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Abstract

South Africa is the World’s largest producers of macadamia nuts, with about
51,000 ha of land covered by macadamia. This leads to major farming chal-
lenges, as the expansion of orchards is associated with the loss of habitat
and biodiversity, the excessive use of and resistance to insecticides, and an
increased pressure on water resources. More frequent and severe droughts and
heat waves are projected to worsen the situation and have already negatively
affected harvests. Here we review current literature and recent work conducted
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in the subtropical fruit growing area of Levubu, South Africa, which include
catchment-scale assessments of ground water, landscape-scale studies on pest
control and pollination services, through to evaluations of tree-level water use.
Several biological control options are being developed to replace pesticides.
Results suggest that bats and birds provide large and financially measurable
pest control services, and interventions should therefore focus on maintaining
functional landscapes that would be resilient in the face of global climate change.
This would include a landscape matrix that includes natural vegetation and
minimize water consumption by optimizing irrigation schedules.

22.1 Introduction

Macadamias are currently one of the most expensive nuts in the world, at nearly
twice the price of almonds. The industry is projected to have a compound annual
growth rate of 6.8% between 2020 and 2025 (APNEWS 2020). The macadamia
nut’s ‘healthy whole food” image has created a growing demand for macadamias
as ingredients and processed products in the food and beverage but also cosmetic
industry (Green and Gold Macadamias 2018).

While the trees originated in north-eastern Australia, the first commercial
cultivation of Macadamia integrifolia Maiden & Bechte started in Hawaii in 1931
(De Villiers and Joubert 2003). Macadamia trees require a tropical to subtropical
climate with high annual rainfall above 1000 mm. The trees grow well in soil with a
high organic content but not on saline or sodic soils (De Villiers and Joubert 2003).

According to SAMAC (2021), the largest producers of macadamia nuts in
2020 were South Africa (48,925 tons) and Kenya (42,530 tons) followed by
Australia (42,000 tons). However, China is projected to grow its production from ca.
18,000 tons in 2018 to ca. 450,000 tons by 2025 (AGTAG 2018). Other macadamia
growing countries include Zimbabwe, USA, Israel, New Zealand, Vietnam, and
Brazil (DAFF 2019).

In South Africa, macadamias have been one of the fastest growing tree crop
industries in the last decade, providing seasonal and permanent employment for
over 20,000 people. The value of the annual production was 4.8 billion ZAR or
about 330 million USD in 2019 (SAMAC 2020). Main growing areas in South
Africa are the provinces of Limpopo, Mpumalanga, coastal KwaZulu-Natal, and the
Eastern Cape. South African macadamia orchards cover approximately 51,000 ha,
of which around 6000 were planted in 2019 alone (DAFF 2019). This expansion
is set to continue until 2030, with 1000 additional seasonal and permanent farm
workers employed yearly (SAMAC 2020). However, the ongoing expansion of
macadamia orchards also leads to farm and landscape management challenges.
Monocultures, the excessive use of insecticides, and habitat loss at a local and
landscape scale are associated with the loss of natural enemies of crop pests such
as bats, birds, predatory insects as well as the loss of wild pollinators (Foley et al.
2005; Tilman et al. 2001; Tscharntke et al. 2012; Weier et al. 2021). Furthermore,
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the increased and incorrect use of pesticides has led to resistance in pests such as
stinkbugs (Hemiptera: Pentatomidae) (Schoeman 2018). Additionally, South Africa
has experienced some severe droughts in recent years, with the combined effects
of an EI Nifio event (Baudoin et al. 2017). Already one of the driest countries in
the world, these droughts are predicted to worsen under future climate change and
regularly impact harvests negatively throughout South Africa (Mogoatlhe 2020).

This chapter is based on work conducted in the subtropical fruit growing
area of Levubu in the Luvuvhu river valley, situated in the northernmost South
African province Limpopo. Macadamia integrifolia has been cultivated here for
over 60 years (Ahrens 1991). Levubu is one of the two main growing areas in the
province, with about 10,000 ha of macadamia planted thus far. This sub-Saharan
African region receives its main rain in the summer months between November
and April with around 1000 mm of annual rainfall. Apart from macadamia,
the main agricultural products farmed are banana (Musaceae), avocado (Persea),
timber (Eucalyptus and Pinaceae) and to a lesser extent mango (Mangifera), pecan
(Carya), lychee (Litchi), or maize (Zea).

The Levubu area is on the south-eastern slopes of the Soutpansberg mountain
range, part of the UNESCO Vhembe Biosphere Reserve (VBR). The Soutpansberg
is a centre for plant endemism with a remarkably high animal biodiversity (Hahn
2017; Joseph et al. 2019; UNESCO 2010; Taylor et al. 2013, 2015; Van Wyk and
Smith 2001). Also see Chap. 23.

Given the rapidly increasing demands on biodiversity and water-related ecosys-
tem services due to agricultural intensification and climate change in South Africa,
the aim of this chapter is to review the current literature and synthesize a decade
of research in the Levubu area and provide recommendations on the mitigation
of agricultural intensification and climate change effects for more sustainable
agricultural practices.

22,2 Water Management
22.2.1 Water Availability and Macadamia Irrigation

The climatic conditions of the main macadamia cultivation area in Limpopo, are
characterized by unevenly distributed annual rainfall that rarely exceed 1000 mm.
Macadamia trees in the region therefore require supplementary irrigation for
good yields and optimal quality (Carr 2012; Murovhi 2003). The South African
Macadamia Growers Association (SAMAC) latest census in 2012 suggests that 80%
of the macadamia growing area in Limpopo is irrigated, this figure has subsequently
increased even further. The resultant growing demand for irrigation water increases
pressure on the limited water resources of the province.

Long-term flow monitoring (80 years) of the Luvuvhu river (the main tributary in
the catchment), where it leaves the commercially irrigated agricultural area, points
to significant decreases in stream flow (Ramulitho et al. 2021). These decreases
are highly seasonal with significant reductions from November to February, periods
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Fig. 22.1 Example of typical daily macadamia tree water requirements during the different
phenological stages of trees, planted at a density of 312 trees per hectare and with a canopy
coverage of 60%, as recommended by the South African Macadamia Growers Association
(SAMAC)

that coincide with peak water demands of macadamia (Fig. 22.1), and have already
resulted in the cessation of flow of the Luvuvhu during certain parts of the year
(Ramulifho et al. 2019). Regionally, climate change is predicted to result in 5-10%
decrease in rainfall (Hewitson and Crane 2006; Conway et al. 2015; IPCC 2021).

Groundwater levels measured from 2007-2013 in the Luvuvhu catchment show
that the lowest groundwater level occurs between October and November and
has decreased by around 2 m (23-25 m) (Makungo and Odiyo 2017). Although
other land-use systems, such as gum (Eucalyptus ssp.) plantations, are less water
efficient than macadamias per unit of land area (Botha 2018), commercial irrigated
farming is one of the main sources of water consumption in the province (Shabalala
et al. 2022). Finally, newly established macadamia orchards in the region (the
fastest growing crop in the Soutpansberg in terms of its expansion) are increasingly
located in more arid areas of the mountain and its surrounds, which is furthermore
increasing the demand for ground water.

Historically, the Limpopo growers strongly relied on surface water but a com-
bination of politics and poor maintenance of the water infrastructures leads to a
major shift towards the use of groundwater in the early 2000s (Stephan Schoeman,
personal communication). This is unsustainable given the slow recharge of the water
table, which is around 4% of the mean annual precipitation and further evidenced
by boreholes running dry in recent years.

Very little is known about the status of groundwater in the province. This is
particularly concerning within the context of climate change and the relevance to
monitoring the allocation of water licences by Water boards (National Water Act
1998). Licences for specific water volumes generally depend on the size of the
production area and are legally allocated and verified through formal processes.
Macadamia growers purchase water licences from local authorities, which also
monitor on-farm water use.

22.2.2 Sustainable Water Management Practices

Given the circumstances, it is paramount for macadamia growers to increase the
efficiency and sustainability of water use. This can be done by: (1) choosing
the appropriate irrigation system, (2) meeting tree water requirements better with
irrigation water supply, (3) using advanced technology for a better understanding
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Fig. 22.2 Percentage of adoption of different irrigation systems in the three main macadamia
production areas of South Africa (Data from the 2012 SUBTROP Census)

and monitoring of water dynamics in the orchards, and (4) adopting water-saving
agricultural practices in the orchards.

A reflection on the best water management options for macadamia is bound to
start with the question on whether such trees need to be irrigated at all. About
20% of macadamia producers in South Africa rely solely on rainfall as a source
of water for their orchards (Fig. 22.2). Although irrigation is considered desirable,
especially in areas where the average annual rainfall is less than 1000 mm (Carr
2012), there is no experimentally sound quantification of yield reductions for rain-
fed macadamia production (compared to that under irrigation). Different studies
show contradictory results and strongly depend on the specific climatic conditions
of the growing areas and seasons considered (Trochoulias and Johns 1992; Searle
and Lu 2002). Moreover, macadamia yields are cyclical and highly variable, which
makes it somewhat difficult to establish cause and effect (Carr 2012; Huett 2004).

Some critical phenological stages, i.e., periods during which lack of suffi-
cient water supply can strongly affect macadamia production, are the periods
between flowering and nut set (August-October), and the premature nut drop
period (November—December). Trees experiencing water stress during such periods
produce less flowers, with an overall reduced nut set (Murovhi 2003) and increased
nut drop (Carr 2012).

Furthermore, water stress during the nut maturation stages decreases photosyn-
thesis rates at a time when energy demands for oil accumulation are highest. This
consequently reduces yield and nut quality (Stephenson et al. 2003). Another major
disadvantage of water deficits in the roots zone is that the tree cannot take up
nutrients (including those supplied by fertilizers). Therefore, according to a local
independent macadamia consultant (S. Schoeman, personal communication) rain-
fed macadamia production in Limpopo is not considered a generally viable option
for the future, although some niche microclimates allow for it. An option which
might receive more attention by macadamia growers in the future is deficit irrigation,
in the form of nearly rain-fed production with supplementary irrigation during
specific critical phenological stages or in case of prolonged droughts. At present,
such an approach is still rather uncommon and would require thorough scientific
investigation as well as commercial evaluation.
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Historically, there are two main irrigation systems for macadamias in South
Africa, namely micro-sprinklers and drip irrigation (Murovhi 2003). Micro-
sprinklers, currently the most common irrigation system in South Africa (Fig.
22.2), allow for a wide range of emitter flow rates, from as low as 15 L to more
than 100 L/h. The large wetting radius matches the tree’s root surface area, thereby
increasing water and nutrient uptake. At the same time, a large part of the applied
water could be lost to evaporation or losses from the root zone (e.g. by deep
percolation), or be taken up by grass and weeds growing around the trees, thus
strongly reducing the system’s efficiency as well as water productivity. Due to the
large amounts of water applied, this system is generally used at a low frequency of
one to three times per week.

Drip irrigation requires more frequent applications (up to 300 days/year) of
smaller water amounts (emitter delivery rates commonly vary between 0.7 L and
4.0 L/h). Dripper lines are placed close to the tree stems, with spacing’s of 0.6 m
between drippers. Compared to the micro-sprinkler irrigation, this system requires
less water, despite maintaining a continuous wetted strip along the tree line, thus
having a higher system efficiency and water productivity. Therefore, the adoption
of drip irrigation has increased in recent years (and since the 2012 Census) to about
40% of the new installations, mainly at the expense of micro-sprinkler irrigation (S.
Schoeman, personal communication).

Recently, a new system is emerging, following the principle of applying small
amounts of water at high frequency, with the aim of better matching irrigation
water supply with the rate of plant water uptake. This is the centralized low-flow
drip fertigation concept (or the ultra-low flow drip in its most extreme version).
In comparison to the regular drip irrigation, these irrigation systems have lower
emitter delivery rates of 0.6-0.7 L/h (0.4 L/h for ultra-low flow drip) and wider
spacing between drippers of 0.9-1.0 m, leading to low system delivery rates, which
require higher, almost daily, irrigation frequencies. The concept is to apply the daily
irrigation requirement of the trees almost at the same rate that the tree uses the water
(i.e. with system flow rates of typically 0.15-0.3 mm/h) and mostly rely on capillary
water movement rather than mass flow in the soil, thus leading to significantly
reduced risk of soil saturation and run-off. With 1-2 mm of water applied per
day over several hours in a very efficient way, the irrigation of the entire farm at
the same time becomes possible with a centralized and labour-friendly application
management. This also allows for the coupling of irrigation and fertilization (the
so-called fertigation), which can both be targeted to the tree’s daily needs year-
round. The limitations of this system include its requirement of a more complicated
design with multiple dedicated mainlines to each field valve, the higher installation
costs, mainly related to the fertigation injection systems, and the need of rearranging
the scheduling of irrigation events. Furthermore, due to the low delivery rates, it is
important to monitor and fully understand the soil water dynamics (e.g. the required
filling time for the soil reservoir) and manage it accordingly. Nevertheless, it is
currently considered as the most promising irrigation system by sector experts (S.
Schoeman and Barry Christie—technical manager of Green Farms Nut Company,
personal communication), allowing the achievement of the highest system efficiency
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and reducing water consumption to a minimum. Therefore, low-flow drip irrigation
systems are expected to increase in the future, with large investments forecasted
for their establishment, especially in large farms. Another less common irrigation
system is the so-called floppy sprinkler irrigation, however, its very low efficiency,
and large water volumes applied, preclude it from receiving considerable attention
in the South African context.

Despite the good intentions of most macadamia growers and consultants to
improve water management there is still surprisingly little knowledge on the
exact water requirements of macadamias. So far, growers have mostly relied on
management guide charts based on accumulated empirical evidence on daily or
weekly recommended water requirements for the different phenological stages of
trees with different ages, planting densities, and canopy coverages (Fig. 22.1).
However, these are merely used as guidelines, for example, for the planning of
the irrigation system given a certain water allocation, and sometimes regarded as
excessively high (Lee 2020).

In one of the few well-known attempts to experimentally quantify macadamia
tree water use amounts for Australian conditions, Stephenson et al. (2003) reported
estimates of daily evapotranspiration ranging between 52 L (winter) and 80 L per
tree (summer) for ‘HAES 246’ cultivars growing on sandy soils. In South Africa,
Ibraimo et al. (2014) measured average daily water uses ranging between 27 L
and 51 L/day in 6-year-old (intermediate bearing) macadamia trees (‘Beaumont’
cultivar). In a follow-up study, Taylor et al. (2021) attempted to distinguish between
the water use of intermediate bearing and full-bearing ‘Beaumont’ macadamia trees,
reporting comparatively lower average daily water use values of 22-35 L for the
full-bearing trees, about 60% higher than for the younger trees. In general, they
claim that such values are strictly depending on local environmental conditions,
tree canopy size, and management factors, thus making it very difficult to provide
precise estimates of macadamia tree water use without having additional on-field
measurements of tree transpiration in a range of different orchards (Taylor et al.
2021). Furthermore, different macadamia cultivars show different water require-
ments. For example, the widely popular variety ‘Beaumont’ (‘HAES 695°) is known
to cope poorly with low water availability (S. Schoeman, personal communication).
On the other hand, daily transpiration measurements in an Australian macadamia
study (Searle and Lu 2003) showed almost double the water use by cultivar ‘HAES
741’ compared to that of ‘HAES 344°. It would be therefore of great importance to
get a better knowledge and understanding of the differences in transpiration between
different cultivars, as well as of their specific performance in relation to the growing
environment (Taylor et al. 2021). Common on-field strategies used by macadamia
growers to determine the soil water status and to schedule irrigation accordingly
include monitoring of the weather conditions (i.e. the variables that influence tree
evapotranspiration) and using devices such as tensiometers and capacitance probes,
which, respectively, measure soil water tension and soil moisture at different depths.
However, oversimplified empirical norms are often followed to determine when it is
necessary to irrigate. Yet an increased attention and investment by South African
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macadamia growers into monitoring the water status of their orchards has been
observed in recent years (S. Schoeman, personal communication).

One of the risks growers are increasingly aware of is that of over-irrigating.
According to recent studies, this is often the case (Ibraimo et al. 2014; Botha 2020).
In experiments conducted on Beaumont macadamia orchards in Mpumalanga, a
conservative water use behaviour of macadamias was observed, with a halt of tree
transpiration when a certain level of evaporative demand (typically at a leaf-to-
air vapour pressure deficit above 2 kilopascal) is reached (Smit et al. 2020). This
climate-induced control is exerted through the closure of stomata (Lloyd 1991; Smit
et al. 2020). This indicates that under hot and dry conditions, the trees will not
necessarily use more water and the application of large irrigation amounts under
these conditions would not lead to the desired outcome. On the contrary, excessive
irrigation might lead to a reduction in soil aeration, especially in saturated soils,
thereby further restricting water uptake and affecting tree health, growth, and nut
yield (Botha 2020). Other negative effects of over-irrigation include iron deficiency,
increased susceptibility to Phytophthora, and the loss of fertilizer by leaching, with
the related economic and environmental impacts.

A number of promising technological innovations could further help to improve
the sustainability of water management in macadamia orchards. For instance,
better weather forecasts through improved climatic models would help to plan
irrigation accordingly. Similarly, the increasing availability of more affordable
weather stations and soil moisture probes shall facilitate the on-field monitoring
of climatic conditions and soil water dynamics. Remote sensing and especially
aerial photography are likely to play an increasingly important role, since they are
proving to be very useful and labour-friendly tools to detect problems in the orchard.
Farm management apps and portals will facilitate sharing information between
macadamia growers and consultants. Nevertheless, farming from remote is far from
being a feasible reality. In fact, according to macadamia expert Barry Christie (per-
sonal communication), although increasing, the adoption by macadamia growers of
most of the above-mentioned innovations is still low. Other sustainable management
options to reduce orchard water consumption include the adoption of water-saving
agricultural practices like mulching. The presence of organic matter (leaves, husks,
or compost) on the soil surface is crucial for tree health and it reduces evaporation
and conserves water within the soil (Botha 2020; Steyn 2019). Inorganic options
(e.g. weed mat) also exist and are sometimes used mainly in young orchards, where
soil evaporation is especially high due to the greater area exposed to solar radiation
between the tree rows. Careful management of weeds and grass cover in the orchards
can also help reduce water losses caused by their transpiration (Botha 2020).

Recent droughts between 2015 and 2019 have increased the awareness of limits
to water resources among South African macadamia growers, who are trying to
decrease their water consumption, for example by switching to more efficient
irrigation systems or by improving the monitoring of water use to avoid the
risk of over-irrigating. Nevertheless, such efforts cannot fully counter-balance the
overall increased water consumption, due to the continuous expansion of irrigated
macadamia production areas. However, water availability and the impact of climate
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change on the local water resources are not yet perceived as major risks by
macadamia growers. According to S. Schoeman (personal communication) and
findings from a macadamia growers workshop held at Levubu in February 2019,
major concerns include issues related to pest control, future political scenarios,
energy prices, and industry developments. The general perception is that reduced
water availability will increase production costs but growers will still prefer growing
macadamias because of their high market value. However, under the projected
drought scenarios and the stricter policing of water allocations, this might not be
possible for much longer (Botha 2020; Shabalala et al. 2022). Therefore, the only
solution lies in increasing the water use efficiency of macadamia orchards, making
use of the best available knowledge, technologies, and practices to reduce non-
beneficial water losses to a minimum.

22.2.3 Suggestions Towards More Sustainable Water Management
in Macadamia Orchards by SALLnet

Science has to play a distinct role in improving water management in times of a
changing climate. More science-informed decision-making can be provided, for
example, by delivering experimental evidence on the performance of different
systems and management options. This should be based on a deep understanding of
the relevant ecophysiological processes, which influence tree water requirements,
the effects of management and by more robust climate projections at the local scale.

In the framework of the SPACES II—SALLnet joint research project, an ongoing
study of macadamia water use aims to increase our understanding and gain new
insights into the processes determining the interactions of genotype, environment,
and management in macadamia orchards, represented by different macadamia
management systems in Levubu, with a focus on water dynamics.

*  iButtons (temperature and relative humidity)
Tipping rain gauges (rainfall}
PAR sensors (solar radiation}

*  Anemometer (wind speed)

*  Sap flow sensor (ree transpiration)

Fig. 22.3 Scheme of recorded weather and tree physiological parameters in the selected
macadamia orchards (picture credits: Thomas Bringhenti)
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To this end, intensive field experiments monitoring the hourly tree transpiration
rates, daily water use, and leaf water potential (an indicator of water stress) of
two different macadamia cultivars (‘Beaumont’ and ‘HAES 849’) were set up
and run for two consecutive seasons (Fig. 22.3). Additional measurements were
made on tree phenological development (number of racemes and nuts per tree),
tree morphology (e.g. tree height, canopy volume, leaf area density, etc.), and nut
production. Moreover, microclimate, soil water dynamics, and orchard management
(especially irrigation) were also recorded.

That dataset contributes to a better understanding of the water use behaviour
of macadamia trees in response to different water supply and environmental
conditions, as well as the quantification of macadamia water use efficiency for
contrasting management intensities. A related objective is the development of a
macadamia growth and water use model to, among others, assist in setting the
upper and lower limits of required water inputs for macadamia trees in different
environmental conditions, and thus improving the precision of current empirical
approaches to compute fruit tree water requirements (Orgaz et al. 2007; Villalobos
et al. 2013) and to avoid wasteful over-irrigation. Eventually this will allow for
upscaling of results from field experimentation across the whole region and for
different climatic scenarios (e.g. by simulating the impact of future projections of
long-term climate change on macadamia water use).

22.3 Pollination

In addition to abiotic and management factors, biotic factors such as pollination and
biological control also determine macadamia production (Grass et al. 2018; Linden
et al. 2019). Here we present management strategies that facilitate pollination in
macadamia orchards in order to increase nut set and hence yield in a sustainable
way.

Pollination Requirements of Macadamia

Macadamia is a mass-flowering crop of which one mature tree can produce up
to 2500 inflorescences in one season (Moncur et al. 1985). The inflorescences
are arranged in racemes of 10-35 cm length and each one bears 100-300
flowers (Fig. 22.4) depending on the variety (Trueman 2013). The small white
flowers (the Beaumont variety produces pink flowers) develop from several
whirls on the stalk and form one conspicuous inflorescence. The flowers are
open for 1 week (Ito and Hamilton 1980; Sedgley 1983) and given that the
pollination was successful, they develop into initial nuts 3 weeks after anthesis
(Trueman and Turnbull 1994a; Wallace et al. 1996). Many immature nuts
abscise during the first 7-15 weeks after anthesis, whereas the time and extent
of the drop depend on the site, cultivar, time since canopy pruning (McFadyen

(continued)
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Fig. 22.4 Honeybee (Apis

mellifera) sitting on a raceme
with open macadamia flowers
(picture credit: Mina Anders)

et al. 2011, 2012; Sakai and Nagao 1985; Trueman 2010; Trueman and
Turnbull 1994b) as well as pest damage (see Sect. 22.4.1). However, the nuts
that remain on the raceme for around 15-20 weeks (final nut set) are likely
to remain until maturation. The nuts are harvested from the orchard floor
after they drop maturely off the tree, although the variety Beaumont must be
treated with ethylene-generating compound (2-chloroethyl) phosphonic acid
to induce the nut drop (Richardson and Dawson 1993).

The flowers of macadamia show features that indicate dependence on insect
pollination, namely the bright colour of the petals, a strong scent as well as resources
like pollen or nectar. The most observed agents for pollen transfer are honeybees
(Apis mellifera L.) and stingless bees (Tetragonula spp.), but beetles, flies and even
birds have also visited flowers and been considered potential pollinators (Heard
and Exley 1994; Howlett et al. 2015). Although wind pollination might be possible
(Urata 1954), several pollinator exclusion experiments indicate a strong pollinator
dependency (Grass et al. 2018; Tavares et al. 2015; Wallace et al. 1996). Grass et al.
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(2018) demonstrated that where insects were prevented from visiting flowers, initial
and final nut set was reduced by 80% and by 54%, respectively. Further, Heard
(1993) showed initial and final nut set in macadamia to be correlated with increased
insect visitation to flowers. As macadamia is partially self-incompatible (Hardner
et al. 2009; Urata 1954), self-fertilization is possible, but minimized through
flower morphology (Sedgley 1983; Urata 1954). This underpins the dependency
of macadamia on animal-pollination.

22.3.1 Potential Pollinators of Macadamia Crops

In their Australian native range, macadamias have two main pollinators, endemic
stingless bees (Tetragonula spp.) and introduced honeybees (Apis mellifera)
(Howlett et al. 2015; Vithanage and Ironside 1986). Both are commonly used
for pollination in commercial macadamia orchards.

A study by Heard and Exley (1994) in Australian macadamia orchards observed
honeybees (60.5%), stingless bees (35.8%), while the remaining 4% were butterflies
(Lepidoptera), hoverflies (Syrphidae), other Hymenopterans and even birds. Sting-
less bees mainly collect pollen and thus have intimate contact to the stigma; this
is why they are considered to be very efficient. In contrast, honeybees first collect
nectar and are considered less efficient, but compensate through high visitation rates
(Heard 1994).

In Hawaii, where macadamia has been cultivated since the 1920s (Shigeura
and Ooka 1984), honeybees are considered to be the most important pollinators,
although other pollinator taxa such as hoverflies have also been observed to visit
macadamia flowers (Tavares et al. 2015). In Brazil, butterflies accounted for 50%
of flower visits, ensuring initial nut set of inflorescences in the same magnitude as
hand cross-pollination (Santos et al. 2020).

In South African orchards, visual observations revealed that 90-99% of the
flower visitors were honeybees, the remainder comprised of complemented by
hoverflies, wasps, stingless bees, wild bees, and butterflies (Grass et al. 2018;
Anders et al. unpublished data). Another study, in the same region, observed a lower
ratio of honeybees (65%) associated and a higher frequencies of Diptera spp. (33%)
(Ramotjiki 2020). In the macadamia region in Levubu, wild honeybee colonies are
commonly found in natural or semi-natural habitat around the orchards, where they
colonize suitable nesting sites. This means that besides managed honeybees, wild
honeybees also provide pollination service in the orchards, as long as the landscape
includes appropriate patches of natural habitat. Hence, both managed and wild
honeybees must be taken into consideration as important pollinators for macadamia
in this region.

Although thrips (Thripidae) are considered a pest on macadamia (see Sect.
22.4.1), their contribution to pollination remains unclear. They are found in vast
numbers in flowers of a large range of plants. Whereas some species are pollinators
(Mound 2005), individual thrips have been recorded consuming more than 1500
pollen grains per day, depending on the pollen grain size (Kirk 1987). Because they
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move between the flowers of a macadamia raceme, they are very likely to transport
pollen between flowers of the same raceme. However, a recent pollinator exclusion
study has shown that thrips might have been largely overlooked as an important
pollinator of macadamias, as the final nut set of macadamia was positively correlated
with the number of adult thrips on flowers (Meyer 2016).

22.3.2 Pollination Limitation

Although macadamia is dependent on insect pollination, there is evidence for
pollination limitation despite honeybee management. High nutrient demand of the
nuts results in high abscission rates and only a small proportion of flowers (3%)
develops into mature nuts (Evans et al. 2021; Grass et al. 2018). Even lower
proportions are not unusual, with only 0.3% (Ito and Hamilton 1980) and 0.6%
observed (Sakai and Nagao 1985).

On the other hand, supplemental hand-pollination resulted in a significantly
higher initial (66%) and final (44%) nut set than natural pollination in the study
of Grass et al. (2018), corresponding with other studies (Howlett et al. 2019;
Wallace et al. 1996). Further, recent studies showed that macadamia is much
more self-incompatible than previously thought. Genetic analyses demonstrated
that depending on the cultivar 80-90% of the harvested nuts were cross-pollinated
while only up to 8% were self-pollinated (Richards et al. 2020; Kamper et al.
2021). Grass et al. (2018) concluded that honeybees fail to deliver adequate
pollination services, especially as increasing their colony density could even result
in reduced final nut set. Higher visitation rates were neither related to higher bee
density nor nut set. Intraspecific competition at high colony densities may have
led honeybees to repeatedly exploit the same resources, reducing cross-pollination
between macadamia trees and varieties. This means, efficient pollination is not
simply determined by a high number of pollinators, but also by other factors, for
example their foraging behaviour on the flower or their movement between the trees.
Also, the landscape configuration, i.e. the cover of natural habitat is likely to affect
pollinator behaviour and pollination services.

In order to get a broader understanding of pollination limitation and services,
we established another macadamia pollination experiment in the Levubu region in
2019 and 2020, where we simultaneously observed different potential influences
on pollination and yield, incorporating irrigation or rain-fed production as well as
landscape factors such as altitude and amount of semi-natural vegetation in the
landscape. Grass et al. (2018) did not detect higher pollinator visitation rates or
nut set on trees close to natural habitat and hence no spillover effect from these
to macadamia orchards. However, their study did not consider landscape effects.
The surrounding landscape of macadamia orchards can provide additional nesting
and foraging resources for wild bees and thus can influence pollinator diversity in
macadamia orchards and consequently crop pollination services (Bédnsch et al. 2021;
Beyer et al. 2021a). The objective of the project is to gain a deeper understanding
of the interaction between different management and landscape contexts, and
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Fig. 22.5 Map of the current study area of the SPACES project including study sites (farms) used
for pollination experiments (black dots) and broad land cover classes (map credit: Mina Anders)

pollination in order to improve pollination services in macadamia orchards (see Fig.
22.5).

22.3.3 Management Strategies to Facilitate Pollination Services
in Macadamia Orchards

Pollination of macadamia is important for nut production, but the provision of
optimal pollination services is not attained by simply increasing managed honeybee
colonies. One option is the enhancement of cross-pollination. For commercial nut
production, a large number of different varieties are cultivated. The role of cross-
pollination between varieties has been explored in a couple of studies. Supplemental
hand cross-pollination enhances not only fruit set (Herbert et al. 2019; Howlett et
al. 2019; Trueman and Turnbull 1994a; Wallace et al. 1996) but also nut weight
(Herbert et al. 2019). By manually cross-pollinating almost an entire tree, Trueman
et al. (2022) achieved an increase of up to 109% of kernel yield. Empirical studies
confirmed these results, identifying higher yield and nut mass in blocks where
several varieties are grown than in single-variety blocks and a decrease in harvested
nuts with distance to the cross-variety pollen source (Ito and Hamilton 1980;
Kiamper et al. 2020). However for individual varieties, recent genetic examination
indicated unexpected high degrees of self-fertilization of up to 20-40% (Langdon
et al. 2019).

The planting of different and ideally well matching varieties in close distances is
still a promising management strategy to increase cross-pollination.
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Another option to increase pollination service is the promotion of semi-natural
pollinator habitat. Managed as well as wild pollinators profit from natural or semi-
natural habitat, which provides resources throughout the year (Beyer et al. 2021a, b;
Dainese et al. 2019). The access to continuous and diverse food resources is essential
for general pollinator community health (Alaux et al. 2017) and thus pollination
performance. Wild pollinators additionally depend on nesting sites (Kremen et al.
2007). For many crops, wild insects play an even bigger role for pollination than
honeybees (Garibaldi et al. 2013). It has been shown that distance to natural habitat
leads to a decline in pollinator abundance and visitation rate of native pollinators
(Carvalheiro et al. 2010; Ricketts et al. 2008). A high proportion of semi-natural
habitat, on the other hand, improves pollinator richness and abundance (Eeraerts
et al. 2019; Beyer et al. 2021b). For example, in almond fields the percentage of
natural area in the 2 km buffer zones increased both wild pollinator-species richness
and honeybee visits (Alomar et al. 2018). To enhance provisioning of pollination
service, access to natural or semi-natural habitat plays an important role for both,
honeybees and wild pollinators.

Pollinator distributions in orchards can be optimized by the spatial arrangement
of beehives. The pollinators should be distributed evenly in the orchards and be able
to transmit pollen between trees and varieties. Cunningham et al. (2016) showed
that the pollination service was improved by changing the spatial arrangement
of honeybee colonies in almond orchards. At any given colony density, fruit set
outcomes were better when smaller placements (<100 colonies) were used which
were more closely spaced (<700 m apart) than was standard (Cunningham et al.
2016).

Similarly, a study in macadamia orchards in Australia showed both honeybees
and managed stingless bees did not distribute evenly in the orchard, but rather
occurred in higher densities close to their colonies. This applied particularly for
stingless bees, as >96% of the recordings were within 100 m of the stingless bee
hives (Evans et al. 2021).

An observational study during the first SPACES project, revealed a drastic
effect of insecticide applications on honey bees (Linden 2019). Bee numbers
observed in the macadamia orchards increased significantly with time after each
chemical application. This indicates a negative effect of pesticide usage on honeybee
activities inside the orchard, despite efforts of the farmers to minimize impacts
on pollinators. Recovery of bee activities occurred faster at orchard edges next to
natural vegetation. At these natural orchard edges bee numbers were in general
significantly higher than at human-modified (e.g. continuous farmland, roads)
orchard edges. Natural vegetation in and around orchards therefore seems to play
a key role in the rehabilitation of pollinators in macadamia orchards and serves as
source for wild bees as pollinators.
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22.4 Natural Pest Control with a Special Focus on Insectivorous
Bats

22.4.1 South African Macadamia Insect Pests

The main insect pests in the South African macadamia industry are several
Heteropteran and Lepidopteran species. Some species of thrips (Thripidae) are
considered a minor pest, which can cause damages to flowers, while other thrips
species are possibly beneficial in predating on other arthropods and in aiding
pollination. Major thrips infestations in orchards have been cause for concern in
several South African growing regions including Levubu in recent times (Hepburn
2015; Schoeman 2009).

The indigenous two-spotted stink bug Bathycoelia distincta Distant (Hemiptera:
Pentatomidae) is by far the major pest on macadamias in South Africa and
economically the most significant Heteropteran species (Schoeman 2018). However,
damage is also caused by several Tortricidae (Lepidoptera) species (Schoeman and
De Villiers 2015; Schoeman 2018). According to Schoeman (2009), over 10% of
immature nut drop in macadamia is linked to the tortricid complex, making them
economically important pest species.

The competitive advantage of the two-spotted stinkbug over other Heteropterans
is its extremely long mouthpart (16 mm) compared to other species, enabling
them to feed on all varieties of macadamia even after nuts have matured (Schoeman
2018). This damage to the macadamia is called ‘late’ stinkbug damage, referring to
damage occurring late in the season when the macadamia shell is penetrated while
the mature kernel is undergoing oil accumulation (Schoeman 2018).

The losses through direct insect damage to the macadamia kernel by early and
late stinkbug damage, were estimated at 96 and 84 million ZAR, respectively, for the
growing season of 2019 alone (SAMAC 2020). Additionally, there are also indirect
effects of insect damage such as promoting immature nut drop, kernel germination,
and fungus infestation, which were estimated losses of 52, 17, and 32 million ZAR
for 2019, respectively (La Croix and Thindwa 1986; Nagao et al. 1992; Schoeman
and de Villiers 2015; SAMAC 2020).

22.4.2 Avoided Cost Models and Exclusion Studies of Vertebrate
Predators

The concept of ‘ecosystem services’, defined as the benefits that humans derive
from biodiversity and ecosystems such as regulating, supporting, and provisioning
processes (Wangai et al. 2016), has been increasingly appreciated and understood
by the global community in the last decades (Millennium Assessment Board 2005).
Although crucial in providing many of these services, bats have always suffered
from unfounded negative public perceptions and have only received scientific atten-
tion as important ecosystem service providers in recent years (Voigt and Kingston
2016). Probably the most significant early contribution to our understanding of the
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Fig. 22.6 Vertebrate exclusion cages covering two macadamia trees each in Levubu, Limpopo
(picture credit: Dr. Valerie Linden)

economic value of bats to the agricultural industry was an avoided-cost model by
Boyles et al. (2011), estimating that pest suppression by insectivorous bats has an
annual value of about 22.9% billion to the agricultural industry of the United States.
Following other studies (L6pez-Hoffman et al. 2014; Puig-Montserrat et al. 2015;
Wanger et al. 2014) using this modelling approach, a study conducted as part of
SPACES by Taylor et al. (2018) estimated the value of bats to the South African
macadamia industry in suppressing stinkbugs alone at 57—139$ per hectare per year.

However, a later exclusion study, also conducted as part of the SPACES
programme, by Linden et al. (2019) shows that the values provided by the avoided-
cost model were likely an underestimation and that the combined value of ecosystem
services provided by insectivorous bats and birds through pest predation even out-
weighs the disservice by crop raiding vervet monkeys (Chlorocebus pygerythrus).

Using exclusion cages, the effect of the absence of birds and or bats as well
as crop raiding mammals was tested, distinguishing between diurnal, nocturnal,
or constant exclusions and comparing the yield, quality, and economic value of
the exclusions at either natural or human-modified orchard edges (Fig. 22.6). The
cages were erected in between macadamia crops, after the previous nuts had been
harvested and before new flowers had started to develop, experiments were then
running over three consecutive years.
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At the natural orchard edge, where crop raiding by monkeys occurs, the avoided
cost by bats and birds suppressing insect pests was about $5000 per hectare per
year. Whereas, crop loss through crop raiding was about $1600 per hectare per year
(Linden et al. 2019).

However, estimates based on exclusion studies cannot account for the total
ecosystem service of pest suppression including open-air foraging bats (Monadjem
et al. 2020), which feed in open spaces on certain pests such as moth before they
descend into orchards. The open-air feeding guild of bats (families Molossidae and
Emballonuridae in South Africa) generally hunt above the canopy of vegetation.
McCracken et al. (2008, 2012) showed on the example of the open-air feeding
Brazilian free-tailed bat (Tadarida brasiliensis) that these bats are not only able
to exploit local pest infestations of the corn earworm but also hunt at altitudes up to
900 m above ground level. Most importantly, McCracken et al. (2008) suggest that
the high foraging activity levels of this species at 400-500 m above ground level are
linked to the migration of insects such as certain moths.

Similar to the diet analyses of McCracken et al. (2012), a study under SPACES
conducted in the Levubu macadamia orchards showed that local bat population is
presumably much more generalist and opportunistic in their foraging behaviour than
previously assumed (Weier et al. 2019a). Testing for four pest insect species (B.
distincta, N. viridula, T. batrachopa, and C. peltastica), the study showed that nearly
all faecal samples analysed from four families of bats (Molossidae, Nycteridae,
Rhinolophidae, and Vespertilionidae) contained genetic sequences of at least one
stinkbug and one moth pest insect.

22.4.3 Habitat Use of Bats in Macadamia Orchards

Having established the importance of insectivorous bats in macadamia pest control,
further research within the SPACES programme investigated habitat use of bats in
order to guide agro-environmental management. By means of acoustic monitoring
during active drive transects in Levubu orchards, Weier et al. (2018) found that bat
activity increases with Hemiptera abundance but also with the amount of natural
and semi-natural vegetation near orchards. Generally, the ecosystem service of pest
suppression was higher at natural orchard edges in Levubu (Linden et al. 2019;
Weier et al. 2021).

Crisol-Martinez et al. (2016) found that the activity of the clutter and clutter-
edge guilds of bats decreased going away from natural orchards into macadamia
monoculture in eastern Australia, while the most common species preferred the least
fragmented and therefore the least isolated areas. As found by Weier et al. (2018),
the abundance of insects and water availability had an influence on the abundance
of species (Crisol-Martinez et al. 2016). Water availability, for both foraging and
drinking, through artificial water sources such as dams can also increase the activity
and diversity of bats in other agroecosystems (Shapiro et al. 2020; Sirami et al.
2013). Bats seem to prefer polyculture or organic agroecosystems (Kelly et al. 2016;
Wickramasinghe et al. 2003; Wordley et al. 2017).
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However, most of the agroecological studies on bats are currently focusing on
common insectivorous species and it is worth mentioning that rare clutter feeding
species such as the Rhinolophidae might also have a key role in suppressing certain
pest insect species (Russo et al. 2018). From studies conducted in southern African
agroecosystems these species seem to be already affected considerably by the
ongoing land-use change and possibly also the competition and displacement by
more generalist species as they have been recorded in very low numbers in more
intensive agroecosystems (Linden et al. 2019; Shapiro et al. 2020; Weier et al. 2018,
2021). While, many (but not all) species of the open air and clutter edge feeding
guilds of bats do use anthropogenic structures (such as tunnels, bridges, and roofs)
for roosting the rhinolophids most commonly require their habitat to provide caves
or old hollow trees. Generally, bat species benefit from natural vegetation which
provides a variety of roosting sites such as loose bark, large curled leaves, tree
hollows, woodpecker holes, and more.

In conclusion, a heterogeneous landscape in and around orchards, which pro-
vides connectivity, foraging, and roosting sites through natural and semi-natural
vegetation promotes the activity and diversity of bat species and their ecosystem
service provision. The same can be assumed for the ecosystem services provided by
birds, therefore the diversity and richness of bird species in Levubu macadamias is
currently investigated under the SPACES programme. The installation of bat houses
is considered a way to buffer decreasing natural roost sites in many countries at the
moment. However, it is unclear whether this has a positive effect on the overall bat
communities and pest control service provision in general (Griffiths et al. 2017).
Building on a previous study looking into the occupancy of bat houses in Levubu
macadamia orchards under the SPACES programme (Weier et al. 2019b), a currently
ongoing study conducted in the same area is investigating the effect of occupied bat
houses on the surrounding bat species composition and activity in more detail.

22.4.4 The Effect of Pesticide Application on Ecosystem Services

The approach generally recommended for stinkbug pest control in southern African
macadamia orchards is to base pesticide application on scouting for nymphs and
adults, monitoring numbers using a knockdown method (Schoeman 2012). Scouting
should focus on the edges of the orchards, where stinkbugs immigrate into orchards
in the early season to ensure that the first application significantly reduces the first
generation of nymphs, while another minimum of four applications of pesticides
throughout the season are applied according to the life history of two-spotted
stinkbugs (Nortje and Schoeman 2016). The use of pesticides in the winter months
and over the flowering period is generally not recommended, as pest numbers are
low, no crop on the tree, and pollination could be impacted by sprays affecting bee
and other pollinator populations. While some stinkbugs overwinter in or near the
macadamia orchards, others migrate into the orchards when food becomes available.
Natural vegetation is seen both as a source of stinkbugs and a deterrent as it is
serving as an alternative food source. Most recently it has been recommended and
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practised by many farmers to leave grasses and weeds to grow around the orchards
and within the tree lines. Experience shows that this reduces the activity of stinkbugs
on the macadamia trees, as they stay within these weed beds. Once these sections
are mowed, stinkbug numbers were observed to increase on macadamia trees. While
this is based on anecdotal evidence, many farmers are applying it in an attempt to
minimize damages in a natural manner.

The common threshold at which spraying is recommended is four stink bugs
found per 10 trees. However, according to a sector expert an estimated 10-15% of
farmers still rely on scheduled or the so-called calendar sprays against stinkbugs,
meaning that pesticides are applied in regular intervals independent from the
confirmed presence of pest insects or their abundance on trees. A particular concern
with this approach, apart from ecosystem (service) degradation, is that it increases
the likelihood of stinkbugs developing resistances to pesticides (Schoeman 2018),
which can also be aided by tree height and shape. Stinkbugs prefer the dark and
dense areas of the orchards for foraging and stinkbug damage increases with tree
density (Schoeman 2014). Conventional sprays applied with tractors become less
efficient if the macadamia tree height exceeds 6 m (Drew 2003). It is recommended
that trees should not be taller than 80% of the width of rows between trees
(Schoeman 2018).

Another promising future alternative for the pest management of two-spotted
stinkbugs is the use of semiochemicals especially alarm pheromones (Pal et al.
2020). While trap crops such as Crotalaria juncea might help to decrease the kernel
damage caused by other stinkbug species, no suitable trap crop has been found
to attract the two-spotted stinkbug as it seems to be highly monophagous (Steyn
2019). The other main pest for macadamias are lepidopteran species of the nutborer
complex, namely the macadamia nutborer and the false codling moth. Monitoring
of the nutborer complex is facilitated by means of species-specific pheromone
traps, which can also be used to control them. Additionally, young nuts can be
monitored for oviposition by the nutborer moths. Apart from pesticides there are
several biological control agents including fungi, viruses, and bacteria registered
for the use of these pests.

In 2018, the worldwide average use of pesticides per hectare of cropland was
2.63 kg (FAO 2018). While the average for African countries was much lower
(0.3 kg/ha; FAO 2018), the bioaccumulation of pesticides in non-target species is
generally of great concern and has been reported to negatively affect the behaviour
and life history of invertebrates as well as vertebrates (Oliveira et al. 2021).

Overall, the effect of pesticides on bat species has been vastly understudied
and represents a large scientific research gap (Oliveira et al. 2021; Torquetti et
al. 2021). In a review of studies published in English between 1964 and 2019,
Oliveira et al. (2021) found only 28 studies on the effect of pesticides on bats
worldwide. These studies showed that the ingestion of pesticides by bats through
insects, fruits, or water can have serious negative consequences including impaired
torpor and echolocation, liver pathologies, oxidative stress, and endocrine disruption
as well as decreased energy reserves. In a review of declines in bird populations in
agroecosystems, nearly half of the reviewed studies (N = 122) found pesticide use
had a negative effect on local species (Stanton et al. 2018). Recent studies on the
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effect of neonicotinoids on birds, particularly insectivorous birds, in the USA and
the Netherlands have linked its usage to a decline in bird diversities and populations
of an average annual 3% and 3.5%, respectively (Hallmann et al. 2014; Li et al.
2020). Given the high longevity of bats, it seems likely that the annual declines of
bat populations due to the effects of pesticide usage are higher than those reported
for birds, making it an urgent field for future research.

Mostly, farmers tend to spray their macadamia orchards in the early morning or
late evening hours. The recommendation is to spray while the maximum ambient
temperatures are below <18 °C, at which stinkbugs are immobile and cannot fly
out of the orchards. While insectivorous bats are active throughout the night from
sunset to sunrise, their peak activity is for about 3 h after sunset. It is much harder to
determine peak activities for birds in the area as there are both diurnal and nocturnal
bird species active in the Levubu orchards (Linden et al. 2019).

Linden et al. (2019) observed that hymenopterans took the longest to recover
after a pesticide application event. Several beneficial insect species fall within this
order, chief among which are parasitoids that are specialist predators of pest species.
Spiders are the dominant invertebrate predator in these orchards and are some of the
first taxa to recolonize trees after a spray event. Assemblages in macadamia orchards
are dominated by wandering spiders (>90%) and mainly belong to family Salticidae
(73%) (Dippenaar-Schoeman et al. 2001). Haddad and Dippenaar-Schoeman (2004)
observed that a salticid species that dominates Pistachio orchard assemblages ate at
least one lygaeid bug a day. However, calendar spraying over the long-term results
in an almost complete collapse in spider assemblages, particularly if the surrounding
vegetation is highly transformed.

22.5 Conclusions

* To increase the efficiency and sustainability of macadamia water use, growers
should adopt water-saving irrigation systems and reduce their irrigation water
supply to small and targeted applications, aiming at meeting the specific tree
water requirements. Research can help to determine such amounts for different
environmental conditions.

» Technological innovations (e.g. soil moisture probes and remote sensing) allow
for a better understanding and monitoring of water dynamics in macadamia
orchards, which, combined with the adoption of water-saving agricultural prac-
tices (e.g. mulching), can considerably reduce the orchards’ water footprint in
view of future water limitations.

¢ Recommendations for growers to maximize biodiversity services in macadamia
orchards include retaining natural and semi-natural habitats in the landscape
and enhancing agrobiodiversity, increasing wild pollinator abundances and
optimizing the spatial arrangement of beehives. The installation of bat houses
might be another option to improve natural pest control services. There is a range
of alternative, ecologically friendly recommendations for natural pest control.
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Any successful long-term control of pest insect damage in macadamia requires
an integrated pest management (IPM) approach.

e The timing and application of pesticide sprays should be modified based on
ecological and biological principles, such as a day-degree models of stinkbug
development, or based on scouting for threshold pest stinkbug numbers in
orchards and taking peak activity times of bats and birds into account, to mitigate
the ecological impact of pesticides.

Generally, the research focus of industry bodies needs to shift from short-
term economic benefits for farmers, to focus more on the long-term security
of the industry, identifying the threats deriving from a changing climate and
developing corresponding risk management strategies to mitigate their impact (e.g.
water availability). A priority should be to maintain sustainable agroecosystems
which provide resilient biodiversity services under the predicted decrease in annual
rainfall.
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