments included urea (25 g N m), leaf litter (1,500 g m2dry matter), their
combined application, and untreated control. Up to 80.5 * 8.4 mg N,O-N m2(N in the form of N,O
m ) were lost within two weeks of treatment application, accounting for more than 60 % of annual
emissions m2. Indirect emissions of 30 mg N,O-N mper day were recorded at one site, potentially
from groundwater. The highest annual N,O emissions were observed from litter+urea with

130.4 mg N,O-N m per year, exceeding those from urea-only by a factor of two and those from
litter-only by a factor of four. This resulted in residue and fertiliser emission factors (EF) of 0.01-
0.37 %, well below the IPCC and Tier2 defaults, with whole orchard losses equivalent to 0.19—

0.66 kg N,O-N ha™. The findings suggest N,O is N-limited when no N fertiliser is applied, even when
applying large amounts of litter-N, and by carbon (C) in the absence of litter. The combined effect of
litter and urea on N,O emissions surpassed the effect of the sole application of litter and urea,
demonstrating critical interaction between both substrates. This interaction effect needs to be
considered when developing management strategies aimed at increasing soil C in tropical soils.
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C.8 Leaf litter decomposition dynamics in tropical soils: the effect
of N fertilisation and precipitation

Refer to:

Leaf litter decomposition dynamics in tropical soils: the effect of N fertilisation and precipitation
(Pandeya et al. 2021, submitted).

Summary

Leaf litter in tropical orchards is a source of C and nutrients, potentially contributing to plant
productivity, soil health and C storage in highly weathered tropical soils. However, the fate of leaf
litter C and the interaction of its decomposition with fertiliser N in the high rainfall zone of the
tropics remains largely unknown. This field study investigated litter decomposition and carbon
dioxide (CO,) emissions in two Australian tropical mango orchards established on tropical savannah
soils across four treatments: Urea (250 kg N hal), leaf litter (15 t ha dry matter), their combined
application, and an untreated control. Litter mass loss and CO; emissions showed strong seasonality,
occurring mainly during the wet season. Litter+urea increased CO; emissions compared to the
control, but litter decomposition and CO; emissions did not differ from litter-only. Intense rainfall
probably washed fertiliser N out of the litter layer, where N remained limiting for decomposition.
Litter decomposition differed between sites, demonstrating that increased rainfall at the coastal site
promoted C substrate release and higher emissions of CO, as compared to the inland site with less
rainfall. The overall litter C balance showed the effect of tropical conditions on decomposition rates,
with up to 90 % of litter C emitted as CO,. These findings are exemplary for the fate of litter C inputs
to highly weathered savannah soils and show limited potential to build soil organic C by increasing C
inputs to improve soil health in these tropical orchard soils.

C.9 Carbon and nitrogen flux dynamics in highly weathered
tropical soils: interaction effect of leaf litter and fertiliser

Refer to:
Pandeya, H R. (2021) PhD thesis, submitted.
Summary

In recent decades, tropical land-use change by deforestation into agricultural systems has caused a
rapid depletion of soil organic carbon (SOC), with the highly weathered, light-textured soils, such as
those found in tropical savannahs particularly vulnerable to fertility loss. In tropical regions of
Australia, mango fruit orchards are under expansion in savannah soils. Current practices during
mango production in this region comprise non-evidence-based inorganic N fertiliser applications with
little emphasis or thought on ‘soil health’. Moreover, ecosystem function, such as nutrient cycling in
mango orchards and the role that mango leaf litter plays as an added source of C and N on different
pathways of nutrient supply and losses, remains unexplored in tropical Australia. Since northern
Australia experiences environmental extremities and poorly structured soils, the lack of reliable
information on reactive N (N;) losses after inorganic N addition and the impact litter management
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can have on loss minimisation further constrains our understanding of these highly weathered
tropical soils.

This study, through the sole and combined use of leaf litter and inorganic N fertiliser, allowed
evaluation of N and C release pathways, with research-outputs broadening our current
understanding of seasonal net N transformations, N; loss pathways (N.O emissions, NOs™-N leaching),
decomposition dynamics and overall SOC balance associated with both inputs in highly weathered
tropical orchard soils.

Findings demonstrate that net N mineralisation rates and N, losses (N,O emissions and potential NO5
-N leaching) were substantially high early in the wet season following N application and during the
dry-wet transition period due to high substrate availability in soil mineral N pool, with a subsequent
reduction in the dry season. The application of litter and inorganic N fertiliser resulted in EF of <0.01-
0.37 %, well below the IPCC (Tier 1) and Tier 2 defaults of 1.0 % and 0.85 %, respectively, with whole
orchard losses equivalent to 0.19-0.66 kg N2O-N ha™ per year. The low N,O EF reflects limitations of
these highly weathered tropical soils by low cation exchange capacity (CEC) in general and both C and
N since short residence time of labile C and N is likely to limit substrate for denitrifiers, even after a
combined application of litter and inorganic N fertiliser. Importantly, comparing the drivers of N,O
production via denitrification from the sole application of inorganic N fertiliser suggests the
emissions are limited by the lack of available C. However, the positive interaction between a
combined application of litter and inorganic N fertiliser suggests that greater availability of litter C
overcomes this limitation, promoting N,O emissions directly by either providing an energy source for
denitrifiers and/or indirectly by stimulating microbial activity to create high biological O, demand
resulting in soil anaerobic conditions.

Leaf litter decomposition generally followed an exponential decay model and showed clear seasonal
changes across sites corresponding to two distinct phases: an initial rapid phase where labile plant
components were rapidly leached from the litter during the wet season, and a slower phase in the
dry season where more recalcitrant litter components remain as they were more difficult to
decompose. Of the annual total mass loss, >90 % of the dry matter loss occurred during the wet
season, compared with the minimal mass loss in the dry season. This pattern of mass loss led to a
seasonal release of C and N from decomposing mango litter over 12 months, with 52—74 % of initial
N and 70-84 % of initial C at both sites released by the end of the wet season.

Climate was the dominant driver of litter and soil organic matter decomposition and associated CO,
emissions from tropical mango orchard soils; however, soil application of inorganic N fertiliser did
not influence either. Over 12 months, C input from the litter was sufficient to outweigh increased
CO; fluxes, meaning an overall positive soil C balance (~40 % of the initial litter-C accrual for potential
sequestration) at the site receiving lower rainfall (inland site) compared to the overall neutral C
balance at the higher rainfall site (coastal site). While retaining litter is important to maintain soil
quality in the long term, this study demonstrates the limited potential for C sequestration by
increasing C inputs into highly weathered tropical orchard soils receiving high seasonal rainfall. This is
due to a greater chance of CO; fluxes being released during microbial catabolism of fresh litter and
native SOC. Abiotic factors (moisture and temperature) likely play a significant role in the initial
period of litter decomposition, causing rapid leaching of soluble components from the litter.
However, biotic factors (macro-faunal activity) govern the latter stages of litter decomposition
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through fragmentation of litter. Current best N management practices must consider the judicious
application of litter and inorganic N fertiliser to maintain the optimum plant-available mineral N in
the orchard soils with a minimal adverse effect on the environment.

C.10 Preparing mango growers for precision agriculture
technologies

Refer to:

Rahman M, Robson A, Bristow M (2018) Exploring the potential of high resolution WorldView-3
imagery for estimating yield of mango. Remote Sensing 10, 1866.
https://doi.org/10.3390/rs10121866

Summary

Pre-harvest yield estimation of mango fruit is important for the optimisation of inputs and other
resources on the farm. The current industry practice of visual counting of the fruit on a small number
of trees for yield forecasting can be highly inaccurate due to the spatial variability, especially if the
trees selected do not represent the entire crop. Therefore, this study evaluated the potential of high-
resolution WorldView-3 (WV3) satellite imagery to estimate the yield of mango by integrating both
geometric (tree crown area, TCA) and optical (spectral vegetation indices) data using an artificial
neural network (ANN) model. WV3 images were acquired in 2016—17 and 2017—-18 growing seasons
at the early fruit stage from three orchards in the Acacia Hills region, NT, Australia. Stratified
sampling technique (SST) was applied to select 18 trees from each orchard and subsequently ground-
truthed for yield (kg tree) and fruit number tree™. For each sampled tree, spectral reflectance data
and TCA was extracted from WV3 imagery. The TCA was identified as the most important predictor
of both fruit yield (kg tree™) and fruit number, followed by normalised difference vegetation index
(NDVI) red-edge band when all trees from three orchards in two growing seasons were combined.
The results of all sampled trees from three orchards in two growing seasons using the ANN model
produced a strong correlation (r>=0.70 and 0.68 for total fruit yield (kg tree) and fruit number,
respectively), which suggests that the model can predict yield on a regional level. On the orchard
level also, the ANN model produced a high correlation when both growing seasons were combined.
However, the model developed in one season could not be applied in another season due to the
influence of seasonal variation and canopy conditions. Using the relationship derived from the
measured yield parameters against combined vegetation indices and TCA data, the total fruit yield
(t-ha™) and fruit number were estimated for each orchard. This produced 7 % underestimation to
less than 1 % overestimation. The accuracy of the findings showed the potential of WV3 imagery to
better predict the yield parameters than the current practice across the mango industry as well as to
quantify lost yield as a result of the delayed harvest.

C.11 Conclusions

Precision agriculture

Remote sensing and image analysis is a broad research area, now being applied to agricultural crops
for diverse reasons including plant health, precision application of fertilisers and crop yield
estimation. An important aspect of this work is collecting ground-level data to establish real links
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with the imaging data (ground-truthing). The work described has established the relationships
between the TCA, yield and fruit number tree, so modelling to predict yield is possible and has the
potential to be improved for accuracy and industry use. This satellite image analysis collaboration is
ongoing, with expanded real data collection underway.

Soils and litter

The savannah soil types of the NT where mangoes are grown include Kandosols, Rudosols,
Chromosols and Hydrosols (Isbell and NCST 2021; Pandeya 2021). Due to soil age, temperatures and
rainfall in the tropical region, all soil types have little structure, are highly leached and tend to be
nutrient deficient.

A recent comparison of soils in natural bush sites with those in adjacent, long-established
commercial orchards found that despite increasing organic matter and nutrients in orchard soils,
there had been no increase in soil organic carbon content over time (Vickery 2019). The work of
Pandeya et al (2020) found that litter decomposed rapidly in tropical conditions in the Darwin and
Katherine mango growing regions, with over 90 % of litter mass lost each year over the wet season.
Up to 74 % of N in litter and 84 % of C in litter was released over the wet season, with the climate
being the dominant factor in decomposition rate (Pandeya 2021). About 90 % of the decomposing
litter C was emitted as CO,. The Darwin region orchard soils maintained a neutral C balance, while
the Katherine region orchards had a positive C balance over a year with some potential to sequester
Cin the long term. Intense rainfall events leached available N from the soil litter layer, and the
decomposition process was likely to be N limited

Mineralisation of litter N is also significant, with ~55 % of the N (~11 kg ha) mineralised in the top
20 cm of soil in Darwin region orchards annually. In the lower rainfall Katherine region, this increases
to 85 % of litter N (~17 kg ha*) mineralised in the top 20 cm of soil. Litter N cycling provides a short
term ‘bank’ of nutrients available for uptake during the build-up, break of season rain events, which
continues as litter decomposes over the wet season. It is, however, subject to leaching and erosion
which is not quantified as yet, but indications are that most available N is lost annually during the
wet season.

An investigation of N,O gas emissions in response to applications of urea on soil and leaf litter
combinations found that greenhouse gas emissions were well below Tier 2 recommendations of the
IPCC guidelines for this form of agriculture (IPCC 2006).

Commercial mango orchards drop large quantities of litter and pruned material onto orchard floors
annually, including ~20 kg N ha. We now know that this is a major source of mineralised N in the top
20 cm of soil where tree feeder roots can access it, particularly associated with break of season
rainfall. Litter is a biological yield, but it also has an economic value in providing up to half of the tree
annual N requirements.

The resorption efficiency (RE) of N in leaves of the evergreen mango growing in the NT is high (53—
67 %), but not as high as P (60-100 %). The high RE of P reflects the NT’s low P soil environment. The
other litter nutrient of interest is Ca, which is close to immobile once it has entered cells in leaves,
and has a resorption proficiency (RP) of less than 4 %. It is estimated that the annual litter in orchards
contains ~40 kg ha of Ca that could potentially be released during litter decomposition (Blair 1988),
but this has not been investigated.
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A trend of reducing total tree N content, which paralleled a reduction in the recovery of infused °N
over a season, posed interesting questions. How much N is lost in root exudates over a year, is it a
stress response under dry season conditions, and does tree N content recover quickly once break of
season rains initiate rapid uptake of soil available N? This aspect of N cycling and use in commercial
orchards is ready for further research.

It is known that the currently available enhanced efficiency fertilisers in their various forms and
coatings are unsuited for tropical application. This is because the coatings break down rapidly in the
high temperatures and humidity, negating any potential for cost benefits of the slow-release
coatings. The problem with prill coatings disintegrating into polluting microplastics is being
addressed by the industry and eco-friendly coatings developed, but whether they are useful in
tropical climates is untested so far.

Instead of enhanced efficiency fertilisers, alternative additions were investigated. Soils that have
poor physiochemical properties can be amended to improve their nutrient retention capacity.
Laboratory-based work using soil from the Darwin region and simulated rainfall events found that
natural zeolites mixed into the topsoil of the sample had the highest potential to retain NOs™ over
100 days compared to the other tested amendments which included biochar and leaf litter (refer to
Appendix D). Soil with no surface amendments maintained the most NH4*, compared to the others
tested. There is more work to be done to establish an affordable, efficient amendment in tropical
commercial mango orchards, but these results are encouraging.

Foliar application of dilute solutions of KNOs is commonly applied at flowering and fruit set, with the
assumption that the K supply maximises flowering and fruit retention. A 2 % KNOs solution applied
across an orchard contributes around 6 kg N ha™ to the N budget. Between 27 % and 44 % of the N
applied to leaves can be taken up across the cuticle over 1-2 days depending on the variety.

NMBP 1201 and NMBP 1243 have the least and NMBP 4069 the most efficient uptake. KP and B74
are mid-range. These N uptake efficiency (NUE) values compare favourably with soil NUE, but there is
extra value with foliar application. It is usually applied in the dry season, and remnant solution is
likely to stay on the leaves until washed off by rain, be diluted by dew and drip onto the litter below,
or the leaves drop and become litter. In this way, there are two opportunities for the N to be taken
up into the tree before wet season rains. It is additional N in the litter that contributes to rates of
decomposition.

The rapidity of N uptake in leaves and how quickly infused N is thoroughly assimilated into all tree
tissues is notable. Several weeks after being infused into the transpiration stream of trees, labelled N
was passively and actively transported into all tissues via xylem and phloem in that time. Then, xylem
sap maintained an even concentration of labelled N across the season while the actual N content
varied as expected. This evidence suggests that foliar application of N can be an option in tropical
mango orchards at any time of the year where no rain is anticipated for 48 hours.

Fruit yield and quality

There is not a strong link between applied N and yield. The disparate yields over two years in a
Katherine region KP orchard highlighted this where the yield in 2019 was double that of 2018, with
the same N application both years. Fruit stayed the same size but there was double the number, and
double the amount of N left the orchard in harvested fruit. Apart from yield, the main difference was
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that in 2018 with yields of ~20 tonnes ha?, fruit from trees that received 25 kg N ha* showed minor
skin colour differences and fruit from trees receiving 50 kg N ha* had skin with major colour
differences when ripening. In this orchard, with these N applications and yield, ‘stay green’ skin was
identified as a quality problem. This quality defect, where skin stays green or has green blotches, is
not visible when the fruit is harvested at the mature green stage. This was not reproducible with the
same trees and double the yield in 2019.

Foliar N uptake and resorption

There may be a link between N applied and yield if a mango tree is deficient in N content, but this
was not observed. The lowest fruit N content in this project was measured in fruit harvested from
four-year-old trees that had received no N since initial establishment, apart from an infusion of N
into the transpiration stream equivalent to 0.015 % of the tree total N of ~600 g. Fruit N was 0.4 % on
a FW basis, compared to 0.8-1.0 % for fruit collected in orchards with an N application history.

It is estimated that across sites, harvested fruit removed ~10-25 % of tree total N content off the
farm. This will vary according to year, yield and management practices, but it is a starting point in
assessing what N inputs an orchard will need to prepare for the following season. On a harvested FW
basis, mango contains a relatively low concentration of N, similar to that of apple, 0.9 kg tonne* FW.
This is significantly lower than peach, pear, orange and kiwi-fruit (Carranca et al. 2018).

The results from this project have quantified N uptake, N cycling, N inputs and losses in commercial
mango orchards in the wet-dry tropics of the NT. From this work, N application recommendations
can be reconsidered.

C.12 Development of ‘best practice’ nitrogen management in
mango

Mango orchard systems are similar to other cropping systems in that 40—60 % of N inputs are lost to
the environment. N is highly mobile and can be applied and taken up by trees at most times over a
year in one form or another. Visible N deficiency in mangoes is likely to reflect a longer-term lack of
N and a degree of soil nutrient mining. Thus, routine soil and leaf sampling assessments should
continue as they indicate a range of nutrient deficiencies and excesses. They can also be used to
assess whether the N application decisions being made are reasonable.

Times to be avoided are during the wet season to reduce losses of mineralised N and the period of
quiescence or dormancy prior to flowering to avoid more foliage growth during the flowering
induction period. Foliar application gives trees opportunities to take up the N directly into leaves and
remnant N falls to the ground with rainfall or dew to the canopy drip line for feeder root uptake, or
on litter where it aids decomposition and associated mineralisation of N in the orchard topsoil.

Taking the results from this project and other work into account, the following recommendations are
made in the four R context.

118



Rural R&D for Profit Program Final Report: More Profit from Nitrogen

Right time
Soil-applied N

e Apply to soil or fertigate immediately post-harvest (October to December) while the tree is
actively growing. This takes advantage of break of season rains for immediate uptake, but
before available N is flushed out of range of roots. Avoid applying during monsoon periods or
when soil is waterlogged.

e Alternatively, consider the end of the wet season when growth is still active, soils are moist
and before the last rains. This is difficult to time correctly, and risks late leaf flushes
(perhaps at the expense of flowering) and a strong reliance on applications of paclobutrazol
and foliar N to manage and mature the vegetative shoots.

e Split applications can be considered.

Post-harvest, tree N is significantly depleted with trees losing a significant portion of their N content
in harvested fruit and litter (including flowers, which have a high N content). At this time, trees are
entering an active growth phase which requires N.

The dry-to-wet-season transition period and the beginning of the wet season is when high levels of
N mineralisation in orchard topsoils were measured, concurrent with break of season rainfall
events.

N mineralised from leaf litter provides ~11 kg N hain the top 20 cm of soil in the Darwin region, and
~17 kg N halin the Katherine region. Feeder roots of trees can access this layer of soil and rain will
facilitate uptake.

Soil-applied and litter-supplied N are available for rapid uptake at this time of the year, before
nutrient leaching monsoon rains begin.

Fertigation

e This method can be used through most of the year, but should cease during the dormant or
quiescent period to allow shoots to mature prior to flowering. Do not apply N to soils as the
flowering induction period approaches.

e This is a convenient method to split N into smaller, more frequent applications to match tree
needs and reduce N losses.

e Do not fertigate waterlogged soils.

Smaller applications of soil-applied fertiliser resulted in higher NUE. This implies that uptake of
smaller applications of N via fertigation would follow the same trend; however, fertigation NUE was
not trialled in this work.

Foliar application

e Conventionally prepared as a dilute solution of KNOs with a surfactant, it is usually applied
before flowering induction and may continue periodically during the flowering and fruit set
period. It needs to be prepared at a low concentration that will not damage leaves, usually 1-
4 % KNO:s.

e This method can be used to apply N at any time of the year unless rain is expected in the
following 24-48 hours.
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Quantitative measurements of foliar uptake of N in mangoes show that between 27 and 44 % of the
N applied to leaves is taken up across the cuticle over 1-2 days, depending on variety. NMBP 1201
and NMBP 1243 have the least efficient uptake and NMBP 4069 the most efficient uptake. KP and
Calypso® are mid-range. These NUE compare favourably with soil NUE, but there is extra value with
foliar application. It is usually applied in the dry season, and remnant solution is likely to stay on the
leaves until washed off by rain, diluted by dew and falls onto the litter below, or the leaves drop and
become litter. In this way there are two opportunities for the N to be taken up into the tree.
Additional N in litter can contribute to increasing the rate of litter decomposition.

Right form

Commercially available fertilisers are recommended.

e Inthis work, ammonium sulfate [(NH4)2504] and urea [(CO(NH,),] were used for soil, litter
and infusion trials, and KNO3 for foliar application.

e Minimal N,O emissions were measured with decomposing litter and/or CO(NH>), applied to
soils.

e Preliminary work on soil amendments found that zeolite mixed with topsoil maintained
water and nutrient content better than the other combinations tested. Biochar mixed with
topsoil also performed well.

e There were no studies comparing the performance of different forms of enhanced efficiency
fertilisers as they are considered unsuitable for the wet-dry tropical climate.

Soil amendments are likely to have a place in NT mango orchard management if an affordable,
available form is found.

Right place
Placement or delivery of fertiliser will vary according to the method of application.
e Soil-applied fertiliser should be placed on soil under the drip line of the canopy, where tree
feeder roots can easily access it. Avoid placing close to tree stems.

e Fertigation will depend on the orchard irrigation in place and the water/solution pressure
within the system. Ideally, sprinklers would throw the solutions under canopies to deliver
fertiliser evenly across tree feeder roots.

e Foliar applications should be made using spray equipment that is correctly calibrated to
deliver the desired volume of N to each tree across the orchard.

Placement of N was not specifically researched in this project.

Right amount
This will vary according to location, soils, seasonal conditions and yield. It assumes that litter and
pruned material are left on the orchard floor. Information to consider includes:

e Most available N is lost from soils annually between the break of season rains and the end of

the wet season.

e Litter contains up to 20 kg N ha in a commercial orchard annually. Decomposition of litter in
response to rain events releases ~11 kg of available N hain the top 20 cm of soil in the
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Darwin region each season and ~17 kg N ha! in the Katherine region. These amounts cycle
each year. What is not taken up by trees is effectively lost.

Mangoes in managed orchards contain ~0.8—1 kg N tonne™ of fruit harvested. This amount of
N leaves the property and needs to be replaced. Trees receiving no N inputs over four years
had fruit with 0.4 kg N tonne™ of fruit harvested.

Growers need an understanding of the relationship between yield, excess N application and
‘stay green’ skin on ripe mangoes in their orchard.

o For example, at a commercial KP orchard, with a yield of 20 tonnes fruit ha * and
250 trees ha’l, fruit from trees receiving 25 kg N ha had blotchy green skin when
ripe, and at 50 kg N ha the fruit stayed green when ripe. Fruit from trees receiving
12.5 kg N ha! or 50 g tree® ripened normally.

o There were no differences in yield, number of fruit, % dry matter (% DM), or fruit N
content in response to 0, 12.5, 25 or 50 kg N applied ha™.

o The same N rates applied after that harvest generated yields the following year that
approached 40 tonnes ha?, and no fruit ripened with ‘stay green’ skin. The N content
in fruit did not vary in response to applied N levels. Fruit numbers increased, fruit
size was the same and there was no yield response to the range of N levels applied.

How much N a maturing mango tree takes up from soil-applied fertiliser is linked to how
much is applied.

o Inourwork, ~75 % of 5 kg N ha! was taken up.
o 35%of10kg N ha'and 20 % of 15 kg N ha was taken up.
o The NUE reduced as more N was applied.
Avoid applying ‘insurance’ N. Most of it will be lost and inaccessible to trees.

Additional N can be applied via fertigation at most times, but avoid when soils are
waterlogged, during monsoon rainfall and the period of quiescence or dormancy prior to
flower induction.

Foliar application of N can occur at any time in clear weather.
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Appendix D: Amendments to improve nitrogen
retention in horticultural soils of the Northern
Territory

D.1 Background and rationale

Despite being heavily cultivated, Australia’s ancient and weathered soils have quite poor nutrient-
retention capacities (Thorburn et al. 2011). Large areas of Australia’s Northern Territory (NT) are
extensively cultivated for mango horticulture. Mango production in the NT alone contributes over
50 % of the total domestic industry, worth $300 million (AMIA, 2020).

Nitrogen (N) is essential to mango production, governing tree growth, and fruit production and
quality. Plant-available N is mainly supplemented through the use of synthetic N fertilisers. However,
due to often unfavourable soil, climatic and management conditions, a large portion of N that is
applied to soils is not utilised by crops. In most agricultural systems, nitrogen uptake efficiency (NUE)
is often below 50 % (Ladha et al. 2005). N that is not utilised is lost to the environment, primarily
through processes including nitrate leaching, denitrification (resulting in nitrous oxide emissions) and
ammonia volatilisation (Bell et al. 2016). Because of the growing costs of poor NUE, both
environmental and financial, improving N retention has become one of the most important
mandates in agriculture.

For soils with poor physiochemical properties, amendments are often used in an attempt to increase
the nutrient-retention capacities of soils or just increase the amount of plant-available N retained.
Biochar and hydrochar are amendments both of which are produced through the pyrolysis of organic
material (although hydrochar is formed through hydrothermal carbonisation). Both are carbon-rich
and past studies show increased biomass production and nutrient retention under these ameliorants
(McHenry, 2009). Zeolites, both natural and synthetic are aluminosilicate minerals with high
adsorption capacities that can increase N retention (Sepaskhah & Yousefi, 2007; Jakkula & Wani,
2018). Plant residue or mulch is also commonly used as a means to increase soil organic matter and
soil fertility. While all these ameliorants and their potential to improve agricultural productivity have
been studied individually, their application in Australia remains limited, and only a small number of
studies have directly compared the effects of a variety of amendments on N-fertilised soils.

Research questions

The specific research questions being answered through this laboratory incubation were:

e s leaching of inorganic N reduced in amended soils?

e Are nitrous oxide (N,O) emissions increased under amendment application?

e Is N thatis not leached through the soil lost through a different pathway (i.e. denitrification)?

e Isthere a change in soil physiochemical properties as a result of amendments?

e What is the effect of these amendments on N retention? What is the net effect of leaching
and nitrous oxide loss pathways
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Soils used in the laboratory incubation were from the Coastal Plains Research Station in Middle Point,

NT. The soil is classified as a red Kandosol under the Australian Soil Classification system, with a

sandy loam texture. 20 kg of loose soil from this site was used to repack soil cores to a target bulk

density of 1.3 g cm=. Eighteen intact cores remaining from a previous study were incorporated as

well and used to test surface applications of biochar and zeolite. Zeolite, hydrochar and biochar were

also tested as an amendment incorporated into the top 10 cm of soil cores (Table D.1). This was

achieved by mixing the amendment into the soil while the cores were being packed.

Table D.1: Sampling repetition plan.

Day 100 cores
Amendment Soil core Application | Replicates | Destructive samples for gas
sampling

Control (urea only) | Repacked | surface 10 day 7=3,day35=3, 4
day 100=4

Biochar + urea Intact core | surface 9 day 7=3,day35=3, 3
day 100 =3

Repacked | topsoil mixing 10 day 7=3,day35=3, 4
day 100=4

Zeolite + urea Intact core | surface 9 day 7=3,day35=3, 3
day 100 =3

Repacked | topsoil mixing 10 day7=3,day35=3, 4
day 100=4

Mulch + urea Repacked | surface 10 day7=3,day35=3, 4
day 100=4

Hydrochar + urea Repacked | topsoil mixing 10 day 7=3,day35=3, 4
day 100=4

The rate of applications was based on kg ha™* rates commonly used in commercial settings (Table D.2).

Table D.2: Soil amendment application rates and corresponding sources.

N Commercial Amount per Total
Amendment Application . . Reference
application rate core quantity
Kumar et al.
. ~ -1 ~
Mulch/litter Surface 1kgha 0.17¢g 2g (2015)
Surface
Sch tal.
Biochar ~10 kg ha't 174g ~20g ¢ ‘Z%rli a
Topsoil mixing ( )
gﬁfg;’gg 1:1) Topsoil mixing ~10 kg ha* 1.74¢g ~20g n/a
Surface ~ 1 .
Natllfral 100 kgl.h&? 17358 ~195 g Akbar ';8';2“ etal.
zeolites Topsoil mixing (upper limit) ( )
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. Dilute with 1 N
Urea fertiliser water and apply 50 kg ha 0.1 g/100 mL 78

Ngo & Owens
(2002)

Treatment application

Urea: the fertiliser application rate used here matches the current industry standard for northern
Australian mango growers: 300 g per mango tree. A technical report from the NT Department of
Business, Industry and Resource Development (Ngo & Owens, 2002) advises mango producers that
166 mango trees per hectare allows for adequate spacing between trees; therefore, the amount of
fertiliser is roughly 50 kg N ha™.

Biochar: Scheer et al. (2011) used a biochar application rate of 10 t ha™ when studying the effect of
biochar on greenhouse gas exchanges between soil and atmosphere. The same application rate is
used here. It is recommended that in order to improve soil fertility — specifically cation exchange
capacity (CEC) and water-holding capacity — biochar be mechanically mixed into the topsoil, rather
than just applied to the surface (Lehmann & Joseph, 2009).

Zeolite: Akbar Nakhli et al. (2017) summarises various studies using natural and amended zeolites,
where application rates range from 0.1 tonne ha™ to 50 tonnes ha™. By starting at the upper limit of
zeolite application rates (~100 tonnes ha?), the limits of the effectiveness of zeolites as a nutrient-
retention amendment can be more easily observed, rather than beginning at the lower limit rate and
seeing little or no effect.

Mulich: the amount of mulch used to modify agricultural soil microclimates on commercial scales
varies significantly. While fallen leaf litter on mango orchards can reach 15 tonnes ha’, intentional
application of mulch, as used in similar studies, sits at around 1 tonne ha® (Kumar et al. 2015).

Hydrochar: similar to biochar but is produced as a slurry rather than through hydrothermal
carbonisation, where water is used as the reacting medium. The hydrochar used here was generated
at a temperature of 180 °C from organic and plant waste.

Experimental setup

The experimental setup was similar to that used by other soil conditioner studies, including Zhao et
al. (2014), Sun et al. (2017), and Saporito et al. (2016). The soil cores are 200 mm tall and ~50 mm in
diameter made of PVC pipes. The bottom of the columns was sealed using 2 mm fine woven mesh
wire to allow for adequate drainage into the collection jar below. Once the column had been sealed,
gravel (4—6 mm) covered roughly the bottom 2 cm of the column to ensure that the soil cores did not
become waterlogged, and leachate could easily drain from the column. Soil was packed into the
columns until roughly a 5 cm headspace remained at the top of the column (Figure D.1).
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Figure D.1: Soil column setup diagram (a) and actual column setup (b).

The soil cores were repacked following the method of Oliviera et al. (1996), which requires repacking
soil in very small increments and using a flat heavy pestle to gently compact each incremental layer
added, to ensure uniform porosity and homogeneity across the column is maintained. This ensures
the correct bulk density (1.30 g cm) is achieved and no preferential flow pathways are created.

Prior to the beginning of the incubation, soil columns were wet to field capacity with treatments
added and left to incubate for seven days at 30 °C. Field capacity is the maximum amount of water a
soil can hold after excess (gravitational) water has drained. Field capacity was measured using one
soil core where the column was placed in a dish with water and left to ‘soak up’ water until the entire
column is wet. After this seven-day period, urea fertiliser diluted in 100 mL of water was applied to
the soil cores, which marked the beginning of the 100-day incubation.

Simulated rainfall events

Rainfall directly affects soil water content and, in turn, drainage which is a key driver of N loss (Kodur
et al. 2019). It is therefore critical to simulate rainfall events as part of the leaching experiment.
Rainfall is highly variable across Australia, both geographically and temporally. To provide the most
accurate representation of leaching from NT mango soils, rainfall events were designed so that they
mimic actual rainfall trends in Middle Point, NT. N fertiliser application for mangoes is most critical
during the ‘flush’ growth period when mango roots experience sudden bursts of activity and require
N for growth. During this flush period, 60-70 % of total annual N fertiliser is applied to soils
(Queensland Government, 1999). The ‘flush’ generally occurs between January and April (post-
harvest flush) (Bithell et al. 2010), when average monthly rainfall reaches its highest levels.
Therefore, it is in the best interests of this study to investigate how to improve soil nutrient retention
under high rainfall, during this post-harvest vegetative flush. These simulated rainfall events consist
of 50 mL of deionised water applied to each soil core.
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Soil and greenhouse gas sampling protocol

Greenhouse gas sampling frequency increased around simulated rainfall events since the microbial
activity is stimulated by increased water contents. Capturing greenhouse gas fluxes during periods of
increased soil moisture is crucial. Table D.3 shows the sampling regime for the 100-day period. For
greenhouse gas sampling, soil columns were moved into larger cylindrical chambers that were sealed
with a tap through which gas samples could be extracted and transferred to 25 mL evacuated vials.
Per sampling event, samples were taken at time O (start), after 60 minutes and after 120 minutes.
This allows for the calculation of a flux value (GHG g ha day). All samples are analysed using a gas
chromatograph, which determines concentrations of N,O, methane (CH4) and carbon dioxide (CO,).
Analysis was conducted by the Central Analytical Research Facility at QUT Gardens Point.
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Table D.3: Simulated rainfall, gas and soil sampling schedule for 100-day incubation.

Destructive cores Gas sampling Rainfall events

M [ T(am) | (pm) | W | Th(am) | Th(pm) | F | Sa | Su

Week 1 incubation @ 30 °C with urea and treatment

Week 2

Week 3

Week 4

Week 5

Week 6

Week 7

Week 8

Week 9

Week 10

Week 11

Week 12

Week 13

Week 14

Week 15

Week 16 100

Simulated rainfall events occurred twice weekly, every four weeks. Gas sampling was conducted
immediately following these rainfall events and also once weekly when there were no rainfall events
(Table D.3). Destructive sampling refers to the extraction of soil cores which was done on days 7, 35
and 100 as described. Destructive sampling was done to quantify soil mineral N (nitrate and
ammonium) levels, pH and CEC over time. See Perrone et al. (2020) for a detailed method of these
sampling protocols. Statistical analyses (ANOVA, mean, standard error) were conducted using SPSS.

D.2 Results and discussion

Soil physiochemical properties

Soil pH and CEC were measured as indicators of soil physiochemical fertility. CEC is an important
indicator of a soil’s capacity to retain nutrients, which is correlated with soil pH (as well as other
physical and chemical soil properties). As soil pH increases, the number of negative ions on the soil
particles increases, leading to higher CEC. pH levels of the amendments alone were tested prior to
the incubation and found that biochar had a pH of 7.50, zeolite, 8.45 and hydrochar, 4.71.
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Figure D.2: Soil pH of all treatments after 7, 35 and 100 days of incubation.

The pH of the soil prior to treatment was 5.09. Soil pH declined across all treatments except surface
biochar (Figure D.2). This noticeable decline across almost all treatments can be attributed to the
acidifying effect of urea application and nitrification. Urea hydrolysis and ammonification alone do
not cause soil acidification, but nitrification (conversion of NHs* = NO3’) releases large amounts of H*
ions which causes acidification (Barak et al. 1997; Cai et al. 2014). A decrease in pH may also be due
to the leaching of base cations from the soil during the simulated rainfall events. The evolution of soil
pH over the 100-day period shows that urea was transformed and nitrified within the first few weeks
of the incubation and soil pH stabilised over time.

Topsoil biochar and mulch-treated soils saw a slight increase in soil pH between day 35 and day 100.
This is most likely due to the inherent neutral pH level of biochar and anion concentrations in the
decomposing mulch plant material (Ritchie & Dolling, 1985). The effect observed here is not
necessarily a problematic result; other soil ameliorant studies, specifically zeolite studies, often
report significantly greater soil alkalinity as a result of zeolite application that often leads to crop
failure (Omar et al. 2015).

The natural CEC of the soil at the Coastal Plains Research Farm (CPRF) is below 1.00 cmol kg*. CEC
was quantified after 35 and 100 days of incubation (Figure D.3). Based on this initial level, all
treatments and the control soils experienced significant increases in CEC, most notably those soils
treated with zeolite. This significant increase in zeolite-treated soil CEC was expected as the CEC of
natural zeolites can range between 100 and 300 cmol kg (Mehrab et al. 2016).
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Figure D.3: CEC (cmol kg) of all treatments after 35 and 100 days of incubation. Bars indicate standard error.

Topsoil zeolite was the only amendment that caused a significant increase in CEC relative to the CEC
of control samples (p=0.04). Surface application of biochar caused the smallest increase in CEC. This
was expected as the amendment was not mixed into the soil and therefore failed to bind with soil
aggregates to increase CEC. All treatments except surface biochar experienced statistically
insignificant declines (p=0.28) between day 35 and 100. Decreases may again be attributed to base
cation leaching due to rainfall events and the acidification of soil pH. Despite this decrease in CEC,
topsoil zeolite remained the only amendment to significantly increase soil CEC, and thereby increase

soil nutrient-retention capacity.

Soil mineral N

Overall, soil NOs™ levels increased across the incubation period, and NH4" levels decreased as urea
fertiliser was hydrolysed to ammonium and subsequently nitrified. Mineral N concentrations were
scaled to represent the total concentrations (mg) of mineral N per soil core.

After 100 days, topsoil-mixed zeolite and biochar amendments showed the greatest retention of soil
NOs (Figure D.45a, Table D.4), closely followed by topsoil biochar and hydrochar.

Topsoil zeolite retained, on average, 31.7 % more soil NO3 than control, while zeolite that was only
applied to the surface retained 79.2 % less NO3 than the control soils. The same trend was observed
for biochar treatments; biochar mixed into the topsoil was far more effective than surface
application. Mulch was also a poor performer of nitrate retention, averaging 40.5 mg per core

(21.8 % less than control).
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Figure D.4: Soil nitrate (a) and ammonium (b) concentrations remaining in soil cores for all treatments
after 7, 35 and 100 days. Standard error is shown in Table 4 below.

Table D.4: Standard error (SE) for each treatment at day 7, 35 and 100 sample events. Associated with Figure
D.4.

Standard Error
Day 7 Day 35 Day 100

Biochar surface 1.63 1.47 3.75
Biochar topsoil 1.81 10.74 6.36
Control 1.67 4.23 3.98
Hydrochar 0.45 7.15 3.93
Mulch 0.60 6.45 3.03
Zeolite surface 1.22 1.99 0.47
Zeolite topsoil 0.18 1.18 4.14

The NOs response to treatments is variable between day 35 and day 100, while continuously
decreasing NH,* concentrations suggest that nitrification of available NH,* took place within the first
few weeks of the incubation (Figure D.4b, Table D.4). Day 100 concentrations of NOs™ varied
significantly (p=0.0002), while final NH,* concentrations were relatively homogenous across all
treatments (p=0.075). Topsoil zeolite soils showed a steady increase in NOs” concentration over time,
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corroborating findings of other studies which show zeolites to behave as a slow-release fertiliser
(Mondal et al. 2021).

Mineral N leaching

Across the duration of the incubation experiment, eight rainfall events were simulated. As described
in the Experimental Design section, the soil columns were placed on top of collection jars which
captured all leachate. This leachate was then analysed for mineral N concentrations. Cumulative
concentrations of NOs  and NH," are presented below. NOs' is a highly mobile form of N, and NOs’
leaching is one of the largest problems in intensive agriculture around the world. It is immediately
obvious from Figure D.5a (and Table D.5) that topsoil-mixed biochar lost large amounts of NOs"
through leaching. During the eighth and last rainfall event alone, the average NOs™ leachate
concentration was on average 2083.9 mg L (cumulatively, 4389.7 mg L!). All other treatments
outperformed the control in terms of nitrate leaching, with topsoil zeolite producing the lowest
amount of nitrate leachate. It should be noted that for all rainfall events after day 31, topsoil zeolite
soils produced no leachate at all (Figure D.5a, b), most likely due to the high water-holding capacity

of zeolites (Akbar Nakhli et al. 2017).
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Figure D.5: Cumulative ammonium (a) and nitrate (b) leachate loss for all treatments over all eight simulated rainfall
events. Concentrations in mg L1. Standard error shown below in Table D.5.
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Table D.5: Standard error (SE) for all treatments for leachate concentrations following all simulated rainfall events.

NOs- Standard Error
Day2 Day4 Day 29 Day 31 Day 57 Day 59 Day 85 Day 87

Biochar surface 1.91 10.21 35.34 22.76 0.00 71.21 0.00 70.14
Biochar topsoil 13.29 10.79 0.00 13.60 0.00 172.92 0.00 62.41
Control 10.88 8.01 0.00 15.92 0.00 37.67 0.00 223.37
Hydrochar 6.74 4.02 0.00 26.63 0.00 0.00 0.00 0.00
Mulch 11.67 8.71 19.60 12.33 0.00 47.36 0.00 282.64
Zeolite surface 5.08 5.38 25.13 15.94 32.27 14.86 81.66 12.79
Zeolite topsoil 6.42 6.09 0.00 57.43 0.00 0.00 0.00 0.00
NH4* Standard Error
Biochar surface 13.89 8.47 25.27 7.15 0.0 20.55 0.0 11.42
Biochar topsoil 4.45 2.15 0.0 0.93 0.0 0.56 0.0 0.07
Control 2.06 0.75 0.0 3.23 0.0 0.32 0.0 1.15
Hydrochar 1.83 1.26 0.0 1.66 0.0 0.0 0.0 0.0
Mulch 1.22 0.67 1.66 1.24 0.0 0.147 0.0 0.44
Zeolite surface 3.27 3.18 4.56 4.54 4.79 10.19 8.89 2.81
Zeolite topsoil 2.02 1.05 0.0 1.26 0.0 0.0 0.0 0.0

In terms of NH4* leachate loss, the control outperformed all treatments. Surface-applied biochar lost
the largest amount of NH4* via leaching, accumulating 510.6 mg L over the eight rainfall events,
followed by surface zeolites accumulating 250.3 mg L™ Referring back to Figure D.4a, it can be seen
that surface biochar soils had a relatively slow rate of nitrification. So, despite NHs;* being less mobile
and susceptible to leaching, greater amounts of NHs* were able to be leached through the soil.
Figure D.3 also showed how low surface biochar CEC remained, suggesting that leaching and general
loss of mineral N compounds could occur more rapidly and easily. Biochar materials are highly
porous and have an inherent bulk density of 0.6 g cm™ (Kavitha et al. 2018; Yu et al. 2019). This, in
conjunction with the failure to significantly increase soil CEC, may have allowed for mineral N to
easily move through the soil cores, causing higher leachate concentrations.

Topsoil-mixed zeolite on the other hand consistently reduced mineral N leachate compared to other
treatments and the control. This can be attributed to the higher soil CEC observed under this
treatment and the high adsorption capacity of zeolites. This high adsorption property is a product of
the small pores within zeolites’ crystalline structure where nitrogenous compounds like NH4* can
easily be absorbed, slowing the nitrification rate and susceptibility of mineral N to loss pathways
(Mondal et al. 2021). Additionally, Bigelow et al. (2001) found that under zeolite amendments, the
reduction in NH4*and NOs™ leaching was directly proportional to the increase in soil CEC.

Soil greenhouse gas emissions

Quantifying greenhouse gases, specifically NO and CO,, provides valuable information on N
transformation pathways and microbial activity. Cumulative N,O and CH, emissions are graphed
below according to mg core* day, and CO, emissions are expressed in g core™ day™ (Figure D.6).
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N,O is produced predominantly as a by-product of nitrification and as an intermediate step of
denitrification. N2O emissions mostly plateau after the first fortnight. Small spikes in fluxes after
rainfall events are continuously observed across the 100-day period, but these spikes become less
pronounced over time as the incubation progresses and soil N is consumed, transformed and lost via
leaching, as already observed. The spikes in N,O activity after the simulated rainfall events indicates
that most N,O was produced via denitrification since this process requires anaerobic, low oxygen
environments which occur when soil pores are saturated with water due to irrigation or rainfall
events.

Topsoil-mixed zeolite was the only treatment to consistently produce lower N,O emissions than
those produced by the unamended control cores.

The largest emitter of N,O, surface-applied zeolite soils, was among the treatments to show low
mineral N concentrations in leachate but still quite low soil N levels at the end of the incubation. By
quantifying N2O emissions, which varied significantly between treatments (p=0.002), it is evident that
the most significant loss pathway for this treatment type was denitrification. Similarly, mulch-treated
soils showed low leachate concentrations but quite high N,O levels in comparison, making
denitrification the dominant loss pathway, as well. Hydrochar N,O emissions very closely resemble
the control trends, while most treatments generally appear to stimulate N,O-producing processes,
most likely through rapid nitrification and poor retention.
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Figure D.6: Cumulative N>O (a), CO; (b) and CH, (c) emissions per soil core per day graphed against rainfall (mm) for all

treatments over 100-day incubation. Standard error is tabulated below.
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Table D.6: Cumulative day 100 N0, CO, and CH4 emissions and cumulative standard error (SE) for all treatments.

N20 CO2 CH4

Day100 SE | Day100 SE | Day100 SE
Biochar surface 2.35 0.62 0.95 0.09 -0.01 0.02
Biochar topsoil 2.35 0.33 0.49 0.04 -0.08 0.03
Control 1.02 0.23 0.42 0.01 0.03 0.02
Hydrochar 1.05 0.13 1.10 0.05 0.00 0.01
Mulch 1.58 0.30 0.94 0.02 -0.05 0.01
Zeolite surface 3.36 0.74 0.95 0.18 -0.04 0.03
Zeolite topsoil 0.48 0.15 0.85 0.18 0.03 0.03

While N,O emissions plateau, CO, production consistently increased over the incubation period. All
treatments produced more CO; emissions compared to the control soils. The difference in final
cumulative CO; flux values between treatments was statistically significant (p=0.0002). Given that all
treatments comprised organic material, the input of organic matter into the soil matrix most likely
stimulated microbial respiration and CO; production. While hydrochar-treated soils produced very
little N2O, they produced the greatest amount of CO,. Many recent studies report that hydrochar
rapidly and effectively increases soil organic matter, stimulating microbial reproduction (Zhang et al.
2018). A rapidly growing microbial population in an environment with high-quality organic matter
available would explain the large CO, flux. Mulch application would cause a similar trend, as
decomposing plant material is likely carbon-rich, stimulating microbial respiration. Zeolite-treated
soils were the only soils to behave as a CO; sink for a limited amount of time (between days 42 and
47). The zeolite treatments show a large response to the rainfall events at days 57 and 59, as
increasing soil moisture rapidly stimulates microbial respiration. Low CO; emissions from topsoil
biochar-treated soils is most likely a result of biochar recalcitrance. Most biochar amendments are
initially very resistant to microbial decomposition, limiting substrate available for microbial
consumption and respiration (Kavitha et al. 2018). This same trend is not observed in surface-applied
biochar as this application method does not incorporate the biochar into the soil.

Control soils remain a source of CH, throughout the entire incubation period, while all amended soils
behave as a sink for, at least, some period of time. Hydrochar and topsoil zeolite soils are the only
treatments that are net emitters of CH,. The first 30 days see topsoil zeolite-treated soils behaving as
the largest CH, sink before the third and fourth rainfall events trigger large increases in CH,
production. The difference in day 100 cumulative CH4 emissions between treatments was statistically
insignificant (p=0.35). The net effect of greenhouse gas emissions between treatments is difficult to
discern; while topsoil zeolite and hydrochar treatments showed significantly lower N,O values, they
produced greater amounts of CO, and CH, relative to other treatments.

N budget

Simplified N budgets were calculated using total N retention and loss across the different treatments.
The amount of N applied to soils was 100 mg and preliminary tests of soils found that the existing
pool of mineral N was negligible (0.04 mg g1). As the results of the experiment accounted for the
major N loss pathways, the relative contributions of these loss pathways can be broken down. N
retention was outweighed by N loss in soils amended with surface-applied biochar, zeolite and
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mulch. N,O was a minor loss pathway across all treatments. Unaccounted for loss pathways (most
likely N immobilisation) dominated mulch and surface zeolite soils but played a significant role in the
overall N dynamics of all treatments.

This finding indicates that even in poorly structured, sandy soils with limited water and nutrient
retention properties, where leaching is expected to dominate N loss pathways, denitrification can
still be a major cause of N loss.

N loss still occurred to some extent across all treatments, the best result being 26 % loss. Soil N
retention exceeded loss in all treatments except mulch and surface applications of zeolite and
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biochar. The most effective treatment, based on the comparisons (Figure D.7, D8) was topsoil-mixed
zeolite, followed by mixed biochar and hydrochar.

Figure D.7: Breakdown of N loss pathways and N retention for each treatment based on final (day 100) values.
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Figure D.8: Percentage and comparison of soil N retained, N lost and unaccounted for loss pathways at
the end of incubation for all treatments. Bars indicate standard error. N loss includes leachate and N,O
emissions.
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Of course, this breakdown of N retention and loss does not account for plant uptake, which was not
part of this laboratory study. Ideally, in an in situ study, plant N uptake would constitute a large
proportion of the total N budget. However, for this laboratory incubation, to achieve mineral N
retention greater than 50 % over an extended period of time is a very promising result for these
amendments.

D.3 Conclusions and recommendations

This experiment compared and quantified soil N loss and retention across a variety of soil
ameliorants in a laboratory incubation setting spanning 100 days. The results of this experiment
indicate that the application of natural zeolites that are mixed into the top layer of soil has
substantial potential to reduce leaching of mineral N from soil and reduce nitrous oxide emissions
relative to unamended, fertilised soils. Other amendments like biochar and hydrochar that are also
mixed into topsoil show some promise but further development and understanding of their inherent
properties and effect on soil biochemistry may be required first. Over the 100-day period, most of
the N that was lost from zeolite-treated soils occurred in the first 20-30 days, showing great
potential for longer-term nutrient retention following an initial period of loss before zeolites are
properly incorporated into the soil and able to increase the nutrient and water retention capabilities
of soils.

It is important to reiterate that this study was conducted in a controlled laboratory setting on a very
small scale. To confirm that these results and trends hold, a larger-scale field study should be
conducted, which may also help to answer questions about the effects of these amendments on
plant N uptake. Future research may also study different application methods and rates; for example,
other zeolite studies frequently study the effect of zeolites on soil and plant dynamics at different
rootzone depths (Bigelow et al. 2001). Additionally, longer-term studies may prove useful given that
zeolites do not break down over time, but the permanence of their effect on soil physiochemical
properties remains disputed (Omar et al. 2015).

No two agricultural soils are identical; N loss and retention are influenced by soil physiochemical
qualities, microbial communities, local climate, and management more than they are influenced by a
single soil ameliorant. For the particular soil type studied here, zeolite was an effective ameliorant,
but under different conditions, other amendments may prove more or less useful. The development
of zeolite as a commercial soil amendment will be depend heavily on economic feasibility. If an
application method similar to the one replicated here were used (100 kg ha), the cost is estimated
at around $50,000 per hectare. If the avoided cost of N loss per hectare as a result of zeolite, or other
amendment applications, can be quantified in monetary terms, this may help to advance soil
ameliorants on a commercial scale.

Mango horticulture is a critical part of the NT’s economy and agricultural sector. Improving the
productivity of soils and the sustainability of horticultural activities is a significant factor in securing
this industry’s future. The development and adoption of soil ameliorants, as shown by this study, has
the potential to significantly advance the mango industry in these respects.
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