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Extreme bushfire is having considerable negative effects on the sustainability of
agricultural landscapes in various parts of the world. Fire-induced damages to
tree crops have led to significant effects on perennial horticultural production
systems with associated lower returns and decline in economic sustainability.
Australia is one of the most fire-prone countries in the world and contributes
to global horticultural production with production forecast level estimated at
$18.2 billion in 2023-24, according to the Australian Department of Agriculture,
Fisheries and Forestry. Bushfire-related damages to horticultural production may
however threaten this promising potential. This review provides a commentary
on the history, scale and impacts of extreme bushfires in Australia. The effects of
bushfire on horticulture, including soil nutrient availability, fruit tree physiology
and carbohydrate sink-source dynamics are discussed. Given the increasing
frequency and severity of bushfires as a result of climate change, the negative
effects of heat and fire damage on fruit tree production are expected to increase.
Based on the Australian experience with bushfires in horticultural landscapes,
this review outlines proactive responses for minimising bushfire impacts on
horticultural production in temperate regions, with particular reference to the
Rosaceae family. Adaptation strategies must be planned and set up before orchard
establishment and should include defensible space or safety zones around the
orchard, as well as internal and external fuel reduction strategies for the orchard
lifespan.

adaptation strategies, carbohydrate dynamics, extreme bushfire, horticultural
production, tree nutrition, tree physiology

1. Introduction

Current extreme bushfire incidences around the world including Australia and Southeast Asia,
parts of the Mediterranean, boreal North America, the western side of temperate North America
particularly California, and the Amazon rainforest, have resulted in higher scale of destruction
affecting lives, properties, and physical infrastructures (Huijnen et al., 2016; Brewer, 2018; Turco
et al., 2018; Kirchmeier-Young et al., 2019; Nolan et al., 2021; Singh, 2021; van Oldenborg et al.,
2021; Ma et al,, 2022). Unplanned and uncontrollable fires could also result in direct and indirect
environmental and economic consequences through the destruction of biotic and abiotic
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components of ecosystems. Quantifying the global losses due to extreme
bushfires in monetary terms will run into billions of dollars because of
the enormity of damage associated with it (Campanharo et al., 2019).

In Australia and other countries particularly in North America, fire
is an integral part of the landscape and bushfires have been used in
traditional indigenous land management for thousands of years
(McKemey et al., 2020; Morgan et al,, 2020). Due to the dry climate,
Australia is one of the most fire-prone countries in the world. Extreme
uncontrolled bushfires have been recorded in Australia since white
settlement in the late 1800s/early 1900s and will likely continue (Morgan
etal., 2020). While bushfires are widespread in Australia, they are more
common in the subtropical/temperate woodlands of densely populated
south-eastern Australia, particularly in the states and territories of New
South Wales (NSW), Victoria, South Australia (SA) Tasmania and
Australian Capital Territory (ACT) (Lucas et al., 2007; Morgan et al,,
2020). These regions are fire-prone due to the mostly cool, wet winters
and hot and dry summers, resulting in fuel accumulation and associated
increased fire risk (Lucas et al., 2007). Fire risk and severity is further
increased by drought conditions, coupled with strong and frequent winds
that regularly occur in summer. Other factors contributing to the severity
of bushfires in south-eastern Australia are topography, weather patterns,
sclerophyllous vegetation, broad natural and human ignition sources and
high human population at the urban-forest interface (Morgan et al., 2020).

While bushfires are a natural part of the Australian environment,
there has been an increase in the frequency and intensity of bushfires and
their geographical scale in recent decades (Table 1). The total land area
burnt in eastern Australia during the 2019-2020 fire season was estimated
to be around 12.6 million hectares [almost the area of England (13 million
ha)] (Wintle et al., 2020) and was over half of the 20 million hectares that
were burnt across Australia (Deb et al., 2020). It is generally believed that
these persistent and catastrophic fires are principally due to anthropogenic
climate change and that the increasing frequency and severity of bushfires
will continue (Chhetri et al., 2012; Adams, 2013). Prolonged drought
conditions, continuously sustained high temperatures and decreased
annual rainfall are argued to be the predisposing factors for bushfires
(Nolan et al., 2020).

Climate change is directly affecting Australia’s climate. In 2019,
before the catastrophic bushfires, the national annual rainfall was 40%
lower than the long-term annual average, and maximum temperatures
were 2.1°C above long-run average maxima (Wintle et al., 2020). The
resultant effects of higher temperatures and lower rainfall are very dry
soil organic and plant materials that are ready fuels for naturally or
anthropogenically ignited fires (Adams, 2013). Highly flammable
trees, such as eucalyptus and pines, dominate the landscape fringes of
Australia and serve as ready fuels contributing to the intensity and
destructive ability of bushfires. Some authors attribute the increased
frequency and severity of bushfires to poor forest management that
allows fuel to build up as a result of policies of fire suppression and
insufficient forest fuel reduction (Adams, 2013).

Bushfires not only destroy the environment but also tragically
devastate the lives and livelihoods of local communities. Between 1901
and 2011, a total of 825 bushfire-caused fatalities were recorded in
Australia (Blanchi et al., 2014). The 2019-2020 bushfires claimed 28
human lives and 1.25 billion animals (Deb et al., 2020). In addition,
bushfires caused tremendous economic damage, destroying countless
houses and other physical structures, leading to a widespread need for
aid and support (Gibbons et al., 2018). The total direct and indirect
national economic losses caused by the 2019-2020 Australian
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bushfires are estimated at AUD110 billion (Deb et al, 2020).
Recovering from a bushfire in Australia is becoming increasingly
difficult due to the lengthened fire season and increasing frequency of
bushfires. Consequently, bushfires are affecting community and
people’s wellbeing and livelihoods more severely than previously.

Bushfires can have significant negative effects on perennial
horticulture production systems. Heat injuries from bushfires usually
exert negative effects on tree physiology, particularly through
cambium/phloem and xylem damage (Bir et al., 2019). As a result,
carbohydrates, nutrients and water transport within the trees become
compromised. The impaired functionality and associated factors, such
as pest and pathogen invasion, soil nutrient loss and increased soil
erosion, could ultimately result in tree mortality (Wallbrink et al.,
2004; Verma and Jayakumar, 2012; Bér et al., 2019; Bowman et al,,
2020) and reduced orchard productivity. According to the Department
of Regional NSW Australia, total losses to horticultural production
from the 2019-2020 bushfires were up to AUD94 million (USD69
million) if critical assets and infrastructure damage are considered.
This cost could be significantly higher if potential productivity losses
from indirect fire effects, such as smoke taint in fruits and extra costs
for restoring affected orchards to uniform and optimum productivity
are included (Idowu et al., 2021).

On a more general note, the 2019-2020 bushfires destroyed more
than 2.5 million hectares of Australian agricultural land being one-quarter
of the total land area of 10 million hectares destroyed by bushfires. In
terms of economic losses, the bushfires caused about AUD4-5 billion
losses to the Australian food system, an equivalent of 6-8% of the value
of national agricultural production in the same period (\WWE, 2022).
These losses covered the damage to farm properties, infrastructure and
land, food production losses, and associated health impacts on farmers
(WWE 2022). Consideration of the inevitable bushfire damage to natural
capital stocks and flows associated with food production system will raise
the economic impact to even higher values. The adverse impacts on
natural capital stocks and flows may affect food production for many
years to come implying potential ongoing economic impacts (WWE
2022). Beyond Australia, bushfires in other warm and dry regions of the
world such as California, Spain and Portugal, are having comparable
consequential negative effects on agricultural production. Bushfires have
been reported to destroy agricultural lands with significant effects on rural
economies and are postulated to cause greater destructions in the future
(FAO, 2021).

2. Drivers and impact of catastrophic
bushfires within the Australian context

There is a noticeable decline in intervals between major bushfires
in Australia, with less than 5 years between them, in the last two
decades (Table 1) (Morgan et al., 2020). In addition, bushfires in
Australia (particularly southern Australia) have increased in intensity
and become more catastrophic. This has given rise to various fire
descriptions such as “extreme bushfires,” “catastrophic bushfires,” “fire
storms,” and “mega-fires;,” among others. Extreme bushfires are very
dangerous with high energy levels, chaotic, non-linear movements
and deep or widespread flaming (Sharples et al., 2016). This is
conducive to the development of violent pyro-convection, which
manifests as towering pyrocumulus or pyrocumulonimbus storms
(Sharples et al., 2016). While surface temperature, relative humidity,

frontiersin.org


https://doi.org/10.3389/fsufs.2023.1173331
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Idowu et al.

TABLE 1 Catastrophic bushfires and the estimated extent of damage in Australia.

Fire location

10.3389/fsufs.2023.1173331

State or

territory

Extent (ha)

1851 Portland, Plenty Ranges, Western Port, Gippsland, Wimmerra VIC 5 million
1898 Cranbourne, Traralgon, Neerim South, Poowong VIC 260,000
1926 Glen Innes, Dubbo, Forbes, Cowra, Parkes, Wagga Wagga, Pambula, Eden NSw 2 million
1938-39 Sydney and Southern New South Wales NSwW 73,000
1938-39 Dromana, Arthurs Seat, Cockatoo, Powelltown, Harrietville, Mt. Bogong, Mt. Macedon VIC 1.5-2.0 million
1944 Daylesford, Woodend, Gisborne, Bendigo VIC 1 million
1951-52 Pilliga, Dubbo, Forbes and Wagga Wagga NSW 5.5 million
1955 Mt Lofty Ranges SA 40,000
1957 Blue Mountains and Sydney NSw 2+ million
1960-61 Dwellingup and other bushfires WA 359,000
1964-65 Snowy Mountains, Southern Tablelands, Nowra, Sydney NSW 530,000
1967 Rokeby, Derwent Valley, Huon TAS 264,000
1968-69 Blue Mountains/Illawarra NSw 2+ million
1972-73 Southern Tablelands/Eden NSw 300,000
1974-75 Western New South Wales NSwW 4.5 million
1982-83 Blue Mountains, Sutherland and Southern New South Wales NSW 60,000
1983 Victoria and South Australia VIC and SA 418,000
1984-85 Western New South Wales NSwW 3.5 million
1990-91 Hay/Murrumbidgee/Central Coast NSwW 280,000+
1993-94 Sydney/Blue Mountains/North Coast NSw 800,000+
1994-95 South-eastern Queensland QLD 333,000
1997-98 Hunter/Blue Mountains/Shoalhaven NSW 500,000+
1997-98 Caledonia River, Gippsland VIC 32,000
2001-02 Greater Sydney area NSW 744,000
2002 Stanthorpe/Toowoomba QLD 40,000
2002-03 Eastern highlands VIC 1.1 million
2002-03 Brindabella Ranges ACT and NSW 157,000+
2002-03 East Coast including Greater Sydney NSw 1.5 million
2002-03 Arthur Pieman area TAS 100,000
2005 Eyre Peninsula SA 145,000
2006-07 Eastern Highlands VIC 1.05 million
2007 Kangaroo Island SA 95,000
2009 Eastern Highlands VIC 430,000
2013 Southern Highlands, Shoalhaven, Blue Mountains and Central Coast NSw 768,000
2016 Waroona-Dwellingup WA 69,000
2018-19 Tasmanian Wilderness World Heritage Area TAS 94,000
2019-20 Widespread Every state: NSW was 20 million
hardest hit

Australian states and territories; NSW, New South Wales; VIC, Victoria; WA, Western Australia; TAS, Tasmania; SA, South Australia; QLD, Queensland; ACT, Australian Capital Territory.

Adapted from Morgan et al. (2020).

wind speed and drought are the normal drivers of regular bushfires,
other factors that contribute to the expression of “extreme” bushfires
include extended drought, low fuel moisture content, high
atmospheric instability, dry lightning and eruptive fire behaviours
(Sharples et al., 2016).

Frontiers in Sustainable Food Systems

The current Australian climate warming realities and future
projections indicate a strong potential for increased incidences of
extreme bushfires. At present, a vegetation-rich Australian landscape
that results from favourable temperature/solar radiation, and high
rainfalls in spring and winter coupled with pronounced dry spells and
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drought, provide adequate fuel and favourable conditions for extreme
bushfires (Melia et al.,, 2022). The fire weather during a fire event can
also contribute to the severity of fire as hot, dry and windy weather
conditions enable the spread of fire at rates faster than expected
(Abram et al., 2021). Ultimately, the combined interaction of fuel load,
fuel dryness, ignition source and fire weather will contribute to the
strength and severity of bushfire. More than 23% of temperate forests
in south-eastern Australia were burnt in the 2019-2020 fire season, a
scale described as unprecedented from an Australian and global point

TABLE 2 Direct and indirect impacts of extreme bushfires.

10.3389/fsufs.2023.1173331

of view (Abram et al., 2021). Anticipated worsening and more frequent
incidences of bushfire in the future will be highly dependent on future
global atmospheric greenhouse gas concentrations and their
contribution to global warming (Melia et al., 2022).

The impact of bushfires exceeds the direct destruction of physical
structures such as buildings, natural and plantation forests, orchards
and farms. Mega-fires can have devastating impacts on biodiversity,
environment, climate, economic livelihood and human health
(Table 2).

Impact

Destruction of natural

forests and plantations

Effect

Disruption of the carbon sequestration role of soil and trees

« Forest soils and trees become a carbon source rather
than sink

« Advancement of climate change

« Destruction of vegetation cover and exposure of soil to

elements of erosion

Case scenario

Increased carbon emissions from southern
Canadian boreal forests
Weather conditions were a major cause of the

bushfire

Reference

(Dieleman et al.,

2020)

Release of dangerous
pollutants into the
environment and alteration
of the composition of the
global atmosphere and

other environmental media

« Emission of gaseous pollutants in smoke (CO, CO,, NO,,
hydrocarbons and inorganic elements), fine particulate
matter, water soluble inorganic ions (WSIs), volatile
organic compounds (VOCs), non-methane
hydrocarbons, polycyclic aromatic compounds (PACs)

and ozone-forming compounds

Forest fire in the boreal region of northern China

(Idowu et al.,
2019; Guo et al.,
2020)

Destruction of biodiversity

A substantial decline in wildlife due to extreme bushfires,
has been reported in the literature
« Extreme bushfires could contribute to the loss of

threatened and endangered plant and animal species

Large areas of habitat and wildlife were destroyed
along the Australian south-eastern coast during
the extreme 2019-2020 bushfires

Small mammal populations decline with
increased fire frequency and scale in Kakadu

National Park, northern Australia

(Lawes et al.,

2015)

Destruction of delicate

habitats and ecosystems

« Destruction of forests by bushfires could alter the carbon
sink functions of forests resulting in a massive release of
CO, into the atmosphere

« The CO, and bushfire-associated heat ultimately get
stored in the ocean and may destroy delicate ecosystems

such as the tropical coastal reef-coral species of Australia

Observable effects of high atmospheric
temperatures and bushfire on the distribution of
sclerophyll eucalyptus

Bushfires contributed to the significant
destruction of Australian eucalyptus species and
the bleaching of coral reefs and other delicate

ecosystems

(Booth and Muir,
2020)

Destruction of river
catchment and disruption of

the water cycle

Bushfires can directly affect watersheds and other

hydrological resources

Effect of bushfire on Nattai River catchment
following the 2001 bushfires

(Wallbrink et al.,
2004, 2005)

Insidious devastative human

health effects

« Bushfires often result in high levels of particulate matter
in the air. These particles could enter human respiratory

tracts and result in respiratory morbidity

Air pollution as observed in the USA, Australia
and other regions of the world that are prone to
bushfires

Levels of PM,, 1.2-10 times higher than the
USA EPA regulations, have been recorded after

bushfires in Australia

(Liu et al., 2015;
Tse et al., 2015)

Loss of physical resources

« Physical structures including houses have been lost to

extreme bushfires

Dataset from 54 bushfires that occurred in

Australia between 1957 and 2009

(Blanchi et al.,

2010)

Destruction of agricultural/

horticultural crops

« Combustion of leaves and branches

« Destruction of vascular tissues including phloem
and xylem

« Direct crop mortality resulting from fire

« Effects of elevated concentrations of CO, and NO, in
smoke plume on crop physiology, morphology and fruit

metabolites

In January 2020, regional production of apples,
stone fruit and berries in Batlow NSW, Australia,
was disrupted due to damage to fruit orchards by

bushfires

(Hu et al., 2015;
Bir et al., 2019;
Dodds, 2020; Xia
and Westwood,

2020)
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2.1. Impacts of bushfire on horticultural
production

2.1.1. Assumptions and limitations

The observations presented in this review were majorly
derived from the experience of the Australian 2019-2020
bushfires. These lessons could be useful in reducing bushfire
devastation in other fruit producing regions of the world. In
preparing this review paper, we consulted recently published
(mostly 2010 till date) bushfire-related articles in the literature.
The lack of information on the effects of bushfire on horticultural
production systems led to greater consultation of publications on
fire-effects on forest trees, being the most abundant in the
literature. Literatures on the effect of girdling on carbohydrate
translocation in tree crops were similarly consulted as smouldering
fires could cause similar effects as tree girdles. Furthermore, this
review provides detailed commentary on how fire affects fruit tree
carbohydrate translocation and water/nutrient transportation as
these two critical physiological processes can determine fruit tree
survival or mortality after bushfires. Fire-effect on soil physical,
chemical and biological processes are also discussed.

10.3389/fsufs.2023.1173331

2.1.2. Bushfire visible and non-visible effects on
fruit trees

Most orchards are located within and around bushlands and
forests. This contiguity to forests and bushlands often makes orchards
prone to direct fire incursions or entrance of fire embers during
bushfires leading to their damage or destruction (Figure 1). The nature
and condition of the prevalent vegetation within the orchard floor may
also contribute to the occurrence and spread of fire (Figure 1). High
biomass production in annual and perennial grasses could increase
orchard fire hazards when grasses dominate the orchard interrow and
when dry and dead biomass accumulate on orchard floor due to
prolonged hot and dry weather conditions (Winkler et al., 2023). In
spite of the potential danger of fire, most orchards in Australia and
other parts of the world are not designed to withstand fire. This was
the case with the 2019-2020 Australian bushfires when fires burn
through orchards damaging trees and destroying other orchard
installations (Figure 1).

Generally, the interplay of various physical and biological
processes will determine the effects of bushfire on tree functionality
and mortality (Michaletz and Johnson, 2007; Bir et al., 2019). Factors
contributing to these processes include site and tree characteristics

FIGURE 1

Chefry Or({:hz?rd

=3

Dam

Aerial imageries of a forest-bounded (A) cherry and (B) apple orchards in Adelaide Hill, Australia. The orchards were impacted by bushfire during the
2019-2020 Australian bushfires due to fire invasion from adjoining forests. The fire came from the north for image A and moved through the orchard
burning the cover crop in the inter row—the season had been dry, and this burnt easily. For image (A), the fire was within the orchard and damaged the
trees directly. Fire also came from the north for image (B). This orchard was exposed to radiant heat damage that was especially intense from burning
bush that was located to the north of the block. Note the tattered remains along the northern edge of the net in the image.
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such as topography, soil and tree physical and thermal properties, and
weather conditions including wind profiles, humidity and temperature
(Butler and Dickinson, 2010). Fire behaviour, such as smouldering or
flaming characteristics, is an additional factor that contributes to
bushfire effects on trees (Butler and Dickinson, 2010). Direct effects
of fire include noticeable leaf scorching, seared tree bark, burnt
branches, flowers and fruits. However, fire damage might not
be visible, such as the effects to the tree’s vascular system and other
physiological mechanisms. The direct and indirect effects of fire on
tree physiology have been well enunciated elsewhere (Bar et al., 2019).

In fruit trees, the frequency, intensity and duration of fire as well
as the parts of tree affected will likely determine the extent of damage
and subsequent productivity. This review will focus on fruit crops in
the Rosaceae family such as apple, pear, cherry, peach and nectarine
because they are important horticultural crops, widely grown in
climatic zones with high fire risks such as Mediterranean and
Temperate climates. Like forest trees, fire effects on fruit trees can
be categorised into first-order, which are instant and observable heat
injuries on plant tissues, and second-order effects or physiological
defects (Campanharo et al,, 2019). Depending on the intensity of fire,
direct fire damage could result in cell, cambium and phloem necrosis,
tissue mortality or instant death of fine roots, tree trunk and crown
bud/foliage (Bar et al., 2019).

For tree trunks, the susceptibility to fire is largely dependent on
the thermal insulation potential of the trunk, which is a factor of bark
thickness, density and moisture content (Michaletz and Johnson,
2007). Vascular tissues of trees with high bark thermal insulation
could thus be protected from the lethal effects of fire. Conversely,
permanent interruption of the phloem pathway and xylem hydraulic
impairments might result in poorly insulated trees, particularly if the
flame temperature, residence time and convection rates are
substantially high. Horticultural nut trees such as chestnuts and
hazelnuts might be less susceptible to bushfire damages because of
their propensity to have thicker barks compared to fruit trees. In terms
of crown damage, first-order effects on crowns could be influenced by
several factors including crown width, surface area, shape, orientation,
mass, water content and specific heat capacity (Bér et al., 2019). Direct
effects, particularly cambium and phloem necrosis, could trigger a
series of physiological or second-order consequences resulting in
detrimental effects on tree carbohydrate dynamics, water relations,
susceptibility to pathogenic invasions and ultimately mortality (Bir
etal., 2019).

2.1.3. Effects of bushfire on carbohydrate
dynamics of Rosaceae fruit trees

The main translocated carbohydrates in apples and other fruits in
the Rosaceae family are sorbitol and to a lesser degree sucrose (Tijero
etal, 2021). Expressed sap from shoots subtending fruit in apple trees,
has been shown to have the highest concentration of sorbitol followed
by glucose, fructose and sucrose and much lower concentrations of
myo-inositol, galactose, raffinose and stachyose (Archbold et al., 2011).
Sorbitol is synthesised through the catalysis of glucose-6-phosphate
(G6P) to sorbitol-6-phosphate (S6P) by sorbitol-6-phosphate
dehydrogenase (S6PDH) and the subsequent dephosphorylation of S6P
to sorbitol (Figure 2). This occurs in the leaf mesophyll before
translocation to the sink via the complex formed between the
companion cell and the sieve element, where it is predominantly
converted to fructose by sorbitol dehydrogenase (SDH) (Tijero et al.,
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2021). Sorbitol is the source of energy and carbon backbones for growth
and development in the Rosaceae family as well as a signalling molecule
for the regulation of plant growth, development, and environmental
stress response (Fang et al., 2020; Tijero et al, 2021). Increased
accumulation of sorbitol for enhanced tolerance has been reported in
plants facing environmental stresses such as water-logging and salinity
(Wang et al., 1996; Fang et al., 2020).

Crown fires with scorching heat effects on leaves and branches can
disrupt the process of photosynthesis by destroying the photosynthetic
ability of trees after a bushfire (Michaletz and Johnson, 2007). This
disruption will depend on the level of leaf and vegetative bud damage
as tree photosynthetic functions will commence with new leaf sprouts
(Michaletz and Johnson, 2007; Bér et al., 2019). Smouldering fires
could result in longer carbohydrate disruptions within the tree
through the formation of heat-induced girdle around affected tree
trunks. Like traditional tree girdling, the rise in vascular tissue
temperature beyond critical levels could lead to the interruption of the
phloem pathway and blockage of the downward translocation of
photosynthates (Michaletz and Johnson, 2007; Bar et al., 2019). This
interruption may become permanent when heat-induced trunk
damage affects the cambium, as phloem regeneration will depend on
the cambium condition (Bir et al., 2019). Bar et al. (2019) showed that
the effects of fire on tree vascular tissues are similar to trunk-girdled
trees. The girdling-like effects of fire on non-structural carbohydrates
(NSCs) will vary depending on the part of the tree where it occurs, as
cambium and phloem necrosis can occur in different parts of the tree
including the trunk, branches and roots. It is proposed that the
carbohydrate dynamics in girdled and ungirdled trees could provide
clearer perspectives about fire effects on NSCs.

To fully understand the potential of fire-girdling effects on NSC
partitioning, particularly in deciduous Rosaceae fruit trees, the
seasonal patterns of NSCs in fruit trees need to be elucidated. In
general, NSC mobilisation and storage vary from organ to organ. In
woody tissue, NSC contents usually increase from bud break until
dormancy. However, the rate of NSC accumulation, particularly in

. S6PDH

FIGURE 2

Pathway of sorbitol biosynthesis and metabolism in Rosaceae plants.
G6P, glucose-6-phosphate; S6PDH, sorbitol-6-phosphate
dehydrogenase; S6P, sorbitol-6-phosphate; S6PPP, sorbitol-6-
phosphate phosphatase; SDH, sorbitol dehydrogenase; SOX, sorbitol
oxidase.
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summer, is usually higher in the current year shoots compared to
“more than 1-year-old shoots,” which often accumulate wood
biomass more rapidly compared to NSCs (Jordan and Habib, 1996).
Conversely in the roots, NSC concentrations normally decrease in
spring to early summer and then re-accumulate strongly through
late summer, to reach the highest levels in late autumn, in readiness
for the provision of required energy needs of trees during the
dormant season and early spring (Naschitz et al., 2010; Mei et al.,
2015). A comparison of NSC concentrations in wood and roots at
dormancy will often indicate lower concentrations of NSCs in the
wood. Tree roots are therefore regarded as the key storage organ in
deciduous trees because of the highly important role played by root
NSCs during early season development and natural disturbances,
such as bushfires (Mei et al., 2015). On the other hand, an inverse
trend is expected in NSC concentrations of leaves compared to roots
during summer until autumn. NSC leaf concentrations could decline
as a result of their movement to sink organs, such as roots (Jordan
and Habib, 1996).

The concentration dynamics of starch and soluble sugars such as
sucrose and sorbitol, are not the same in tree organs (Figure 3). For
example, starch concentrations often increase with wood age and
soluble sugar concentrations might remain small throughout the
season (Figure 3). While the concentration trends of soluble sugars
and starch across the seasons are similar in roots, starch concentration
levels are usually higher (Figure 3). Soluble sugar concentration was
about one-third of starch concentration in the roots of control peach
plants in a girdling experiment (Jordan and Habib, 1996). Lenz (2009)
illustrated the seasonal changes in NSCs of Rosaceae trees in 3-year
old “Golden Delicious” trees from bud break to leaf abscission
(Figure 4).

The potential effects of bushfire on NSC storage and
mobilisation in Rosaceae fruit trees could be explained through
observations made in a trunk girdling study in peach trees (Jordan
and Habib, 1996). In this study, girdling treatments were
implemented at a similar time to when bushfires are likely in
orchards. Summer girdling, 2 weeks before fruit harvest, resulted
in starch depletion in roots and rootstock-trunk bark, and
significant accumulation in leaves and shoots. On the other hand,
soluble sugars in organs above and below the girdled
circumference were not significantly affected by the treatment
(Jordan and Habib, 1996), as the concentrations were maintained
at levels similar to ungirdled trees. Reduced concentration of
starch below the girdle could have resulted from starch hydrolysis
to supply the sugar needs of the basal part of trees (Glenn and
Campostrini, 2011), implying that starch reserves can be mobilised
at any time by Rosaceae trees when under stress such as bushfire,
and not only during the dormant period of winter. Trunk girdling
could consequently reduce root metabolism and growth, and
ultimately result in root death (Glenn and Campostrini, 2011).
Soluble sugar contents resulting from starch metabolism were
maintained at normal concentrations below the girdle while
contents above the girdle were similar in concentrations, possibly
because of feedback regulation of photosynthesis, due to inability
of the photosynthates to be transported beyond the disconnected
portion of the tree (Naschitz et al., 2010).

In another girdling study in apple trees, the effects of girdling on
carbohydrate partitioning in apple fruits during the period of active
starch synthesis are presented in Table 3 (Beruter and Feusi, 1997).
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FIGURE 3
Seasonal partitioning of non-structural carbohydrates in sink and
source organs of Rosaceae trees. Adapted from Jordan and Habib

(1996).
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FIGURE 4

Seasonal changes in the non-structural carbohydrate content (g) of
3-year old “Golden Delicious” apple trees. Adapted from Lenz (2009).

The branches bearing fruits were girdled at 82 days after full bloom
and the effects of girdling on carbohydrate dynamics in fruits were
assessed. This experiment provides insights into scenarios where fire
damage resulted in branch girdling within the canopy. Fruit sorbitol,
sucrose, glucose and starch concentrations were all affected by branch
girdling (Table 3).

The seasonal changes in non-structural carbohydrate reserves
of poplar (Populus deltoides x nigra cv. Dorskamp) following trunk
girdling were reported by Regier et al. (2010). Poplar is a pioneer
tree species with a high probability of recurrent disturbances
including fire, and this study provided similar explanations of
possible starch and soluble sugar changes in trees. The seasonal
variations in starch, sucrose, glucose and fructose concentrations
for autumn and spring girdled poplar trees are presented in
Table 4. Like Rosacae family, significant starch accumulation
above the girdle, and similar soluble sugar concentrations below
and above the girdle were observed. It should be noted, however,
that the complexities of the period of the season when the
disturbance occurs, the level of root reserves and the intensity of
fire could determine the rate of source-sink imbalance and
ultimate plant response in a bushfire scenario (Regier et al,, 2010).
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TABLE 3 Girdling effects on carbohydrate concentrations in growing apple fruits.

Carbohydrate

Concentration trend in growing
fruits

Effect of girdling Explanation

Sorbitol Highest in young fruits then declines towards maturity | Concentration decreased by 20% Interruption of sorbitol supply due to girdling
within two days of girdling and
thereafter remained at 30% lower
than control fruits
Fructose Steady accumulation; fructose concentration two-and- | Fructose content not affected by Vacuolar compartmentation of fructose
half times more than sucrose concentration girdling
Sucrose Steady accumulation Sucrose decreased rapidly by 20% The increment was due to de novo synthesis
compared to control fruits then
increased again, seven days after
girdling
Glucose Decline constantly Glucose content showed an Increase due to hydrolysis of starch
increasing trend and was higher in
girdled fruit compared to ungirdled
ones
Starch Synthesised temporarily during early fruit Decrease rapidly in girdled fruits Mobilisation of starch as the alternative carbon
development (peaked at 108 days after full bloom) but source since sorbitol supply was interrupted
decreased to low levels during ripening

Adapted from Beruter and Feusi (1997).

TABLE 4 Girdling effects on seasonal non-structural carbohydrate concentrations in the stem and root of Populous deltoides.

Seasonal changes

Autumn stem girdling

Spring stem girdling

Above girdle Below girdle Above girdle Below girdle Coarse root concentration Fine root concentration
Starch Significant starch Starch concentration Higher starch Starch concentration Highest decline in response | Decreased in response to
accumulation compared | continually lower accumulation lower than above to girdling (except in girdling; concentration
to the portion below the | compared to the compared to girdle concentrations | spring-girdled plants) lower compared to the
girdle portion above the below-girdle coarse root
girdle concentrations
Sucrose Sucrose concentrations similar for above and below girdled portions of the trunk from autumn Marked decline in response | Continuously lower
through to summer to girdling throughout the season
compared to the coarse
root
Glucose Similar concentrations Similar concentrations | Similar Similar Relatively similar Continuously lower
throughout the season throughout the season | concentrations concentrations concentrations throughout throughout the season
as below-girdle as above-girdle throughout the throughout the the season compared to the coarse
concentrations concentrations season as below- season as above- root
girdle girdle concentrations
concentrations
Fructose No effect on fructose concentrations from winter to the next summer Relatively similar Continuously lower
concentrations throughout throughout the season
the season compared to the coarse
root

Adapted from Regier et al. (2010).

While literature, on the effects of bushfire on carbohydrate
dynamics in fruit trees, is scarce and requires further investigation, the
results from traditional girdling studies can lead us to conclude that
fire damage of the phloem prevents the transportation of assimilates,
and particularly starch, towards the roots (Jordan and Habib, 1996;
Regier etal., 2010). This interruption may lead to starch accumulation
in the trunk tissue and the tree canopy, above the girdle (Regier et al.,
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2010). Excessive accumulation of non-structural carbohydrates in
leaves could cause feedback suppression of CO, assimilation thereby
lowering the photosynthetic rate (Jordan and Habib, 1996; Naschitz
etal, 2010). For the lower stem and root region of the fruit tree, fire
girdling effects on tree trunk could trigger exhaustive depletion of
starch below the girdling zone, leading to carbon starvation of coarse
and fine roots. Ultimately, cessation of fine root production, and
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disruption of water and nutrient uptake/movement to the tree trunk
and canopy, may occur (Regier et al., 2010; Bar and Mayr, 2020).

In situations when tree canopy, leaves and other photosynthetic
parts are destroyed, the carbohydrate manufacturing ability of trees
could be hindered resulting in a switch to stored carbohydrates, in
root and other perennial storage organs, for the various metabolic
processes (Glenn and Campostrini, 2011). Physiologically weak trees,
as a result of fire damage, may have reduced ability to mobilise and
transfer carbohydrate reserves from storage tissues. In the same vein,
assimilate production and carbohydrate export in fire-scorched leaves
may be reduced and/or inhibited (Glenn and Campostrini, 2011).
Furthermore, since plant organs are interdependent for growth and
development, disruption of carbohydrate synthesis and metabolism
could affect other plant processes such as hormonal balance, floral
induction and fruit initiation and development, among others. For
example, in addition to being a source of carbohydrates, leaves are
known to produce FLOWERING LOCUS T (FT) protein, which is
transported to shoot apical meristem to activate floral induction in
fruit trees (Belhassine et al, 2019). Fire damage to leaves could
therefore alter the process, thereby impeding future floral induction
and fruit production.

2.1.4. Effects of bushfire on xylem hydraulics of
fruit trees

Smouldering bushfires often affect the outer portion of tree
vascular tissues thereby damaging or destroying the phloem and
disrupting normal carbohydrate translocation. In addition,
increased fire intensity and duration of smouldering fires have
been shown to cause destruction of the xylem hydraulic functions
in forest trees. Fire may directly destroy the structure of the xylem
resulting in the compromise of its structural integrity and
functionality (Michaletz et al., 2012; Bér et al,, 2019). There could
also be enhanced risk of embolism formation within the xylem
walls due to air seeding. Xylem cavitation through embolism will
cause a reduction in the conductive xylem area leading to a
compromised hydraulic efficiency within the xylem (Michaletz
et al,, 2012; Bar et al., 2019). Short-term hydraulic failure and
decreasing resistance to embolism in burned plants were observed
in Pinus ponderosa saplings subjected to lethal and non-lethal fire
intensities, respectively (Partelli-Feltrin et al., 2020). These short
and long-term fire effects both resulted in Pinus ponderosa sapling
mortality at different time scales with the decrease in embolism
resistance contributing to sapling mortality years following the
fire (Partelli-Feltrin et al., 2020).

For scorching crown fires resulting in the burning of foliage,
the heat plume could cause acute loss of water during and after
the fires (Hoffmann et al., 2021). This could trigger embolism and
hydraulic failure in trees, just like smouldering fires. In a
simulated foliage scorching experiment on the fire-sensitive
evergreen Magnolia grandiflora species, burning caused a 22-fold
mean increase in water uptake, with greatest rates of water loss
observed at burn intensities that caused complete consumption of
leaves (Hoffmann et al., 2021). Several other temperate species
such as Oxydendrum aroboreum, Liquidambar styraciflua, Acer
rubrum, Ilex opaca and Liriodendron tulipfera exhibited increased
water uptake during and, ongoing uptake, after burning
(Hoffmann et al., 2021). Rapid uptake of water and associated low
xylem water potentials could result in possible negative
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consequences such as xylem cavitation and embolism which could
lead to tree mortality (Hoffmann et al., 2021).

For fruit trees such as the Rosaceae family, investigations on
the effects of bushfire on xylem hydraulics are still at a nascent
stage. We, however, hypothesize that intense crown and
smouldering fires will cause similar effects in fruit trees as forest
trees. Bushfire induced xylem cavitation and deformation may
ultimately impede water and nutrient transport to various tree
parts with grievous consequences that can lead to immediate or
delayed mortality.

2.2. Effects of bushfire on soil and fruit tree
nutrition and health

Apart from the direct effects of fire on the hydraulic functions
of the tree, fire can also have negative effects on various soil
physical, chemical and biological properties such as soil organic
matter content, micro/macro-nutrient composition and structure
(Figure 5). High-intensity bushfires (300-315°C) can result in the
loss of soil organic matter, volatilisation of nitrogen and partial
reduction in phosphorus and sulphur concentrations (Verma and
Jayakumar, 2012). In addition, extreme bushfires may lead to the
formation of hydrophobic organic compounds and high water
repellent soils (Wallbrink et al., 2004; Verma and Jayakumar,
2012). Soil water repellency could reduce soil wetting by a factor
of >700 and enhance run-off processes by up to 50% (Doerr et al.,
2003). Intense or extreme bushfire ultimately destroys the
physical and chemical properties of the topsoil, leading to a
structurally and nutritionally deficient medium that limits healthy
tree growth (Figure 5).

Soil biology can also be affected directly by the high
temperatures of fire (200-400°C), potentially killing beneficial
soil microorganisms and invertebrates (Wallbrink et al., 2004;
Verma and Jayakumar, 2012). Additionally, the girdling effect of
fire on trees could reduce or eliminate tree carbohydrate
effects on
Reduced
microorganism biomass, particularly around the root zone, will

leachates into the soil with consequential

microorganism functioning and reproduction.

lessen the amount of nutrients processed into available forms by
microorganisms for the uptake by trees (Zhang et al., 2022).
Consequently, vital plant metabolic processes, such as organic
compound synthesis, could be impaired as a result of the
unavailability of nutrients following a fire. Deficiencies of
nitrogen, magnesium, iron, manganese and phosphorus, for
instance, can have strong negative effects on the photosynthetic
capacity and assimilate production of trees (Wallbrink
et al., 2004).

Many studies in the literature showed that forest trees were
more susceptible to pests and diseases after bushfires (Mchugh
et al., 2003; Parker et al., 2006; Hood and Bentz, 2007; Breece
et al., 2008; Catry et al., 2013; Wiley et al., 2016; Hood et al,,
2018). Injuries such as wounds often serve as entry points for
insects and pathogens, thereby increasing tree vulnerability (Bar
et al,, 2019). With the release of high amounts of ethanol and
volatile terpenes by fire-affected trees, many insects, particularly
bark and ambrosia beetles, became attracted to forest trees (Kelsey
and Westlind, 2017). Invading insects can be phloeophagous or

frontiersin.org


https://doi.org/10.3389/fsufs.2023.1173331
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Idowu et al.

10.3389/fsufs.2023.1173331

Vapour from organic
material combustion
[
Reduced \\'n'u'r infiltration
Clay

Dehydration

Organic
matter

400 °C

Collapse of
lattice structure

-

Increased rate of soil erosion

>
ydrophobic organic compounds

Complete combustion
of organic matter

v Complete
800 °C v destruction of Reddening of soil
v interclay matrix due to Fe-
structure oxides formation

Vapour

condensation Vapour

v
Reduced waterinfiltration

Nutrients Micro
organisms

Volatilisation of R}cduclinn of
biomass

macro nutrients,
particularly
Nitrogen

Change in
community
structure

N~
7

J

FIGURE 5

Extreme bushfire impacts on the physical, chemical and biological properties of topsoil.

xylophagous, colonising the phloem or xylem and indirectly
introducing pathogenic elements (particularly fungi) into the tree
( ). The defence system of
trees is also weakened due to fire-induced changes in carbohydrate
dynamics ( ).

Similar changes would be expected in fire-weakened trees within
perennial horticulture production systems. In addition, fire could
eliminate the ecological balance of integrated pest and disease
management (IPDM) in the orchard, with an opportunistic
re-establishment of pests and diseases, which could lead to further
post-fire disease and pest pressures.

3.1. Existing management strategies
following fires (based on grower
interactions)

Maintaining global horticultural production at current levels
require the development of cutting-edge science-based bushfire
prevention and management strategies rather than the current
unproven approaches. Such management strategies must entail
precautionary and proactive measures for minimising the potential
effects of bushfire on horticultural production.

Using the 2019-2020 catastrophic fire in Australia as a template,
there were no established response strategies for fruit tree orchard
). Initial
responses after the catastrophic bushfires, in no particular order, were

recovery after the fires (

to ensure orchard safety, repair damaged irrigation systems to restore
water supply to orchards, and take decisions on trees to be removed
or kept based on bark cuts that revealed level of vascular tissue
damage. Trees with relatively moist and milky cambium were
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evaluated as “alive;” while those with a greater proportion of dry and
brownish cambium were regarded as “dead” Decisions on tree
mortality were also made based on the assessment of damage to other
structures. For example, trees in areas of the orchards that had melted
irrigation drip lines were assumed to be affected beyond recovery and
removed. Besides, trees were pruned to remove dead parts and
protected from pest and pathogenic infestation of resultant wounds
through wound dressing procedures such as the application of
Bordeaux mixture. In some cases, all the tree branches were removed
(poling) to optimise resource use. To stimulate the growth of fine roots
and protect from further desiccation, soil was covered with mulch.
Lastly, the “watch and act” approach, to observe the effects of fire on
trees before taking any major decision, was adopted by some growers

( ).

3.2. Recommended horticultural bushfire
management strategies

Reducing the effect of bushfires on orchards should start with
minimising the potential of fires moving from existing neighbouring
bushland. Reducing fuel loads with prescribed burning of
neighbouring bushland is a proven method for achieving this
( )-

The initial responses after the 2019-2020 fires as described above
were reasonable and suitable, contributing to a reduction in the overall
mortality of fruit trees within orchards. However, the management of
an orchard after a fire must be well-coordinated to reduce possible tree
stresses including nutrient, water and carbohydrate requirements.

Supply of resources including the restoration of irrigation must
be undertaken slowly and cautiously to prevent any adverse effect on tree
recovery. Techniques to improve soil water infiltration and retention
must be considered. Three-dimensional cross-linked hydrophilic
hydrogel polymer is one option generally believed to have great potential
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in sustainable agriculture (Singh et al., 2021). If added to soil, hydrogel’s
excellent attributes such as water absorption, biodegradability, water
retention and slow-release capacity (Singh et al., 2021) could be extremely
useful in stabilising water/nutrient supply and reducing erosion risk after
orchard fire. In addition, foliar spray of essential nutrients might be used
to augment immediate tree needs, if soil nutrient losses are anticipated
while growth hormones, mycorrhiza and other beneficial microbes could
be added to soil for the improvement of plant root growth, particularly
after smouldering fires (Bir et al.,, 2019).

Another important goal of post-bushfire orchard management is
the avoidance or minimization of mortality of fire-damaged trees and
the enhancement of their recovery in an economically sustainable
manner. Our current research is investigating possible science-based
bushfire recovery solutions in order to contribute to reducing the
current insufficiency of information in the literature. Orchard
management strategies under investigation include bridge grafting of
trees with necrotic phloem. Bridge grafting could be a useful technique
for re-establishing bushfire associated cambium/phloem dislocations
and preventing associated delayed mortality.

Future orchard protection from extreme bushfire should target the
establishment of a near-fire-proof systems. This should be envisioned
before orchard establishment by paying considerable attention to
important issues such as orchard location, components and response
in case of fire incursion. Based on noticeable factors that contributed
to orchard destruction during the 2019-2020 bushfires in Australia,
important considerations should be given to the following in order to
develop a relatively more resilient orchard entity:

Selecting orchard sites on relatively levelled landscape rather than
a steep slope terrain.

« Using fire-resistant roofing and wall materials for sheds and
trellis posts within the orchard.

Establishing strategic fire-protection sprinkler systems along
susceptible orchard fire entry points.

Creating within-orchard fuel load reduction plans, particularly
in summer, to reduce the possibility of smouldering fires.

Creating a defensible space or safety zone for fuel breaks (e.g.,
green strips) around orchards.

Ensuring fuel reduction in vegetations around fire-prone
orchards through effective prescribed burning.

The creation of defensible space and regular reduction of fuel load
through prescribed burning will play very critical role in the
protection of orchards from approaching fire. These activities will
require the corporation of other stakeholders including the responsible
government departments and agencies.

3.2.1. Fire break establishment for bushfire
management in orchards

Orchard establishment in this era of increased bushfires must
integrate fuel breaks as an important component of orchard planning and
establishment. Fuel breaks are any treatment involving the removal or
modification of vegetation to disrupt fuel continuity or reduce fuel load.
Green strips are subsets of fuel breaks developed to strategically install
perennial plants with beneficial fire-suppressing attributes in locations
where they might suppress or slow the advancement of bushfires. This is
done by changing the dynamics of the fire behaviour triangle (fuel,
weather and topography) (Tilley, 2019).
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The required attributes of green strip tree species include
ecological traits such as high moisture retention throughout the
bushfire season, site adaptability and ability to persist through periodic
extended drought conditions. Tolerance to pests and diseases, low fuel
load and flammability, high environmental adaptability, persistence
and fire tolerance are other required elements needing consideration
(Cuia et al,, 2019; Tilley, 2019). Important silvicultural qualities
include fast growth rate, ease of establishment and management,
smooth bark, branch shedding and rapid decomposition of litter (Cuia
etal, 2019; Dieleman et al., 2020). The economic value of the species
is also a very important consideration (Cuia et al., 2019).

Most of the effects to orchards during the 2019-2020 fire season in
Australia resulted from uncontrollable fires in adjoining monoculture
coniferous plantations, which are known for their high flammability. For
greatest effectiveness, coniferous plantations within the vicinity of
orchards should be replaced by green strips consisting of mixed
multilayered species that can serve as a natural barrier for reducing fire
intensity and spread, thereby minimising ember attacks. Sustained
horticultural protection must include prompt and effective management
of previously burnt forests around horticultural enterprises, as
unmanaged burnt forest scenarios may result in the growth of fire-prone
vegetations and greater future fire risks. The effectiveness of green strips
was demonstrated by field-based empirical testing in Guangdong,
China in 1985 where a 20-year old Shima superba (Theaceae) green strip
suppressed an extreme fire (>10,000 kWm™), capable of intense rapid
spread and continuous crown flames (Cuia et al., 2019).

In addition to green strips, fire-proof orchards will depend to a
large extent, on the proactive protection of adjoining forests from
severe bushfires through prescribed burning compared to the current
fire suppression approach.

3.2.2. Prescribed burning as an efficient bushfire
control tool

Prescribed burning has played significant role in the control of
bushfires in different parts of the world, including Australia. The
evolution of prescribed burning (also referred to as “planned burning,”
“fuel reduction burning,” and “hazard reduction burning”) as a
management tool in Australia has been well described elsewhere
(Morgan et al., 2020). The phases of evolution according to Morgan
etal. (2020) were pre-human fire (pre-60,000 years ago), aboriginal
period (60,000 years ago to 1788), European settlement period (1788-
1901), national development period (1901-1960), development of
science-based fire management (1961-1985) and political pressures
and land management era (1985 - present).

Indigenous people all over the world gained considerable
knowledge in fire management and utilized fire as a potent land
management tool on their ancestral estates (McKemey et al., 2020;
Morgan et al., 2020). Australian aborigines were the first to utilize fire
as a management tool (Morgan et al., 2020) for preventing extensive
bushfires and associated economic and environmental damages.
However, this practice was disrupted during the era of colonisation
when traditional practices were prohibited (Wintle et al., 2020). This
resulted in intensive and damaging fires, particularly in southern
Australia, with significant threat to economic development (Morgan
et al., 2020).

After an initial embrace of fire suppression for dealing with
bushfires, there was a gradual use of prescribed burning in forest
management starting from 1961 (Morgan et al, 2020). Recent
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advances are reinforcing the role indigenous fire management could
play in the prevention of extreme fire events. Programs, such as
Contemporary Indigenous Savanna Burning in northern Australia,
are remarkable proactive efforts that had been put in place. Complex
traditional ecological and indigenous knowledge, with western science
and technology, are being deployed to prevent build-up of fuel and
resultant destructive bushfires in the dry season (McKemey et al.,
2020). In south-eastern Australia, all relevant agencies involved in
prescribed burning of landscapes now involve Aborigines to some
extent (McKemey et al., 2020). Apart from the fuel reduction role of
prescribed burning which has been in use from time immemorial, it
has also been used as a management tool in forestry and agricultural
activities to remove pest and diseases, regenerate land, improve soil
fertility and quality, among others (Damianidis et al., 2021).

Increases in soil pH, nitrogen, total carbon, potassium and
phosphorus contents have been reported immediately after prescribed
burning (Ubeda et al, 2005) with pH and total carbon values
returning to their pre-fire levels and, nitrogen and phosphorus levels
remaining higher after 1 year (Ubeda et al., 2005).

Plant density and floral diversity are important factors that could
enhance floral visitation by pollinators (Van Nuland et al., 2013). Fire
regimes are important tools for maintaining or increasing plant
density and diversity (Van Nuland et al., 2013). Therefore, prescribed
burning around an orchard vicinity can indirectly enhance pollinator
diversity and abundance by altering neighbouring plant communities.
In the long-term, prescribed burning, will not only reduce bushfire
impacts on orchards, it could serve as a useful management tool of
enhancing orchard productivity.

4. Conclusion: recommendations,
knowledge gaps, and prospects

Limiting the effects of fire on fruit tree production requires a
thorough comprehension of the effects of fire on tree physiology and
soil physical, chemical, and biological properties including
IPDM. Knowledge of environmental factors that enhance fire
destructiveness is critical. This review described extreme bushfire effects
on orchard tree ecosystems, including the visible effects and the
resultant physiological disruptions in fruit trees, such as altered
carbohydrate dynamics and water/nutrient transportation. Strategic
responses for developing fire-proof orchards and preventing future fire
incursions were also recommended. Reducing fire effects on orchards
will depend to a large extent, on strategic and proactive orchard
protection plans that will span its natural life. Management practices
within the orchard must ensure reduced fuel load, particularly around
the tree trunks to ensure minimal impact, in case of fire incursion.
Green strips comprising mixed species of evergreen trees, shrubs and
herbaceous plants should form the outer parts of orchard establishments.
These vegetation barriers will serve as natural fire retardants that will
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