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Abstract

Agroecosystems are facing a number of challenges, including declines in biodiversity
and associated ecosystem services, emphasizing the need to change the current practices
and approaches used within the industry. Ecological intensification, a management
strategy that utilizes ecological processes to increase the production of crops while also
reducing environmental impacts compared to conventional farming practices, provides a
solution to counteract these harmful impacts. The field of landscape ecology provides
insight into how ecological intensification practices could be integrated into landscape-
level management. This field has found contrasting outcomes in various locations and
crops, highlighting the context-specific nature of the interactions between the landscape
and ecosystems and the need for tailored approaches to ecological intensification. In this
thesis, | contribute to this growing field by exploring the relationship between the
landscape and avocado pollinator biodiversity and pest abundance in the Bay of Plenty,
which is the primary region for avocado orchards in New Zealand. In Chapter 2, |
analyzed how the landscape surrounding avocado orchards impacted various aspects of
insect pollinator communities, including species richness, evenness, abundance,
biomass and mean body mass. Additionally, in Chapter 3, | investigated the influence of
the landscape on the abundance of pest species such as thrips, leafroller, mealy bugs and
scale as well as its effects on yield and fruit quality. My synthesized findings show that
the dynamics between the landscape and avocado pests and pollinators within
agroecosystems are shaped by multiple variables. This thesis also highlights a tradeoff
where increasing pollinator abundance is accompanied by higher thrips abundance.
Consequently, to balance the control of pests and pollinator conservation, holistic
landscape management strategies are crucial. In conclusion, results from my thesis

offers valuable insight into the relationship between the landscapes and avocado pests



and pollinators in agroecosystems, highlighting the importance of comprehensive

landscape management strategies to increase sustainable avocado production.
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Chapter 1

Introduction and literature review

1.1 Harnessing landscape ecology for ecological intensification

Landscape ecology is a rapidly expanding field of research that explores the connections
between the spatial arrangement of the landscape and ecological patterns and processes. This
area of research is fuelled by the need to understand the broad-scale changes that are
occurring around us (M. G. Turner & Gardner, 2015). The structure of landscapes can be
defined by two main elements; landscape composition and landscape configuration (M. G.
Turner, 1989; Hadley & Betts, 2012). Landscape composition refers to the type and amount
of each habitat and land cover within a landscape, with habitat loss being the main
transformer. Landscape configuration refers to the specific arrangement of the habitat or
‘fragmentation’ of the landscape and is independent of the landscape composition (Fahrig,
2003; Hadley & Betts, 2012). Together both habitat loss and fragmentation of the landscape
are the major threats to biodiversity (Hadley & Betts, 2012; Pimm & Raven, 2000). The study
of landscape ecology can help us understand what causes spatial heterogeneity and the
consequences of these changes at different scales. This added knowledge guides the
management of both natural and human-altered landscapes (M. G. Turner, 2005).

1.1.1 Landscape ecology in agroecosystems

Agroecosystems are the most common ecosystem in the Anthropocene (DeClerck et al.,
2016; Santos et al., 2021) and can be defined as ecological systems which had been modified
to generate particular commodities essential to human needs (Conway, 1987; Swift et al.,
2004; Santos et al., 2021). Agricultural practises can have huge impacts on the composition
and configuration of the landscapes making it one of the most common causes of habitat loss
and fragmentation (Tilman et al., 2001; Coristine & Kerr, 2011). Landscape ecology has a

long history of association with agriculture through its focus on the impact of landscape



patterns and fragmentation on biodiversity in modified and unmodified ecosystems
(Bissonette & Storch, 2003; Forman & Godron, 1981; Pearson, 2020). Agricultural landscape
ecology is largely focused on the relationship between natural habitats, biodiversity loss, and
other landscape features and is important for improving the sustainability of landscape
practises at multiple scales (Lafortezza et al., 2010; Richard & Armstrong, 2010; Viles &
Rosier, 2001; Pearson, 2020). For example, landscape heterogeneity and connectivity are
important for facilitating the dispersal and movement of pollinators and natural enemies
through agricultural landscapes (Hastings & Botsford, 2006; White & Smith, 2018; Grass et
al., 2019). This is particularly important in agricultural landscapes, which are known to be
homogenous and hostile to many organisms (Holzschuh et al., 2016; Pfister et al., 2018;

Wania et al., 2006).

Landscape ecology provides a versatile framework for studying a wide range of organisms,
including plants (Lafortezza et al., 2010), mammals (Langlois et al., 2001), microbes (Mony
etal., 2021), and invertebrates (Hadley & Betts, 2012). In agroecosystems, while a variety of
organisms contributing to ecosystem functioning, insects hold a particularly important role
(Jankielsohn, 2018). Insects carry out critical functions such as nutrient cycling, seed
dispersal, bioturbation (De Groot et al., 2002; Fincher et al., 1981; Nichols et al., 2008;
Jankielsohn, 2018), pollination (Gabriel & Tscharntke, 2007; Jankielsohn, 2018), and pest
control (Bell et al., 2008; Brewer & Elliott, 2004; Landis et al., 2000; Lonsdorf et al., 2009;
Jankielsohn, 2018). Besides these important ecological roles, insects also present significant
challenges in horticulture, being the most important factor in reducing crop productivity
globally (Metcalf, 1996; Pimental, 1976; Sharma et al., 2017). Climate change is expected to
increase the damage caused by insects with more generations per time period (Mandeep
Pathania et al., 2020; Tonnang et al., 2022). Due to the pivotable role that insects play in

agricultural systems, landscape ecology studies in agroecosystems largely investigate the



landscape factors that shape and influence insect dynamics (Aviron et al., 2016; Hadley &
Betts, 2012; Isbell et al., 2017; Marini et al., 2014). The purpose of these studies is to
understand how landscape structure and composition affects insect populations and their

ecological roles within agricultural environments.

Landscape ecology studies have suggested that factors such as increasing connectivity
(Maguire et al., 2015), native vegetation (Pardee & Philpott, 2014), and plant diversity (Isbell
et al., 2017) play important roles in shaping insect populations. For example, increasing
vegetation diversity in agroecosystems has been found to increase the richness of pollinators
in arable fields (Ebeling et al., 2008). Due to different species displaying inconsistent
behaviours depending on their biological characteristics, it is challenging to create
generalizations on how insects respond to changes in the landscape (Bommarco et al., 2010;
Ewers & Didham, 2006; Martin et al., 2019; Santos et al., 2021). Characteristics of cropping
systems can also influence the interactions between the landscape and species in
agroecosystems, this includes factors like agroecosystem type, management practices, and
resource availability (Baudry et al., 2003; Martel et al., 2019; Santos et al., 2021). For
instance, one study found that the proportion of different farming systems within

agroecosystems changed the abundance of beetle species present (Martel et al., 2019).

The scale at which the relationship between the landscape and insects is investigated can also
determine the relationships found (Miguet et al., 2016). Scale has presented a persistent
challenge in the field of ecology, primarily due to the diversity of interpretations surrounding
the concept (Withers & Meentemeyer, 1999). In the realm of landscape ecology, the choice
of scale for investigating relationships holds significance, as different scales can change the
direction and size of the relationship found. There is no one-size-fits-all scale for studying
ecological issues, with different problems requiring different dimensions (M. G. Turner &
Gardner, 2015). To address scale within landscape ecology there are a variety of approaches.

3



At the simplest level, scale has been ignored and at the other end, conceptual approaches and
hypotheses for testing scale have been developed (Withers & Meentemeyer, 1999). The
implication of ignoring scale in landscape ecology studies is failing to detect a relationship
between the landscape variable and the response variable, not because it doesn’t exist but
rather due to not measuring the variable at the correct scale (Miguet et al., 2016). Approaches
used to incorporate scale into landscape studies include using scale as a predictor variable,
cross-scale extrapolation, and replication at multiple scales (Withers & Meentemeyer, 1999).
Multiscale analysis involves measuring the environmental variables at several spatial scales
around the location where the biological response was collected (Aviron et al., 2016; Miguet
et al., 2016). When using a multiscale approach, circular buffers are often used for calculating
landscape variables due to the lack of the prior knowledge needed to predict a more
complicated shape. The advantage of looking at multiple scales is that you can uncover
relationships that would have been missed if you only considered one scale and you also can
find the scale at which the relationships are strongest (Miguet et al., 2016). The limitations of
this multiscale approach are that it requires a large number of resources for data collection,
and often faces constraints in site availability and the temporal dynamics of the measured
ecological processes. This is where remote sensing as a tool has come in and has enabled the
development of landscape ecology and provided solutions to these challenges (Yu et al.,
2019).

1.1.2 Ecological intensification at the landscape scale

Ecological intensification is a form of intensification, often in agroecosystems, that is guided
by ecological principles and prioritizing sustainability and conservation (Raj et al., 2021).
The main goal of these intensification efforts is to increase our understanding of how to
harness natural resources and related ecological processes (Doltra & Olesen, 2013; Raj et al.,

2021). This approach aims to supplement or substitute external inputs through a nature-based



approach. It achieves this by utilizing the ecological processes that support production while
at the same time reducing the environmental impacts caused by agriculture (Bommarco et al.,

2013; Cassman, 1999; Kleijn et al., 2019).

Recently, the foundation of evidence supporting ecological intensification has grown
stronger. For example, studies have illustrated that practices such as wildflower strip planting
contribute to enhanced pest control (Tschumi et al., 2016; Kleijn et al., 2019) and increased
pollinator abundance (Blaauw & Isaacs, 2014; Kleijn et al., 2019). This highlights the
positive outcomes of this approach for agriculture and the environment. Despite the known
benefits, uptake by the agricultural sector has been limited due to the cost and complexity
associated with ecological intensification (Kleijn et al., 2019). A review of the gap between
ecological intensification science and practise done by Kleijn et al., (2019) found that the low
adoption rate of ecological intensification by farmers is likely due to the mismatch in the
benefits relevant to farmers and scientists, with farmers more focused on the profits and
economic benefit and scientists on the ecological processes such as pollination. Despite
ecological intensification offering multiple benefits for agriculture, it can also come with
some trade-offs that require careful research and management to find the right balance
between ecological sustainability and agricultural productivity (Struik & Kuijper, 2014;
Thomson et al., 2019). For example, the trade-off of establishing flower strips in order to
support beneficial arthropods rather than using that land to plant more crops (Sloots & van
der Vlies, 2007; Geertsema et al., 2016). Additionally, potential trade-offs between increased

pest control and decreased pollination rates (Knapp et al., 2022).

The concept of scale is also closely connected to ecological intensification, with the scale at
which practices are implemented influencing the potential outcomes. Local scale practices
involve changes within the property boundary and might include planting hedgerows and
cover crops to increase diversity (Blaauw & lIsaacs, 2014; Tschumi et al., 2016; Kleijn et al.,
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2019) or implementing integrated pest management (IPM) to minimize the impact on
beneficial organisms (Philips et al., 2014; Pretty & Bharucha, 2015) or conservation tillage to
reduce soil disturbance (Busari et al., 2015; Rolando et al., 2017). Ecological intensification
at the landscape scale involves enhancing connectivity (Valeri et al., 2021) and biodiversity
(Prober & Smith, 2009) across a broader region in the landscape. This landscape scale
management aims to increase the diversity of pollinators (Ebeling et al., 2008) and natural
enemies (Bianchi et al., 2006) and reduce pest abundance (Tahvanainen & Root, 1972; Root,
1973; Isbell et al., 2017). At the national and global scale, the creation of policy and
regulatory measures might be used to promote and enforce ecological intensification
(Mlambo, 2021). The landscape scale is often the most effective scale to implement
ecological practices due to ecosystem services that are important to agriculture such as
pollination and pest suppression primarily operating outside the boundaries of individual

orchards (Geertsema et al., 2016).

1.2 Remote sensing in landscape ecology

Remote sensing technology involves the measurement of the reflectance of objects without
making physical contact. The equipment used for measuring the reflectance ranges from
aircrafts and satellites to hand-held sensors (Mulla, 2013). Remote sensing technology
provides a valuable asset in the study of landscape ecology through allowing large-scale data
collection and analysis without the extensive fieldwork that would have previously been
required (Marzialetti et al., 2021). Satellite imagery is a form of airborne remote sensing that
provides boundary-free information on a daily basis (Groom et al., 2006). Satellites are
equipped with multiple sensors that can provide detailed information on different aspects of

the landscape across various scales (Singh et al., 2010).

How landscape ecology has utilised remote sensing technology can be placed into three main

categories: 1) measuring landscape structure through classification, 2) measuring landscape



change and predictive modelling, and 3) quantifying the functionality of the landscape
(Crowley & Cardille, 2020). The addition of satellite imagery in landscape ecology has led to
significant advancements in assessing land use and land-use change, attributed to the
technology’s capacity to offer spatially and temporally explicit data (Hansen et al., 2013; N.
Joshi et al., 2016; Townshend et al., 1991). While the mapping of land use with this
technology provides valuable data, integration with ground-based data is still required to
enhance the accuracy and fill knowledge gaps (Giri, 2012; N. Joshi et al., 2016; Ryan et al.,

2014).

Satellite imagery has also been utilized in landscape ecology for mapping species diversity
(Rocchini et al., 2016, 2021). The spectral variation hypothesis is one of the most popular
models used to map species diversity. This model was first proposed in 2002 by Palmer et al.,
and assumes that changes in plant biodiversity within the landscape are correlated with
changes in spectral heterogeneity. This hypothesis has been tested in various ecosystems, but
rarely in areas with a mosaic of land-use types (Marzialetti et al., 2021). To help the
integration of this technology in mapping species diversity user-friendly packages have been
developed. One of these packages is BiodivMapR which is an R package for mapping alpha
and beta diversity created by Féret & Boissieu (2020). This package builds upon a method
introduced by Féret & Asner, (2014), which creates spectral species through clustering pixels
that have similar spectral information. The methods used in this package incorporates both
the spectral variation hypothesis and the plant optical types hypotheses. The ‘optical types’
hypothesis refers to classifying the functional types of vegetation through using optical
properties detected by the remote sensing technology (Ustin & Gamon, 2010; Rocchini et al.,
2021). Even though there have been large technical advancements in this space, in order to

have defined markers in the electromagnetic spectrum additional research is required. This is



crucial for achieving more accurate species diversity assessments through remote sensing

(Rocchini et al., 2022).

Due to the financial constraints within the field of conservation science the cost of satellite
imagery has limited its uptake and usage in environmental studies (Mathae and Uhlir 2012,
McCarthy et al, 2012). However, a significant step in addressing this issue was taken by the
United States Geological Survey (USGS) in 2008 when they were the first to provide open-
access satellite imagery by providing public access to all Landsat satellite imagery
(Woodcock et al, 2008). The availability of open-access satellite imagery has led to a large
increase in the utilization of this technology in environmental studies. By 2013, around 10%
of scientific articles on the Web of Science database that mentioned “Landsat” also included

the words “biodiversity”, “biological diversity” or “conservation” (W. Turner et al., 2015).

Landsat 9 is the most recent addition to the Landsat satellite series and was launched in 2021.
This satellite features a spatial resolution of 30 meters and an eight-day revisit time (Landsat
9 | Landsat Science, 2021). This level of resolution is suitable for mapping habitats and land-
use types but has limited ability to map species diversity and biodiversity (R. Wang &
Gamon, 2019). This is where the advantage of access to commercial satellite imagery comes
into play. One commercial satellite that has been used in landscape ecology is Worldview 3
(WV3). This satellite was launched in 2014 and has eight spectral bands and a spatial
resolution of 1.24 m (Collin et al., 2018; Lelong et al., 2020). In the past nine years, scientific
research has demonstrated the effectiveness of this satellite in land-use mapping (Sertel et al.,
2022) and tree species classification (Ferreira et al., 2019). The SkySat satellite constellation
is another noteworthy option, comprising of 21 satellites with 0.5 m resolution and up to
seven daily revisits (Johansen et al., 2022). The first satellite in this constellation was

launched in 2013 with the most recent launch occurring in 2020 (SkySat - Earth Online, n.d.).



While SkySat has not received as much research attention as WV3, studies are now starting

to emerge that highlight its potential (Szabo et al., 2021).

The development of remote sensing technology has undeniably provided valuable tools for
modelling landscape ecology. These tools include providing high-resolution data over large
areas, capturing data at different times and seasons and multi and hyperspectral data
(Jacobsen et al., 2000; Foody et al., 2004; Mcmorrow et al., 2004; Groom et al., 2006).
However, it is important to acknowledge the limitations of remote sensing. One notable
constraint is the inability to capture the phylogenetic relationship between plant species and
their life history. When solely relying on remotely sensed data this may cause a
misinterpretation around the presence and absence of certain species. This is why
incorporating both field data as well as historical data stored in museums and herbaria offers
importuning biological insights into the distribution of species that can’t be determined
through satellite observations. Additionally, the “bird’s eye view” aspect of remote sensing
may lead to understory vegetation not being detected, which can cause difficulty in
understanding ecosystem dynamics. Therefore, the use of this technology within landscape

ecology should be in unison with field data collection (Cavender-Bares et al., 2022).

1.3 Horticulture in New Zealand

Internationally, the agriculture industry stands at a pivotal point, requiring an urgent
transformation and response to growing environmental challenges such as climate change and
the consequences of intensive land management. Additionally, agriculture also needs to be
able to continue feeding a growing world population (Hertel, 2015; Pearson, 2020). New
Zealand as a country capitalizes on its ‘clean green’ image as a fundamental part of
marketing our agricultural exports (MFE., 2001). As global concerns and awareness
regarding environmental issues continue to grow, New Zealand aims to be the leader in

environmental standards in the industry (Pearson, 2020). The field of landscape ecology



could contain the necessary characteristics to help unravel the environmental challenges
agriculture is facing (Opdam et al., 2013; Pearson, 2020).

1.3.1 Avocado industry

New Zealand’s horticultural industry had a value of over 7 billion dollars in 2023 and
contains over 100 types of fruit and vegetables and over 4000 growers (About Us |
Horticulture New Zealand — Ahumara Kai Aotearoa, n.d.). Avocados since first being
imported in 1907, are now New Zealand’s third largest fresh fruit export (New Zealand
Avocado Industry, n.d.). The recent spike in the popularity of avocados has been largely
accredited to the use of social media and publicity advocating the health benefits of
consumption (Carman, 2019; Sommaruga & Eldridge, 2021). This heightened demand has
resulted in a substantial increase in avocado production, with globally over 5 million tons
being produced annually (Sommaruga & Eldridge, 2021). Avocado production has been
associated with various negative environmental impacts, these effects necessitate the
development of a roadmap for prevention and mitigation measures. One of the most
significant environmental concerns related to avocado production is the substantial water
footprint primarily due to irrigation practices. Globally, 6.96 km? of water was used for
avocado production in 2018 (Sommaruga & Eldridge, 2021). Agricultural intensification also
plays a vital role in environmentally friendly production. In New Zealand, there are over
4,000 hectares of avocado trees but with global increases in demand, there is a need to find
ways to increase production and reduce land-use change (Sommaruga & Eldridge, 2021,

“The New Zealand Avocado Industry,” n.d.).

One of the main limitations to avocado production worldwide is the mass abscission of
flowers and developing fruits, which occurs primarily in the first two months after flowering.
This results in less than 1% of the flowers produced remaining on the trees as fruit at harvest

(Schaffer & Andersen, 1994). One of the potential explanations for this low fruit set is the
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lack of sufficient pollinating insects (Alcaraz & Hormaza, 2014, 2021). The process of
protogynous dichogamy provides another complicating factor in production. This is where
the avocado flower opens and closes twice over two days, functioning once as female and
then once as male, thereby reducing pollination opportunities (Ish-Am & Lahav, 2011).
Insect pollination plays an essential role in avocado production and with the worldwide
decline in pollinators (Potts et al., 2010), it is important to understand how to promote and

enhance this critical process (Betts et al., 2019; Ish-Am & Lahav, 2011).

Insect herbivory poses another signification limitation to avocado production, as it can
negatively impact both yield and fruit quality. The geographic isolation of New Zealand has
worked to its advantage, preventing many exotic pests of avocado from establishing in New
Zealand agroecosystems. However, some pests have still found their way in (Stevens, 1999).
Pests that have established in New Zealand avocado orchards and that cause significant
damage to crops include thrips, leafrollers, mealy bugs, scale, mites and weevils (AvoGreen
Pests, n.d.). Finding environmentally sustainable alternatives to chemical pest control is
becoming essential as the concerns of the economic and ecological consequence rise

(Fernandez-Cornejo et al., 2009; Chaplin-Kramer et al., 2011).

1.4 Research aims and thesis structure

This thesis aims to evaluate how landscape structure influences avocado pollinators and
pests. To my knowledge, this research presents the first of its kind to take a multi variable
approach to understanding how changes in the landscape influence insect pests, pollinators,
and production in New Zealand avocado orchards. The overarching question of this thesis is:
what are the multiple benefits and trade-offs of changes in landscape structure and

composition surrounding avocado orchards?

In Chapter 2, | investigate how landscape structure and composition influences pollinator

diversity, activity, biomass, and body size using data collected over 24 orchards. | test the
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relative importance of eight landscape variables in determining aspects of pollinator
biodiversity. My aim was to investigate whether any of these individual landscape variables
were responsible for variation in pollinator populations. I build on this analysis in Chapter 3
by further investigating how landscape variables influence different aspects of
agroecosystems, specifically pest abundance and productivity of 17 orchards. The primary
objective of this study was to understand the extent to which aspects of the landscape
contributed to shaping the populations of insects on avocado orchards and the direct and
indirect effects on the overall production of the orchards. Overall, these chapters provide
valuable insights into the complex interplay between landscape structure and composition,
insects (both pests and pollinators), and orchard production. This research presents a
comprehensive analysis of how changes in the landscape can lead to diverse outcomes, filling
a knowledge gap in our understanding of agroecosystem dynamics and offering practical

insights for orchard management.
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Chapter 2
Landscape factors shaping avocado orchard pollinator

biodiversity

2.1 Abstract

Pollination plays a crucial role in the survival of ecosystems and in maintaining the well-
being of human societies. However, worldwide there are concerning declines in pollinators,
with consequential implications for global food production and food security. Understanding
the relationship between features of the landscape and pollinators is crucial for effective
conservation efforts. This study focuses on investigating the influence of landscape features
on pollinators in avocado orchards, with specific emphasis on the percentage of native and
woody vegetation, connectivity of the landscape, spectral plant richness and functional
divergence. This research aims to examine how these landscape variables relate to pollinator
species richness, evenness, abundance, biomass and mean body mass. The results of this
study indicate a complex suite of interactions between the landscape and avocado pollinators
with multiple variables being important to describe aspects of pollinator biodiversity.
Specifically, spectral plant diversity was shown to decrease pollinator abundance, the
connectivity of the woody vegetation decreased pollinator evenness and increasing woody
vegetation increased pollinator mean body mass. The findings of this study contrast previous
studies and understandings of how pollinators interact with the environment. From these
results the most effective approach to increase pollinator diversity, density and body size in
avocado orchards seems to be through increasing the presence of mixed vegetation

hedgerows and improving nearby woody areas.
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2.2 Introduction

Pollination plays an indispensable role in sustaining plant populations and ensuring the
reproductive success of numerous species, with a substantial 87.5% of flowering plant
species being pollinated by animals (Ollerton et al., 2011; Bartholomée et al., 2020). Insect
pollinators are heavily relied upon in agroecosystems, supporting 75% of agricultural crop
production and accounting for 35% of the global food supply (Klein et al., 2007; Willcox et
al., 2018). Despite their importance, there are currently ongoing declines in pollinator
diversity and abundance worldwide (Potts et al., 2010; Goulson et al., 2015; Celis-Diez et al.,
2023) leading to an inability to meet the global demand for pollination services (Rollin &
Garibaldi, 2019; Garratt et al., 2021; Mashilingi et al., 2022; Celis-Diez et al., 2023). The
decline of pollinators is likely caused by multiple interacting pressures and has significant
implications for plant pollination and, therefore, food security (Vanbergen & Initiative,
2013). Changes in the landscape through converting and removing natural habitats into
anthropogenic land use and the intensification of agricultural practises to govern high yields
are thought to be the major drivers of pollinator declines (Kennedy et al., 2013; Nicholls &
Altieri, 2013; Vanbergen & Initiative, 2013). Other important threats to pollinators include
pesticide usage (Kevan et al., 1997), decreases in resource diversity (Biesmeijer et al., 2006),
competition with alien species (D. M. Thomson, 2006), pathogens (Cox-Foster et al., 2007)
and climate change (Dormann et al., 2008). These drivers of pollinator decline rarely act in

isolation and often one driver increases the severity of another driver (Potts et al., 2010).

While the impact of landscape structure and composition on pollinators is well recognized,
the specific mechanisms driving these landscape effects and their relationship with
pollinators are still not fully understood (E. Benjamin et al., 2014). The connectivity of the
landscape is thought to play an important role in facilitating the movement of pollinators

between fragments and reducing the dominance of species (Leibold et al., 2004). For
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example, Marini et al., (2014) found that landscape connectivity increased the evenness of
pollinators. Crop border connectivity has also been shown to increase wild bee abundance
(Hass et al., 2018), and influence the size of the pollinators present (Greenleaf & Kremen,
2006). The type of vegetation in the surrounding environment is also thought to be important.
In landscape restoration, a large emphasis is placed on planting native species (Nicholls &
Altieri, 2013). This is partially because non-native plant species are thought to dominate
plant-pollinator interactions and are potentially detrimental to pollinator diversity (Moron et

al., 2009; Vanbergen & Initiative, 2013).

Increasing the diversity of native vegetation in agroecosystem is thought to enhance the
richness of pollinators through pollinator preferences and increasing the availability of pollen
and nectar through space and time (Linsely, 1958; Eickwort & Ginsberg, 1980; Steffan-
Dewenter & Tscharntke, 2001; Potts et al., 2003; Hegland & Totland, 2005; Fontaine et al.,
2005; Ghazoul, 2006; Bliithgen et al., 2007; Holzschuh et al., 2007; Kwaiser & Hendrix,
2008; Ebeling et al., 2008). For example, Ebeling et al., (2008) found that increasing the
number of flowering plant species enhanced pollinator species richness. Collectively, the
findings from these past studies suggest that enhancing the diversity, cover and connectivity

of native vegetation will help maintain pollinator services in agricultural landscapes.

Different aspects of pollinator communities can have important implications on pollination
dynamics and can have a crucial role in plant reproductive success in horticultural
environments. For example, pollinator diversity can be important for the stability of flower
visitations and for ensuring consistent pollination over time (Ebeling et al., 2008). Diverse
pollinator communities also have varying preferences and can increase niche
complementarity, thereby enhancing overall plant reproductive success (Albrecht et al.,
2007). Pollinator abundance and biomass are also important in agroecosystems due to
increased pollination efficiency leading to more fruit sets (Ollerton et al., 2011). The body

33



size of insect pollinators is important as it can influence their ability to forage among isolated
patches in fragmented habitats (Greenleaf & Kremen, 2006). Larger-bodied pollinators are
also able to carry more pollen due to larger surface area and stronger flight capabilities (De
Luca et al., 2019). Therefore, landscape management practices that support high pollinator
diversity, biomass, and abundance are important for enhancing productivity in agricultural

landscapes.

Remote sensing is increasingly being used in landscape ecology with applications in mapping
habitat cover and types (Lucas et al., 2007), landscape connectivity (Bishop-Taylor et al.,
2018) and plant diversity (Abdi et al., 2021). However, its use in determining the drivers of
variation in crop pollination is largely limited (Willcox et al., 2018). Using this technology
allows studies to be conducted across larger spatial and temporal scales. The majority of crop
pollination studies using remote sensing have used satellite imagery to measure the
proportion of land cover types and the isolation of crop systems (e.g., Joshi et al., 2016;
Schiiepp et al., 2014; Willcox et al., 2018). However, few studies have implemented this
technology to measure more complex variables such as plant diversity and function, nesting

habitat and food resources (Willcox et al., 2018).

Avocado trees provide an interesting case study for examining pollinators due to their unique
flowering. These trees experience mass abscission of flowers and developing fruits, resulting
in a very small percentage of flowers remaining as fruit during harvest (Schaffer & Andersen,
1994). The protogynous dichogamy behaviour of avocado flowers provides another challenge
to successful pollination. This is where the flower opens and closes twice over two days, once
as a female and once as a male (Ish-Am & Lahav, 2011). Insect pollinators, particularly
honey bees (Apis mellifera), are crucial for avocado production in commercial orchards in
some regions. For example, in a study conducted in the Bay of Plenty, New Zealand, honey
bees accounted for 97.4% of flower visits (Read et al., 2017) in contrast to Australia where
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bees only represented 37.9% of the visitors (Evans et al. 2011; Read et al., 2017). Generally,
there has been very limited research investigating how features of the surrounding
environment influence pollinator presence in avocado orchards, and these studies have been
mostly restricted to Kenya (Adan et al., 2021; King'ori, 2022; Sagwe et al., 2021; Toukem et

al., 2020).

This study aims to expand the use of remote sensing technology for understanding variation
in crop pollination and knowledge of landscape factors that influence pollinator communities
in New Zealand avocado orchards. Specifically, this study investigates the influence of
landscape features on avocado tree pollinators, such as native and woody vegetation cover,
spectral plant species diversity and connectivity, and the relationships with pollinator species
richness, evenness, abundance, biomass, and mean body mass. | predict that higher amounts
of native vegetation in the buffer zone surrounding orchards will positively affect pollinator
species richness and evenness. Secondly, greater plant species richness and functional
divergence surrounding the orchards will contribute to increased pollinator abundance and
biomass. Thirdly, increased landscape connectivity will result in a higher mean body mass of
pollinators. Finally, whether domestic honey bees are excluded from the analyses, as well as
the spatial scale that analyses are applied, will influence the observed relationships between

landscape features and pollinator communities.

2.3 Methods

2.3.1 Pollinator sampling
Pollinator trapping was carried out on 25 avocado orchards in the Western Bay of Plenty
ranging from Waihi Beach to Sharp Road. Sites were selected that were at an elevation

between 5 m and 100 m and slope between 0 and 15 degrees to reduce climatic bias. To
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explore a range of landscapes, sites were carefully chosen to encompass various types of
terrain and environments. Sampling took place over the New Zealand spring in October and
November 2022, whereby trapping was conducted in two rounds during a two-week period.
The first round of traps were set in 13 orchards on the 24" of October and were left for six
days before being collected on the 29" of October. The second round of traps were set up in
12 orchards on the 1% of November and were left for six days before being collected on the
6" of November. | used traps that were a combination of pan and flight intercept traps (FIT),
consisting of a yellow tray filled with 4 cm of water and 2 ml of detergent with two crossed
perspex panels (B. G. Howlett et al., 2009). The traps were placed on top of an upside-down

bucket to raise them off the ground (Figure 2.1).

Figure 2.1: Example pan-FIT trap set up underneath an avocado tree.
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On each of the 25 orchards used in this study, one block was selected that was on the edge of
the orchard. This was to standardise sampling as the different orchards were different sizes
and had different numbers of blocks. Within the block selected in each orchard, three traps
were placed. These traps were set up diagonally across the block (Figure 2.2). All sampling
points had a minimum distance to the edge of 10 m to help control for edge effects. Each of

the traps were placed under an avocado tree which had low hanging branches. At each

sampling point the location was GPS marked.

Figure 2.2: Example of avocado orchard with sampling points.

During each of the six-day sampling rounds, | recorded temperature, wind speed and rainfall
to ensure there was similar weather over the two weeks and there was at least four days of no
rain each week. At the end of the six days, the contents of the traps were collected by sieving
the water content out of the trap with a 100 nm sieve and placing the collected invertebrates

in 70% ethanol. In the lab, samples were examined using a stereo microscope. From the
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samples, insects that are known or strongly suspected to contribute to the pollination of

avocados were separated from the sample (Table 2.1) (B. Howlett & Read, 2023). These

individuals were identified to the species level and their body length and width were

measured.

Table 2.1: Known avocado pollinators (B. Howlett & Read, 2023).

Order Family

Species

Common name

Hymenoptera Apidae

Halictidae
Vespidae
Crabronidae

Diptera Calliphoridae

Syrphidae

Apis mellifera

Bombus terrestris

Lasioglossum sordidum
Vespula vulgaris

Pison spinolae
Calliphora stygia

Calliphora vicina

Calliphora quadrimaculata

Lucilia sericata

Melangyna nonvaeelandiae
Melanostoma fasciatum
Eristalis tenax

Allograpta obliqua
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Honey bee
Buff-tailed bumble
bee

Sweet bee
Common wasp
Mason Wasp
Brown blow fly
European blue blow
fly

NZ blue blowfly
European green
blow fly

NZ black hover fly
Orange hover fly
Drone fly

Green hover fly



Helophilus hochstetteri

Muscidae Spilogona melas
Mycetophilidae Mycetophilidae spp.
Bibionidae Dilophus nigrostigma
Sarcophagidae  Oxysarcodexia varia
Coleoptera Cerambycidae  Zorion guttigerum
Dermestidae Dermestidae spp.
Hemiptera Myridae Myridae spp.

Lepidoptera ~ Nymphalodae  Vanessa itea

Metallic blue hover
fly

Grey triangle fly
Fungus Gnats
March fly

Striped dung fly
Long horn beetle
Skin beetles

Plant bugs

Yellow admiral

From the sampled pollinator communities, | calculated species richness, evenness,

abundance, body mass and biomass for each orchard. Evenness was calculated using the

pielou evenness equation: J = H'/In (S) where H’ represents Shannon Weiner diversity and

S is the total number of species (Pielou, 1966). Individual body mass for each pollinator was

calculated using a temperate ecosystem allometric scaling relationship from Sohlstrém et al.,

(2018), which estimates fresh body mass as:

BOdy massloglo = aregion + blengthregion X loglO(body length) +

bwiath regionX log10(body width)

where a is the intercept, b is the slope and body length and width are in mm. Biomass was

then calculated by summing all individual pollinator body masses for each orchard, and

community-weighted mean (CWM) body mass was calculated by dividing total biomass by

the abundance of pollinators at each orchard.
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2.3.2 Landscape structure and composition

2.3.2.1 Satellite imagery
Satellite imagery of the Katikati sub-region collected in December 2021 and January 2022

was provided by PlantTech Research Institute. This consisted of one WorldView-3 (WV3)
image and two SkySat images (Figure 2.3). The WV3 images have a resolution of 1.24 m and
contain eight bands. The SkySat images have a resolution of 50 cm and contain four bands.
Once the imagery was downloaded it was geo-referenced in ArcGIS Pro using ground truth

points which were collected.
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Figure 2.3: Outlines of WorldView-3 and SkySat imagery provided for this project and the
sample sites.

2.3.2.2 Land-use mapping

Land-use maps were created in ArcGIS Pro using the inbuilt classification tools. Ground truth
points were collected in the field and digitally. In total 2000 ground truth points were
collected from 12 land-use classes. The land-use categories consisted of artificial surfaces,
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avocado, exotic forest, grassland, gorse and broom, kiwifruit, manuka and kanuka,
mangroves, native forest, shadow, and water bodies. Using the inbuilt support vector machine
model in ArcGIS Pro, along with the ground truth points and the satellite imagery, land-use
maps were created with an accuracy of 85%, 87% and 89%. The maps were then reclassified
into three categories: native woody vegetation, exotic woody vegetation, and non-woody
vegetation. After this, the three maps were merged to cover the full extent of the study area,
which finally allowed the creation of a native woody vegetation mask and a woody

vegetation mask for the study area.

Once the land-use maps were created, the percentage of each class was calculated within
buffers around the sampled avocado blocks. To account for any effects of spatial scale on
relationships between landscape factors and pollinator communities, | created three buffer
sizes: 250 m, 500 m and 1 km. I used the tabulate tool in ArcGIS Pro to quantify the
percentage of each vegetation class within each of the 250 m, 500 m, and 1 km buffers around
orchard blocks. Cohesion was calculated using the ‘landscapemetrics’ package in R, for each

of the buffer sizes around the orchards.

2.3.2.3 Spectral diversity mapping

Spectral diversity metrics were calculated using the ‘BiodivMapR’ package in R, which was
developed for mapping alpha and beta diversity using remotely sensed images (J. Féret &
Boissieu, 2020). For this analysis, the WV3 image was chosen as the input imagery as it had
more spectral bands than the SkySat image. As a result, only 24 of the sampled orchards were
in the mapping area. To allow for the analysis of native vegetation only as well as all woody
vegetation the package was ran twice with a mask of each applied to the WV3 image. The
vegetation masks were used to exclude the large spectral differences between grassland and
vegetation in the study site which would cause strong contrasts based on spatial heterogeneity

rather than biodiversity per se. Distinguishing between native and woody vegetation also
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allowed me to investigate the relative importance of native vegetation versus all vegetation
for pollinator communities. BiodivMapR uses the concept of spectral species to categorize
pixels. Rather than quantifying the exact number of species it focuses on the diversity of
species. The package allows the user to define the number of “species” and the window size.
Window size represents the number of pixels included in each spectral diversity data point, a
window size of ten corresponds with 10x10 pixels. Based on a study done by Roberston et
al., (2022) who investigated the effects of the different window sizes and spectral species
selected, I used pixel window of 9 and 20 spectral species. From the map created by the
BiodivMapR model, | calculated alpha and beta diversity metrics using the different sized
buffers around each sampled orchard. These included functional richness, functional
evenness, functional divergence, and species richness (Villéger et al., 2008). A dissimilarity
matrix of spectral Bray-Curtis dissimilarity was also created to describe plant species beta
diversity across each sampled buffer zone. To ensure relevant comparisons between sites, the
number of pixels within each polygon was compared among sites at every buffer size,
ensuring a consistent amount of data points for calculating the metrics at each site. Ground
truthing was also done to check whether general differences between the orchards lined up

with observed data.

2.3.3 Statistical analysis

To determine whether spatial beta diversity in plant communities explained variation in
pollinator community composition, a Mantel test was conducted to examine the relationship
between spectral plant dissimilarity and the dissimilarity in pollinator relative abundances
among sampled orchards. This was done both with and without honey bees included and with

a woody vegetation mask and a native vegetation mask.

To test for the relative effects of the different landscape metrics on avocado pollinator
biodiversity, maximal GLMs were created for each pollinator response variable including the
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full set of eight landscape metrics as predictors. A total of 15 maximal models were
constructed using the five pollinator response variables at the three spatial scales (the three
buffer sizes). Both the response and predictor variables were standardized to allow for
comparability. Spatial autocorrelation was tested on each full model to determine
independence among observations. This was done using the ‘moran.test’ function within the
‘spdep’ package (Bivand et al., 2023), which indicated that neighbouring orchards were not
more alike than expected by chance alone. The evenness response variable was logit

transformed due to the values being bounded between 0 and 1.

To accommodate the large number of landscape variables that could influence pollinator
communities, as well as the fact that multiple competing models with different predictor sets
could yield equivalent AICc scores (i.e. within 2 AIC units), | applied a model averaging
approach following that of Morgan et al., (2022). For each full model, the ‘dredge’ function
in the ‘MuMIn’ package was used to generate models using various predictor combinations
and to calculate AlCc scores. This computes all models for every predictor variable
combination and ranks them based on AlCc (Barton, 2023). Models that had a difference in
AICc of <2 compared to the model with the lowest AICc were selected for model averaging.
This threshold was chosen to balance between reducing the uncertainty of the averaged
coefficients and not including too many models (Grueber et al., 2011). The ‘MuMIn’
packages ‘'model.avg' function was used to generate the reduced set of models and conduct
maximum likelihood model averaging. By utilizing the zero method (full average) in model
averaging, parameter estimates were assigned a value of zero if they were not present in the
subset models (Burnham et al., 2002). This was done before calculating the overall averaged
parameters and reduces the effect sizes and errors of predictors that are only included in
models with low weights (Nakagawa & Freckleton, 2011). The model averaging function

also provided the total sums of Akaike weights for each term across all models that include
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that term. These values can be interpreted as indicators of variable importance (Jochum et al.,
2017). Akaike-weighted likelihood-ratio based pseudo-R? values were computed for each
subset model within each averaged model set (Cox & Snell, 1989). To assess model fit, these
values from the subset models were averaged to calculate an R?value for each of the 15
averaged models. Confidence intervals (95%) were compared to estimate the uncertainty

associated with the model parameters.

2.4 Results

In total, there were 1096 individuals from 14 species of avocado flower visitors caught in the
flight intercept pan-traps. Honey bees were the dominant pollinators, making up 67.5% of the
total captured individuals and being present in all 25 sites (Table A2.7). Other abundant
flower visitors included plant bugs (Bipuncticoris minor), fungus gnats (Myceptophila spp),
grey triangle flies (Spilogona melas) and longhorn beetles (Zorion guttigerum). Through the
analysis there appeared to be no single landscape variable that stood out and could explain
avocado pollinators, rather it appeared to be a suite of variables with the average models
having multiple predictors (Table A2.1-6). Woody vegetation, as opposed to native
vegetation in particular, tended to have a positive effect on pollinators. Whether honey bees
were excluded from the analyses changed the predictive power of the models with the R?
values increasing for species evenness and mean body mass and decreasing for species

richness, biomass and abundance when removed.

The influence of plant community composition on the relative abundances of pollinator
species varied depending on the presence or absence of honey bees in the analysis. When
honey bees were included in the analysis, a significant positive correlation was found
between the dissimilarity of plant and pollinator community composition, for both woody and

native vegetation at the smallest buffer size (P < 0.05, Table 2.2). However, apart from the
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500 m buffer with woody vegetation (P < 0.05, Table 2.2), this relationship was not
significant at the larger buffer sizes. Excluding honey bees, there was only a significant
relationship between plant and pollinator community composition at the 250 m buffer with a
native vegetation mask (P < 0.05). However, there was still a pattern of decreasing
correlation with increasing buffer size shown by decreasing R? values (Table 2.2). Apart from
the smallest buffer size, the results suggest a stronger association between the woody

vegetation and changes in pollinator abundance than native vegetation.

Table 2.2: Mantel test results for the relationship between plant (native and all woody
vegetation) and pollinator community dissimilarity based on plant spectral composition and
avocado pollinator relative abundances. Results are shown for models with and without
honey bees included in the data. Significant p-values are indicated in bold.

Mask Buffer size Mantel statistic r p-value

All pollinators

Woody vegetation 250 m 0.283 0.047
500 m 0.290 0.039
1 km 0.245 0.068
Native vegetation 250 m 0.228 0.039
500 m 0.095 0.218
1 km 0.148 0.165

Honey bees excluded

Woody vegetation 250 m 0.213 0.057
500 m 0.207 0.069
1km 0.183 0.109
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Native vegetation 250 m 0.194 0.045
500 m 0.063 0.25

1 km 0.110 0.176

2.4.1 Pollinator diversity

Pollinator species richness was poorly predicted by the landscape variables used in this study
(Table A2.1-3). Contrary to expectations, the percentage of native vegetation cover in the
surrounding landscape was not present in any of the averaged models for pollinator species
richness. Rather, the percentage of overall woody vegetation cover was present in four of the
six average models (Table A2.1-6). Generally, the predictive performance improved as the
buffer size increased based on the R?value, and these trends were consistent in the analysis

that excluded honey bees (Table A2.4-6, Figure 2.7).

The ability to predict pollinator species evenness was dependent on whether honey bees were
included in the analyses. Where honey bees were included, averaged models only included
the intercept and either cohesion of native vegetation cover or woody spectral species
richness (Table A2.1-3). However, when honey bees were removed from the analysis the
model improved (Table A2.4-6). At the 250 m buffer, there was a significant negative
interaction between the cohesion of woody vegetation cover and plant species evenness (P <
0.01, Table A2.4, Figure 2.5). This suggests that as the connectivity of woody vegetation
surrounding the orchards increases, the evenness of the pollinator species decreases. This
finding contradicts the hypothesis that landscape connectivity would enhance pollinator
evenness.

2.4.2 Pollinator activity and biomass

Pollinator abundance was better explained by variation in measured landscape metrics than
species richness and evenness (Table A2.1-3, Figure 2.6). Most variation was explained by
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landscape factors at the 500 m buffer (R? = 0.429) compared with the 250 m buffer where
variation in pollinator abundance was most poorly explained (R? = 0.175). As predicted, there
was a significant effect of plant species richness on pollinator abundance although, contrary
to my expectation, pollinator abundance significantly declined with increasing plant species
richness (Figure 2.6). In particular, plant species richness had a significantly negative effect
on pollinator abundance at the 1 km buffer (P < 0.05, Table A2.3, Figure 2.4). There is also a
marginally significant negative relationship between plant species richness and pollinator

abundance at the 500 m buffer (P < 0.065, Table A2.2, Figure 2.4).

60 60 »

Follinator abundance

01 01

10 15 20 10 15 20
Spectral native species richness (500m) Spectral native species richness (1km)

Figure 2.4: Effect plots of pollinator abundance with spectral native species richness at both
the 500 m and 1 km buffer in the analysis with honey bees.

Pollinator biomass was also moderately explained by the landscape metrics used in this study

with R? values of 0.312 and 0.308 in the larger two buffers (500m and 1km), however, was
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only 0.086 in the smaller buffer (Table A2.1-3). Similar to the results for pollinator activity,
plant species richness appeared to have a negative relationship with biomass, although this
was not statistically significant (P > 0.05). Excluding honey bees from the analysis reduced
the landscape’s ability to predict biomass with the R? values being 0.308 at the 500 m buffer

with bees to 0.046 without bees (Table A2.2 & A2.4).
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Figure 2.5: Effect plots of mean body mass with woody vegetation and pollinator evenness
with woody vegetation cohesion at the 250 m and 500 m buffer in the analysis without honey
bees.

2.4.3 Pollinator body size

CWM body mass of pollinators was poorly described by the predictors with honey bees
included (Table A2.1-3). At the 500 m buffer where honey bees were excluded from
analyses, there was a significant positive relationship between the percentage of woody

vegetation cover and CWM body size (P < 0.01, Table A2.5, Figure 2.5). In particular, my
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results suggest a 0.69 mg increase in mean pollinator body size for every percentage increase

in woody vegetation within 500 m around avocado orchards.
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Figure 2.6: Effect sizes from averaged models for each pollinator community attribute and at
each buffer size (200 m, 500 m, and 1 km). Predictors are coloured according to the four
categories of landscape vegetation factors: spectral functional divergence, species richness,
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cohesion of vegetation cover, and percentage cover. Circles represent woody vegetation and
triangles represent the native vegetation mask. Filled shapes represent significant values.
Abbreviations are: Fdiv = functional divergence; SR = species richness.
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Figure 2.7: Effect sizes from averaged models for each pollinator community attribute and
at each buffer size (200 m, 500 m, and 1 km). Predictors are coloured according to the four
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categories of landscape vegetation factors: spectral functional divergence, species richness,
cohesion of vegetation cover, and percentage cover. Circles represent woody vegetation and
triangles represent the native vegetation mask. Filled shapes represent significant values. In
these models honey bees were excluded from the analysis. Abbreviations are: Fdiv =
functional divergence; SR = species richness.

2.5 Discussion

Overall, I found that there was no dominant landscape variable that could solely explain
variation in communities of avocado pollinators. For avocado pollinator management, there is
no single solution that guarantees the enhancement of diversity, abundance, biomass and size.
Instead, a combination of variables seems to play a role, as indicated by the resulting
averaged models that incorporate up to six predictors. My study is not the first to find that
various attributes of vegetation within the landscape are likely to play a role in shaping
pollinator communities. For instance, meta analyses have demonstrated that wild bees appear
to respond to many different aspects of landscape configuration (Kennedy et al., 2013).
Taken together, my findings suggest that the complexity of the multiple interacting factors at
the landscape scale might present difficulties in pinpointing specific features that can be
managed for the enhancement of pollinator biodiversity and ecosystem functioning (Rundl6f

et al., 2008).

The prevailing belief in the restoration of agroecosystems is that native vegetation plays a
crucial role, and the selection of native plants is often recommended to enhance bee and
insect pollinator populations (Nicholls & Altieri, 2013). However, my results challenge this
notion, indicating that the prominence of woody vegetation rather than native plants
specifically, had a more significant impact on pollinators. This requirement for both native
and exotic vegetation by pollinators could occur for several reasons. When exotic plants are
present, they may provide supplementary resources, such as nectar and pollen, for when

native plants become seasonally scarce and outside of avocado flowering, which can help
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sustain pollinator populations and diversity (Staab et al., 2020). For example, avocado
flowering in New Zealand occurs in spring (Pattemore et al., 2018) whereas an exotic plant
species such as gorse (Ulex europaeus) flowers from May through to November (Northland
Regional Council, n.d.), which could therefore provide resources to pollinators when avocado
trees are not flowering. Indeed, past research has shown that exotic plants can be important
for maintaining pollinator diversity, as exotic species can fill otherwise vacant
‘coevolutionary niches’ which provide opportunities for specialist pollinators to interact with
these plants (Stouffer et al., 2014). Although the presence of exotic species in agricultural
landscapes could provide additional benefits to native species, the overdominance of exotic
species versus native plant species has been found to reduce pollinator abundances (Salisbury
et al., 2015). Thus, a mixture of both native and exotic plant species within the
agroecosystem is likely to be important for supporting pollinating insect communities,
particularly in landscapes with already minimal vegetation cover.

2.5.1 Pollinator diversity

The landscape variables in this study did not strongly predict pollinator richness; however,
the percentage of woody vegetation cover seemed to be an important variable being included
in all the final models at the local scales (250 m and 500 m buffers), regardless of whether
honey bees were present or not. Results from this study suggest that increasing the percentage
of woody vegetation cover within 500 meters of avocado orchards could be the best approach
for enhancing the diversity of avocado pollinators. These findings are congruent with past
studies that showed that increasing the size of semi-natural habitats increased the diversity of
the pollination insects visiting flowers on blueberries and that these relationships were limited
to more localised scales (250 m) (Steffan-Dewenter, 2003). This was thought to be due to the

larger patches containing more abundance and diverse resources meaning a more diverse
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community of pollinators can be supported (Steffan-Dewenter, 2003; Blaauw & lsaacs,

2014).

| found that the predictability of pollinator evenness was greatly dependent on whether honey
bees were included in the analyses. One of the reasons that pollinator evenness could be
better explained by landscape-level features of vegetation when honey bees were excluded
from analyses could be due to honey bees being numerically dominant, meaning they
overshadow any variation in other pollinator species. In this study, honey bees were present
at all of the orchards and made up 67.5% of the total abundance, and other studies have found
they can contribute to over 90% of flower visits in New Zealand avocado orchards (Sagwe et
al., 2021; Read et al., 2017). Although honey bees dominate avocado orchard flower
visitation, they are considered to be less effective pollinators compared to flies and wasps and
tend to reduce their visits when there are other flowering plants in the surrounding

environment (Ish-Am & Eisikowitch, 1993; Ish-Am et al., 1999; Perez-Balam et al., 2012).

Increasing the connectivity of the surrounding landscape was found to decrease pollinator
evenness, promoting species dominance. This was the opposite relationship to that expected
based on previous research, suggesting that increasing habitat connectivity should promote
the movement of individuals between fragments and reduce the degree of dominance of
superior competitors (Leibold et al., 2004; Marini et al., 2014). Therefore, it is expected that
greater connectivity between fragments would lead to higher evenness compared to isolated
fragments, primarily due to increased immigration (Marini et al., 2014). This follows the
principles of island biogeography theory where increased connectivity is thought to increase
colonization rates (MacArthur & Wilson, 1969). In contrast, | found the opposite relationship
whereby increasing connectivity reduced pollinator species evenness. The theory of
increasing connectivity causing an increase in evenness assumes that there are no trade-offs
between competition and dispersal across species (Amarasekare et al., 2004; Cadotte, 2006).
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The negative effect of increasing connectivity in my study could be attributed to the increased
facilitation of colonization of patches by superior competitors displacing previously
established inferior competitors, which potentially could lead to a decline in evenness
(Orrock et al., 2011). This could explain the negative effect of cohesion in plant cover on
insect pollinator evenness, whereby superior competitors dominate available resources and
out-compete other species for food and nesting sites (Cadotte, 2006; Marini et al., 2014).
2.5.2 Pollinator activity and biomass

The variation in abundance and biomass of pollinators in avocado orchards were less
accurately described by aspects of the landscape when honey bees were removed, suggesting
that they contribute largely to these measures. This could be due to the generalist foraging
behaviour of honey bees as they can exploit a diverse range of floral resources and landscape
variables may therefore impose more consistent effects on honey bee abundance compared to
more specialist pollinators (Sponsler et al., 2020). For both abundance and biomass of
pollinator insects, woody functional divergence stood out with the highest variable
importance at all spatial scales. This suggests that adding vegetation in the surrounding
landscape, such as hedgerows, with functionally diverse native and exotic plant species could
increase the abundance and biomass of pollinators in orchards. Hedgerow plantings in
avocado orchards have been shown to increase native bee populations in California (Frankie

& Faber, 2020).

Increasing plant species richness in the surrounding landscape was found to be negatively
associated with the abundance of pollinators. This relationship, like that found for pollinator
evenness, contradicted my expectations based on past research. For example, Kennedy et al.,
(2013) found that wild bee abundance was higher when there was more diverse habitats
surrounding the fields. This is believed to be caused by the addition of floral resources other

than mass-flowering crops which provide essential food resources for pollinator populations

56



during periods when the cultivated crops are not in flower, helping to ensure their continued
survival (Holzschuh et al., 2008; Rundl6f et al., 2008). My findings could be a result of the
orchards in my study that had the lowest plant diversity also being those that were close to
the coast, where mangrove forests were often present in the buffers. Thus, while plant
diversity may typically be a strong predictor of insect abundance, the presence of mangroves
could override total plant diversity effects. This is because mangroves are known to be
important habitats for pollinating insects and are often overlooked hotspots for insect
diversity (Yeo et al., 2021). Currently, to the best of my knowledge, there are no studies
looking at how mangroves influence crop production, though this would be a valuable avenue
of research in the future. Another potential explanation is that increased plant diversity could
dilute pollinator abundance caught in the pan traps by distracting the pollinators (Holzschuh
et al., 2016). While recent studies have emphasized the importance of pollinator movements
from semi-natural areas to intensively managed agricultural lands (Aizen & Feinsinger, 1994;
Klein et al., 2007; Ricketts et al., 2008; Garibaldi et al., 2011; Blitzer et al., 2012), a notable
gap in our understanding remains on the impacts of pollinator movement in the opposite
direction (Blitzer et al., 2012). The movement of pollinators away from avocados may have a
negative effect on yield and warrants the next for future research.

2.5.3 Pollinator body size

Variation in the CWM body size of pollinators on avocado orchards was better explained
when bees were excluded from analysis, suggesting that honey bees may obscure the effects
of landscape factors on the average body size of other pollinator species. Without honey bees,
the percentage of woody vegetation cover was the most important variable for understanding
variation among orchards in pollinator body size. The body size of insect pollinators can
influence their ability to forage among isolated patches in fragmented habitats (Greenleaf &

Kremen, 2006). Larger pollinators are thought to be able to forage across longer distances

57



(Greenleaf et al., 2007) and smaller isolated patches are likely to be visited by pollinators
with a larger body size (Libran-Embid et al., 2021). Conversely, | found that when orchards
contained proportionally more woody vegetation within the surrounding buffers, there were
on average larger-bodied pollinating insects. The correlation between CWM pollinator’s
body size with woody vegetation cover could be due to several reasons. Firstly, increasing the
percentage of woody vegetation in the landscape could also increase the availability of floral
resources, which can support the higher energy demands of larger-bodied pollinators (Wray
et al., 2014). This was shown to be the case in a study that looked at the importance of woody
species for supporting insect pollinator food resources and found that the continuity of the
food supply over the foraging season is important for sustaining pollinators through the off-
season (Bozek et al., 2023). Secondly, larger insect pollinators may be able to avoid some of
the negative impacts of invasive plants due to their ability to cover longer distances
(Greenleaf et al., 2007). From a management perspective, these findings suggest that if
growers increase the percentage of mixed assembly plantings around orchards, they could
increase the mean body size of the pollinators on their orchards. Larger pollinators are
thought to have higher rates of successful fertilisation by depositing more pollen onto stigmas
increasing the probability of contact with the reproduction organs of the flowers (Foldesi et

al., 2021; Ramalho et al., 1998; Willmer & Finlayson, 2014).

2.6 Conclusion

This study highlights the complexity nature of the relationships between landscape features
and avocado pollinator communities. Not one dominant landscape variable was identified to
solely account for pollinator diversity, activity, biomass and size. Furthermore, my results
challenge the prevailing belief that native vegetation is crucial for enhancing pollinator
populations, with woody vegetation having a more significant impact on the evenness and

mean body mass of avocado pollinators. Taken together, results from my study indicate that
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increasing the amount of any woody vegetation surrounding avocado orchards through
diverse native and exotic hedgerows may be the most effective planting practice for

increasing avocado pollinators in horticultural landscapes.
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2.8 Appendix

Table A2.1: Results from the model averaging for avocado pollinators at the 250 m buffer
scale. The table presents the average regression coefficients from the top models
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(‘Standardized estimate’), the Akaike weight sum across all models that the explanatory
variables appear (‘Variable importance ), the significance level for each variable (‘P
value’), the number of times each variable appears in the top model (‘Model inclusions’), the
total number of models (‘Total models’) and the proportion of variance explained by the
models (‘R?’). Abbreviations are: Fdiv = functional divergence; SR = species richness.

Standardized  Variable P Model Total Averaged
Averaged model . . . A 2
estimate importance value inclusions models model R
Species richness
Intercept -5.87E-17 - 1.000 5 5 0.071
Woody vegetation 0.178 0441 0505 2
(%)
Native vegetation -0.043 0.167  0.744 1
cohesion
Woody vegetation -0.046 0.144 0.772 1
cohesion
Spectral woody SR -0.023 0.117 0.817 1
Species evenness
Intercept -1.44E-16 - 1.000 2 2 0.030
Native vegetation 0.108 0.394 0.577 1
cohesion
Abundance
Intercept -9.50E-16 - 1.000 5 5 0.175
Spectral native SR -0.297 0.722 0.257 3
Woody vegetation 0132 0.372 0.538 2
(%)
Woody vegetation 0.150 0.348 0533 1
cohesion
Biomass
Intercept -1.91E-16 - 1.000 5 6 0.086
Spectral native SR -0.175 0.508 0.457 3
Woody vegetation -0.086 0293  0.640 2
cohesion
Woody vegetation -0.076 0.280 0.650 2
(%)

Mean body mass
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Intercept -6.04E-16 - 1.000 3 3 0.019
Spectral native Fdiv 0.052 0.246 0.715 1
Spectral woody SR 0.043 0.225 0.743 1

Table A2.2: Results from the model averaging for avocado pollinators at the 500 m buffer
scale. The table presents the average regression coefficients from the top models
(‘Standardized estimate’), the Akaike weight sum across all models that the explanatory
variables appear ( Variable importance ), the significance level for each variable (‘P
value’), the number of times each variable appears in the top model (‘Model inclusions’), the
total number of models (‘Total models’) and the proportion of variance explained by the
models (‘R?’). Abbreviations are: Fdiv = functional divergence; SR = species richness.

Standardized  Variable P Model Total Averaged
Averaged model . . . . )
estimate importance value inclusions models model R
Species richness
Intercept 2.90E-16 - 1.000 3 3 0.020
Spectral woody -0.059 0.264 0.693 1
Fdiv
Woody vegetation 0.038 0.210 0.763 1
(%)
Species evenness
Intercept -0.578E-17 - - 1 1
Abundance
Spectral native SR -0.486 0.913 0.068 8 9 0.429
Spectral native -0.220 0.545 0.408 5
Fdiv
Spectral woody 0.167 0.501 0.425 4
Fdiv
Spectral woody SR 0.072 0.222 0.661 2
Native vegetation 0.031 0.112 0.775 1
cohesion
Woody vegetation -0.018 0.075 0.826 1
(%)
Biomass
Spectral native SR -0.411 0.810 0.150 6 8 0.308
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Spectral native
Fdiv

Spectral woody
Fdiv

Spectral woody SR

Woody vegetation
(%)

Mean body mass

Intercept

-2.47E-15

-0.154

0.094

0.037

-0.016

0.398

0.342

0.137

0.089

0.529

0.586

0.763

0.836

Table A2.3: Results from the model averaging for avocado pollinators at the 1 km buffer
scale. The table presents the average regression coefficients from the top models
(‘Standardized estimate’), the Akaike weight sum across all models that the explanatory
variables appear (Variable importance’), the significance level for each variable (‘P
value’), the number of times each variable appears in the top model (‘Model inclusions’), the
total number of models (‘Total models’) and the proportion of variance explained by the
models (‘R?’). Abbreviations are: Fdiv = functional divergence; SR = species richness.

Standardized  Variable P Model Total Averaged

Averaged model . . . . 2
estimate importance  value inclusions models model R

Species richness
Intercept -2.61E-15 - 1.000 2 2 0.020
Woody vegetation -0.061 0.304 0.691 1
cohesion
Species evenness
Intercept -1.2E-16 - 1.000 2 2 0.008
Spectral woody SR -0.047 0.272 0.740 1
Abundance
Spectral native SR -0.596 1.000 0.014 5 5 0.397
Woody vegetation -0.108 0392 0.549 2
cohesion
Spectral woody SR 0.087 0.303 0.645 2
Woody vegetation 0025 0.120 0.818 1
(%)
Biomass
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Spectral woody SR
Spectral native SR

Woody vegetation
cohesion

Spectral native Fdiv
Mean body mass

Intercept

0.077
-0.485

-0.049

-0.085

1.73E-17

0.571
0.562

0.206

0.171

0.679
0.123

0.714

0.676

0.829

1 4 0.312
4

1

1

1 1 1

Table A2.4: Results from the model averaging for avocado pollinators at the 250 m buffer
scale with honey bees excluded from the analysis. The table presents the average regression
coefficients from the top models (“Standardized estimate’), the Akaike weight sum across all
models that the explanatory variables appear (‘Variable importance’), the significance level
for each variable (‘P value ), the number of times each variable appears in the top model
(‘Model inclusions’), the total number of models (‘Total models’) and the proportion of
variance explained by the models (‘R?’). Abbreviations are: Fdiv = functional divergence; SR

= species richness.

Standardized  Variable P Model Total  Averaged
Averaged model i . . . )
estimate importance value inclusions models model R
Species richness
Intercept -2.02E-16 = 1.000 4 4 0.046
Woody vegetation 0.101 0318 0601 1
(%)
Native vegetation 0,036 0.167  0.767 1
cohesion
Spectral woody Fdiv -0.032 0.156 0.783 1
Species evenness
Woody vegetation -0.552 1.000  0.008 2 2 0.290
cohesion
Spectral native SR -0.094 0.367 0.595 1
Abundance
Intercept 1.21E-15 - 1.000 2 2 0.015
Woody vegetation 0,068 0315 0674 1
cohesion
Biomass
Intercept -2.16-18 - 1.000 4 4 0.046
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Woody vegetation
(%)

Native vegetation
cohesion

Spectral woody Fdiv
Mean body mass
Intercept

Native vegetation
cohesion

Woody vegetation
(%)

Native vegetation (%)

0.100

-0.036

-0.032

1.88E-16

-0.308

0.138

0.116

0.318

0.166

0.156

0.670

0.388

0.284

0.601

0.768

0.783

1.000

0.308

0.530

0.604

5 0.185

Table A2.5: Results from the model averaging for avocado pollinators at the 500 m buffer
scale with honey bees excluded from the analysis. The table presents the average regression
coefficients from the top models (‘Standardized estimate’), the Akaike weight sum across all
models that the explanatory variables appear (‘Variable importance ), the significance level
for each variable (‘P value ), the number of times each variable appears in the top model
(‘Model inclusions’), the total number of models (‘Total models’) and the proportion of
variance explained by the models (‘R?’). Abbreviations are: Fdiv = functional divergence; SR

= species richness.

Standardized Variable P Total Averaged

Averaged model . . 2
estimate importance  value models model R

Species richness
Intercept 2.90E-16 - 1.000 3 0.047
Spectral woody 0.118 0375 0561
Fdiv
Woody vegetation 0.043 0.198 0.745
(%)
Species evenness
Intercept 9.09E-17 - 1.000 6 0.175
Spectral woody 0.318 0.727  0.237
Fdiv
Spectral native -0.154 0393  0.523

Fdiv
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Native vegetation

] -0.044 0.146 0.751 1
cohesion
Woody vegetation 0.041 0.129 0.758 1
(%)
Spectral native SR -0.021 0.098 0.823 1
Abundance
Intercept 1.67E-17 - 1.000 3 3 0.050
Sl IEWNT: -0.088 0.300 0.628 2
Fdiv
Spectral native SR -0.084 0.291 0.636 1
Biomass
Intercept -9.68E-17 - 1.000 3 3 0.047
Spectral woody 0118 0.376 0.561 1
Fdiv
Woody vegetation 0.043 0.198 0.745 1
(%)
Mean body mass
Woody vegetation 0.691 1.000 0.009 2 2 0.336
(%)
UV R -0.030 0.652 0.309 1
cohesion

Table A2.6: Results from the model averaging for avocado pollinators at the 1 km buffer
scale with honey bees excluded from the analysis. The table presents the average regression
coefficients from the top models (‘Standardized estimate’), the Akaike weight sum across all
models that the explanatory variables appear (‘Variable importance ), the significance level
for each variable (‘P value ), the number of times each variable appears in the top model
(‘Model inclusions’), the total number of models (‘Total models’) and the proportion of
variance explained by the models (‘R?’). Abbreviations are: Fdiv = functional divergence; SR
= species richness.

Standardized Variable P Model Total  Averaged
Averaged model . . . . 2
estimate importance value inclusions models model R
Species richness
Intercept -9.47E-17 - 1.000 3 3 0.047
Spectral native SR 0.525 0.728 0.214 1
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Spectral woody SR
Spectral woody
Fdiv

Species evenness
Intercept

Woody vegetation
(%)

Native vegetation
cohesion

Spectral native
Fdiv

Native vegetation
(%)

Spectral native SR
Woody vegetation
cohesion
Abundance
Intercept

Spectral woody SR
Spectral native SR
Woody vegetation
cohesion

Spectral woody
Fdiv

Woody vegetation
(%)

Spectral native
Fdiv

Biomass

Intercept

Spectral native SR
Spectral woody SR
Spectral woody
Fdiv

Mean body mass

Intercept

-0.591
0.071

-1.02E-15

-0.127

-0.137

-0.112

0.055

-0.028

-0.013

-4.97E-16
-0.135
-0.041
-0.028

0.028

-0.023

-0.021

1.420

0.290

-0.327
0.039

-1.27E-15

0.728
0.238

0.292

0.292

0.273

0.164

0.109
0.073

0.347

0.143

0.113

0.110

0.100

0.094

0.728
0.728
0.236

79

0.207
0.688

1.000

0.614

0.619

0.627

0.745

0.796

0.864

1.000
0.559
0.754
0.796

0.804

0.816

0.827

1.00

0.214

0.208
0.690

1.000

—_— = N

— NN NN W

9

7

3

8

0.097

0.050

0.200

0.186



Woody vegetation
(%)

Woody vegetation
cohesion

Spectral native
Fdiv

Spectral native SR
Spectral native SR
Native vegetation

cohesion

0.481 0.803 0.199
-0.089 0.239 0.666
-0.076 0.196 0.719
-0.034 0.110 0.799
-0.034 0.110 0.799
-0.029 0.092 0.797

Table A2.7: Pollinators found in pan traps, their abundance, and the number of orchards

they were present at.

Common name Species Abundances Orchards
Fungus gnat Mycetophila griseofusca 58 9
Fungus gnat Mycetophila clara 1 1
Fungus gnat Mycetophila fagi 13 5

Orange hover fly Melanostoma fasciatum 4 4

Long horn beetle Zorion guttigerum 34 17

Grey triangle fly Spilogona melas 35 12

Honey bee Apis mellifera 740 25
Miridae Bipuncticoris minor 188 15
March fly Dilophus nigrostigma 2 1

NZ black hover fly Melangyna novaezeladiae 1 1
Lasioglossum bee Lasioglossum sordidum 12 5
Paper wasp Pison spinolae 3 2
Fungus gnat Mycetophila unispinosa 2 1
Blue blow fly Calliphora vicina 2 2

80



European wasp Vespula vulgaris
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Chapter 3
Landscape factors influencing avocado pest control and

production

3.1 Abstract

Increasing the production of crops sustainably is essential for ensuring long-term food
security, increasing economic stability and reducing the environmental impacts in
agroecosystems. The traditional chemical-based methods of pest control have shown to be
economically and environmentally unsustainable with climate change predicted to exacerbate
pest damages. Understanding how the landscape surrounding agricultural systems can be
used to mitigate pest outbreaks and increase yield could help agriculture solve some of these
challenges. This study investigates the influence of landscape features on pests and
production in avocado orchards, with specific emphasis on the percentage of native and
woody vegetation, connectivity of the landscape, spectral plant richness and functional
divergence. Here, | aim to examine how these landscape variables influence the abundance
and species richness of common insect pests of avocado (thrips, leafrollers, mealy bugs and
scale insects), and the indirect effects on avocado yield and fruit quality. My findings reveal
intricate interactions between the landscape and avocado pests and production, where
multiple variables play a significant role in describing the different pest abundances and
production. Specifically, a higher percentage of native vegetation cover was associated with
increased abundances of thrips and leafroller, and the percentage of overall woody vegetation
increased avocado yields. Furthermore, my results revealed an ecological trade-off whereby
abundances of pollinators and thrips responded similarly to landscape factors, indicating the
importance of considering the broader ecological implications of landscape management

strategies.
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3.2 Introduction

Insect pests can cause significant losses in crop yields worldwide (Oliveira et al., 2014;
Savary et al., 2019; Martinez-Nufiez et al., 2020). This is of great concern with the human
population expected to grow to 9 billion people by 2050 and a projected 60% increase in food
production needed to feed this population (Alexandratos & Bruinsma, 2012; Grafton et al.,
2015). Along with the challenge of feeding more people, this food needs to be produced
sustainably and through increased land-use efficiency (Tilman & Clark, 2014; Grafton et al.,
2015). Chemical-based pest control, despite the application of over 480 million pounds to US
agricultural areas in 2008, has proven to be neither economically nor ecologically sustainable
(Fernandez-Cornejo et al., 2009; Chaplin-Kramer et al., 2011). Despite the extensive use of
chemicals, approximately 37% of US crop yields are still lost to pests (Chaplin-Kramer et al.,
2011). Moreover, climate change is likely to exacerbate pest damage through accelerating
insect development and increasing the number of generations per unit of time (Mandeep

Pathania et al., 2020; Tonnang et al., 2022).

Ecological intensification, which involves utilizing ecosystem services within agricultural
systems, offers a promising solution to pest control (Bommarco et al., 2013; Cassman, 1999;
Kleijn et al., 2019). Outbreaks and control of pests are not only influenced by local in-field
conditions, but also have strong links to landscape patterns (With et al., 2002; Isbell et al.,
2017). The diversity of plant species plays a critical role in determining the impact of
herbivores on crops, as monoculture stands concentrate resources and increase herbivory
(Tahvanainen & Root, 1972; Root, 1973; Isbell et al., 2017). Increasing the diversity in
production systems can help reduce the impact of pests by disturbing the availability of host
plant resources for secondary consumers and enhancing the abundance and variety of their
natural enemies (Bianchi et al., 2006; Poveda et al., 2008; Quijas et al., 2010; D. K.

Letourneau et al., 2011; Chaplin-Kramer et al., 2011; Kremen & Miles, 2012; Rusch et al.,
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2016; Isbell et al., 2017; Barnes et al., 2020). To date, studies have found more variable
effects of landscape structure on insect pests as compared to natural enemies (Jonsen &
Fahrig, 1997; D. k. Letourneau & Goldstein, 2001; Chaplin-Kramer et al., 2011). The
management of pests through ecological intensification could be greatly enhanced with
greater understanding of the mechanisms driving populations (Kremen, 2005; Luck et al.,

2009; Chaplin-Kramer et al., 2011).

Recent advances in remote sensing offer a novel approach to gaining insights into the drivers
of insect populations (Abd EI-Ghany et al., 2020), through mapping habitat cover and types
(Lucas et al., 2007), landscape connectivity (Bishop-Taylor et al., 2018) and plant diversity
(Abdi et al., 2021). With regards to crop pests, remote sensing has largely been applied to
measuring pest damage (Wajtowicz et al., 2016), precision pesticide application (Z. Yang et
al., 2009; Abd El-Ghany et al., 2020) and mapping pest outbreaks (C. Yang & Everitt, 2011,
Abd EI-Ghany et al., 2020). Remote sensing has also been used to quantify the relationship
between landscape structure and pest abundances in agroecosystems through mapping the
landcover surrounding orchards (Aviron et al., 2016), assessing the connectivity of crops
(Dominik et al., 2018) and less commonly examining plant diversity which neighbours crops
(Tesfaye et al., 2014). Research in this field has focused on a range of agroecosystems from
tree nuts (Eilers & Klein, 2009) to grains (\Vollhardt et al., 2008) and fruits (Bailey et al.,

2010).

Avocados have recently experienced a growth in consumption reaching globally over 5
million tonnes annually as of 2020. This surge in popularity is largely driven by lifestyle
trends and the perceived health benefits they offer (Sommaruga & Eldridge, 2021). As global
demand for avocados increases, ensuring an abundant but environmentally sustainable supply
becomes more important. Avocado orchards in New Zealand harbour diverse assemblages of
insects, mites and mammals, some of which are pests while others are beneficial. To be
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considered a pest, an organism must cause economic loss through fruit damage, impact the
tree health, or be an export concern (AvoGreen Pests, n.d.). To quantify and control pest
abundances in New Zealand orchards, regular monitoring is conducted with thresholds set by
NZAvocado. The key pests include thrips, leafrollers, mealy bugs, scale insects, mites and
weevils (AvoGreen Pests, n.d.). Thrips cause the largest economic losses by scaring the skin
of fruits and reducing fruit quality and are not effectively controlled by natural enemies
(DREISTADT, 2007; R Subhagan et al., 2020). Greenhouse thrips (Heliothrips
hameorrhoidalis) are particularly important in New Zealand, causing the collapse of the fruit
cell wall and discolouration of the fruit (Spiller & Wise, 1982; Stevens et al., 1999; R
Subhagan et al., 2020). Flower thrips (Frankliniella occidentalis) as indicated by their names
are not associated with the fruit and instead feed on the flowers. Current control methods of
thrips in New Zealand involves a monitoring schedule, whereby growers have set times
where monitoring and sprays are applied throughout the year based on predicted population
levels (AvoGreen, n.d.). However, it is estimated that some growers can still lose up to 20%
of fruit from export grade (Stevens et al., 1999). Leafroller (Lepidoptera: Tortricidae) is
another important pest group due to the feeding behaviour of the larvae that results in fruit
scarring in the form of shallow gouges and misshapen fruit (Livingston, 2018). Longtailed
mealy bugs (Pseidococcus longispinus) and scale are sap-sucking insects and can weaken and
potentially kill plants by sucking their sap and injecting toxins or excreting honeydew which
promotes the growth of sooty mould (Williams & Granara de Willink, 1992; Gullan &
Martin, 2009; R Subhagan et al., 2020). Other important pests on avocado orchards that are
less common include six spotted mites (Eotetranychus sexmaculatus) and fuller’s rose

weevils (Paantomorus cervinus) (AvoGreen Pests, n.d.; R Subhagan et al., 2020).

There are still many gaps in our understanding of how pests respond to variations in

landscape structure (Jonsen & Fahrig, 1997; D. k. Letourneau & Goldstein, 2001; Chaplin-
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Kramer et al., 2011). In the context of avocado orchards, some studies have explored the
influence of landscape productivity and integrated pest management on pest populations
(Adan et al., 2021; Toukem et al., 2020, 2022). However, to the best of my knowledge, there
has been no studies that have directly looked at the effect of landscape structure and

composition on the abundance of pests in avocado orchards.

There are also gaps in our understanding of the potential trade-offs which are associated with
ecological intensification. Insect activity can have dual effects on agricultural production, it
can cause declines through pest damage (Gebhardt et al., 2011; Murray et al., 2013; Saunders
et al., 2016) and conversely it can enhance yield through ecosystem services such as
pollination (Cardinale et al., 2003; Garibaldi et al., 2013; Saunders et al., 2016). Therefore,
when studying how ecological intensification influences pest abundance, it is crucial to
consider yield and pollinators as well. This holistic approach allows the recognition of
positive and negative interactions that occur in agroecosystems and the goal of achieving a

net positive effect (Saunders et al., 2016).

The aim of this chapter is to gain an understanding of how landscape management through
ecological intensification could improve pest control as well as explore the potential trade-
offs with beneficial insects and avocado yield. Specifically, this chapter investigates the
influence of native and woody vegetation, spectral plant species richness and divergence and
connectivity on pest species abundance and diversity, yield per hectare and proportion of
export or ‘fruit quality’. Furthermore, it examines how these landscape variables cause

indirect effects on avocado yield through changes in insect pests and pollinator abundance.

Based on the literature | predict that increased woody vegetation and landscape connectivity
will increase the abundance of pest species. Secondly, greater plant species richness and

functional divergence surrounding the orchards will contribute to increased natural enemies

86



and therefore decrease the abundance of the pests. Thirdly, the landscape variables used in
this study will have indirect effects on avocado production via pest and pollinator abundance.
Finally, the spatial scale of the analysis may influence the observed relationships between

landscape features and pest and production.

3.3 Method

3.3.1 Production and pest data
To understand the relationship between the landscape and pest abundance, packhouse and

spray diary data for 17 orchards was provided by NZAvocado. These orchards were located
in the Western Bay of Plenty between Waihi Beach and Sharp Road. Of these orchards, 15 of
them were those that were used in the previous chapter and an extra two were selected due to
the limitation of data available for the other 10 orchards used in the previous study. Sites
were selected that were at an elevation between 5 m and 100 m and slope between 0 and 15
degrees to reduce climatic bias. To explore a range of landscapes, sites were carefully chosen
to encompass various types of terrain and environments. Packhouse data included the number
of trays per orchard that were exported or sent to the local market for 2013-23. Yield per
hectare was calculated by dividing total trays per year for each orchard by the hectares in
production for that year and then creating a ten-year average. An indicator of fruit quality was
calculated as the ratio of yield (number of avocados) which was exported (class 1) vs sent to
the local market (class 2). In the packhouse, fruit is graded into four classes based on which
defects are present. Class 1 is considered the top-quality fruit and most of it is exported to
overseas markets. Class 2 is where there is too much blemish and damage on the fruit for
export markets and it is sent to the local market. The defects on the fruit can be due to a range
of reasons but one of the most common reasons is damage from pests (Becoming an Avocado

Grower, n.d.).
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Table 3.1: Key pests that are monitored on avocado orchards and the damage they cause
(AvoGreen Pests, n.d.).

Pest name Common name Species Damage
Leafroller Leafroller larvae Ctenopseustis obliquana Fruit gauges
Ctenopseustis herana
Cnephasia jactatana
Planotortrix excessana
Planotortrix octo
Epiphyas postvittana
Leafroller eggrafts
Thrips Greenhouse thrips Heliothrips haemorrhoifalis Scaring fruit
Flower thrips Frankliniella occidentalis Flower damage
Juvenile thrips Either Heliothrips Scaring fruit or
haemorrhoifalis or flower damage
Frankliniella occidentalis
Scale Armoured scale Hemiberlisia lataniae or Stem sap
Hemiberlesia rapx
White wax scale Ceroplastes destructor Stem sap
Chinese wax scale Ceroplastes sinensis Stem sap
Mealy bug  Long tailed mealy Pseudococcus longispinus Stem sap
bug
Weevil Fullers rose weevil Pantomorus cervinus Leaf damage
Mite Six Spotted Mite Eotetranychus sexmaculatus Leaf damage




Spray diaries are required by all growers who are registered with NZ Avocado and provide
traceability documentation for the avocado export food safety assurance programme. The
diary stores information on pest monitoring and spray usage for each orchard. Each year each
orchard creates a pest monitoring plan, and the timing and frequency of monitoring can be
based on the export market that the grower wants to hit, alongside other variables such as
flowering and harvest periods. Monitoring is done by either a certified grower or a packhouse
representative. During a pest survey, a minimum number of trees is examined based on the
size of the orchard, which equates to roughly five trees per two hectares. For each five trees, a
total of 25 pairs of fruit, 50 individual fruit and 50 shoot and leaf sites must be monitored.
The abundances of the common/ important pests are recorded and compared to thresholds
which then determine whether a spray is required (Table 3.1) (Becoming an Avocado
Grower, n.d.). For the 17 orchards in this study, the spray diaries from 2020-2023 were
provided. Due to each orchard having a different number of monitoring entries and sample
size, the pest data was averaged per survey per tree. In the data obtained flower thrips
(Frankliniella occidentalis), six spotted mites (Eotetranychus sexmaculatus) and fullers rose
weevil (Pantomorus cervinus) were not present. The remaining pests were grouped based on
their taxonomic order and the damage they caused to avocados (Table 3.2). Pest diversity was

also calculated using the Shannon diversity function of the ‘Vegan’ package.

Table 3.2: Pest groups used in the analysis.

Pest group Common name
Leafroller (Lepidoptera) Leafroller larvae
Leafroller eggrafts
Thrips (Thysanoptera) Greenhouse thrips
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Juvenile thrips
Mealy bug and scale Long tailed mealy
(Hemiptera) Armoured scales
White wax scale

Chinese wax scale

3.3.2 Landscape structure and composition

3.3.2.1 Satellite imagery
Satellite imagery of the Katikati sub-region collected in December 2021 and January 2022

was provided by PlantTech Research Institute. This consisted of one WorldView-3 (WV3)
image and two SkySat images (Figure 3.1). The WV3 images have a resolution of 1.24 m and
contain eight bands. The SkySat images have a resolution of 50 cm and contain four bands.
Once the imagery was downloaded it was geo-referenced in ArcGIS Pro using ground truth

points that were collected.

90



) \
11 S 1 U
( .
'
I > F
‘\ 5 '
.
\\_ N
{
a
O SkySat
CIWV3
Sample
—- orchards

Figure 3.1: Outlines of WorldView-3 and SkySat imagery provided for this project and the
sample orchards.

3.3.2.2 Land-use mapping

Land-use maps were created in ArcGIS Pro using the inbuilt classification tools. Ground truth
points were collected in the field and digitally. In total 2000 ground truth points were
collected from 12 land-use classes. The land-use categories consisted of artificial surfaces,
avocado, exotic forest, grassland, gorse and broom, kiwifruit, manuka and kanuka,
mangroves, native forest, shadow, and water bodies. Using the inbuilt support vector machine

model in ArcGIS Pro, along with the ground truth points and the satellite imagery, land-use
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maps were created with an accuracy of 85%, 87% and 89%. The maps were then reclassified
into three categories: native woody vegetation, exotic woody vegetation, and non-woody
vegetation. After this, the three maps were merged to cover the full extent of the study area,
which finally allowed the creation of a native woody vegetation mask and a woody

vegetation mask for the study area.

Once the land-use maps were created, the percentage of each class was calculated within
buffers around the avocado orchards. To account for any effects of spatial scale on
relationships between landscape factors and pest communities, | created three buffer sizes:
250 m, 500 m and 1 km. I used the tabulate tool in ArcGIS Pro to quantify the percentage of
each vegetation class within each of the 250 m, 500 m, and 1 km buffers around orchard.
Cohesion was calculated using the ‘landscapemetrics’ package in R, for each of the buffer

sizes around the orchards.

3.3.2.3 Spectral diversity mapping

Spectral diversity metrics were calculated using the ‘BiodivMapR’ package in R, which was
developed for mapping alpha and beta diversity using remotely sensed images (J. Féret &
Boissieu, 2020). For this analysis, the WV3 image was chosen as the input imagery as it had
more spectral bands than the SkySat image. To allow for the analysis of native vegetation
only and all woody vegetation, the package was ran twice with a mask of each applied to the
WV 3 image. The vegetation masks were used to exclude the large spectral differences
between grassland and vegetation in the study site which would cause strong contrasts based
on spatial heterogeneity rather than biodiversity per se. Distinguishing between native and
woody vegetation also allowed me to investigate the relative importance of native vegetation
versus all vegetation for pest communities and production. BiodivMapR uses the concept of
spectral species to categorize pixels. Rather than quantifying the exact number of species it

focuses on the diversity of species. The package allows the user to define the number of
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“species” and the window size. Window size represents the number of pixels included in each
spectral diversity data point, a window size of ten corresponds with 10x10 pixels. Based on a
study done by Roberston et al., (2022) who investigated the effects of the different window
sizes and spectral species selected, | used a pixel window of 9 and 20 spectral species. From
the map created by the BiodivMapR model, | calculated alpha and beta diversity metrics
using the different sized buffers around each sampled orchard. These included functional
richness, functional evenness, functional divergence, and species richness (Villéger et al.,
2008). A dissimilarity matrix of spectral Bray-Curtis dissimilarity was also created to
describe plant species beta diversity across each sampled buffer zone. To ensure relevant
comparisons between sites, the number of pixels within each polygon was compared among
sites at every buffer size, ensuring a consistent amount of data points for calculating the
metrics at each site. Ground truthing was also done to check whether general differences

between the orchards line up with observed data.

3.3.3 Statistical analysis

To test for the relative effects of the different landscape metrics on avocado production and
pest abundances, | constructed Generalised Linear Models (GLMs) for each response variable
including the full set of eight landscape metrics as predictors to create maximal models. The
response variables included thrips abundance, leafroller abundance, mealybug and scale
abundance, yield per hectare and fruit quality. The predictors included the percentage of
native and woody vegetation, the cohesion of native and woody vegetation, spectral native
and woody functional divergence and spectral native and woody species richness. A total of
18 maximal models were constructed using the six production and pest response variables at
the three spatial scales (the three buffer sizes). All the data in this analysis was modelled on a
Gaussian distribution. In this study, | was unable to use a Poisson distribution to model pest

abundance due to the value being per survey per tree, so it was non-discrete count data. Due
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to assumptions of normality and homogeneity of variance being violated, three of the
response variables (leafroller, mealy bug and scale, and fruit quality) were log-transformed.
For the mealy bug and scale (MBS) abundance response variable, | added a small constant of
one so that values of zero could be modelled. Both the response and predictor variables were
mean-centred and scaled to the standard deviation to allow for comparability among effect
sizes. Spatial autocorrelation was tested on each full model to determine independence
among observations. This was done using the ‘moran.test’ function within the ‘spdep’
package (Bivand et al., 2023), which indicated that neighbouring orchards were not more

alike than expected by chance alone.

To accommodate the large number of landscape variables that could have some effect on the
production of the orchards and the pest communities, as well as the fact that multiple
competing models with different predictor sets could yield equivalent AlCc scores (i.e. within
2 AIC units), I applied a model averaging approach following that of Morgan et al., (2022).
For each full model, the ‘dredge’ function in the ‘MuMIn’ package was used to generate
models using various predictor combinations and to calculate AlCc scores. This computes all
models for every predictor variable combination and ranks them based on AlCc (Barton,
2023). Models that had a difference in AICc of <2 compared to the model with the lowest
AICc were selected for model averaging. This threshold was chosen to balance between
reducing the uncertainty of the averaged coefficients and not including too many models
(Grueber et al., 2011). The ‘MuMIn’ packages 'model.avg' function was used to generate the
reduced set of models and conduct maximum likelihood model averaging. By utilizing the
zero method (full average) in model averaging, parameter estimates were assigned a value of
zero if they were not present in the subset models (Burnham et al., 2002). This was done
before calculating the overall averaged parameters and reduces the effect sizes and errors of

predictors that are only included in models with low weights (Nakagawa & Freckleton,
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2011). The model averaging function also provided the total sums of Akaike weights for each
term across all models that include that term. These values can be interpreted as indicators of
variable importance (Jochum et al., 2017). Akaike-weighted likelihood-ratio based pseudo-R?
values were computed for each subset model within each averaged model set (Cox & Snell,
1989). To assess model fit, these values from the subset models were averaged to calculate an
R?value for each of the 18 averaged models. Confidence intervals (95%) were compared to

estimate the uncertainty associated with the model parameters.

To test my hypothesis that there are indirect effects of the landscape variables on avocado
production through changes in the abundance of pests and pollinators in the orchards, I
developed Structural Equation Models (SEMs) at the 500 m and 1 km buffer, integrating
pollinator abundance from the prior chapter (Table A2.2-3). This statistical approach allowed
me to determine the direct and indirect effects of the landscape on avocado production. These
models included 15 orchards due to two orchards not overlapping in both data sets. SEMs
were built using the ‘piecewiseSEM’ package. The hypothetical, maximal model at each
buffer size included all landscape variables (Figure 3.2). The minimal adequate models
included the landscape variables found to be important for determining pest and pollinator
abundance in the averaged models for that buffer size (Table A2.2-3 and A3.2-3). There were

no significant landscape effects on pest and pollinator abundances at the 250 m buffer, hence
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there was no SEM constructed for data at this spatial scale.

Landscape variables Insects Production
Native vegetation
(%)

Woody vegetation

Native vegetation
cohesion

Leafroller

Woody vegetation
cohesion

Spectral native
Fdiv

Spectral woody
Fdiv

Spectral native
SR

N

Fruit quality

Pollinators

Spectral woody
SR

Figure 3.2: Diagram illustrating the hypothesized maximal structural equation model. Each
box represents a different measured variable, while the arrows indicate the relationships and
connections between these variables.

3.4 Results

In total, there were 5705 pest species observed by the pest monitoring. Thrips were the
dominant species, making up 80% of the total observed pests (Table 3.3). Average production
per orchard ranged from 1124 to 3624 trays per hectare and the proportion of fruit sent to
export markets ranged from 48% to 61%. My analyses revealed that no individual landscape
factor prominently accounted for the variation in production or pests. Instead, it seemed that a
combination of several landscape variables played a role, as most of the final models
included multiple landscape features that were important predictors of variation in pest

abundance and avocado production. My ability to detect the effects of landscape structure on
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avocado production and pests was strongly dependent on the spatial scale at which the
analyses were conducted. For example, the production response variables had higher R?
values at the smallest scale and the pest abundance variables had the highest R? values at the

middle scale (Table A3.1-3).

Table 3.3: Total pest numbers recorded in the spray diaries.

Pest group Total
Thrips 4573
Leafroller 870
MBS 262
Total 5705

3.4.1 Pest abundance
The relationship between thrips abundance and landscape variables was strongly dependent

on the spatial scale, with the strongest effect observed at the 500 m buffer, exhibiting an R? of
0.76 and being supported by only two top models (Table A3.2, Figure 3.3). This indicates
that approximately 76% of the variation in thrips abundance could be explained by the
landscape variables within this buffer zone. The two top models selected in the averaged
model for thrips at the 500 m buffer encompassed five landscape variables, three of which
had a significant positive impact: percentage of native vegetation cover, native functional
divergence, and percentage of woody vegetation cover (P < 0.05, Table A3.2, Figure 3.3).
This aligns with my prediction that an increase in woody vegetation within the landscape
would correspond with a rise in thrips abundance. There was also a significant negative effect
of native vegetation cohesion, implying that an increase in the landscape connectivity of
native vegetation leads to a decrease in thrips abundance (P < 0.05, Table A3.2, Figure 3.3).

At the 250 m and 1 km buffers, the landscape variables exhibited a limited capacity to
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explain variability in thrips abundance, as reflected by R? values of 0.16 and 0.19

respectively (Table A3.1 & A3.3, Figure 3.3).

Variation in leafroller abundances were also best explained by landscape variables at the 500
m buffer, with an R? of 0.55 versus 0.07 at the 250 m buffer and 0.02 at the 1 km buffer
(Table A3.1-3, Figure 3.3). At the 500 m buffer the model selection procedure yielded only a
single top model, revealing a significant positive effect of native vegetation, native species
richness, and woody vegetation on leafroller abundance (P < 0.05, Table A3.2, Figure 3.3).
Contrary to my hypothesis that plant diversity would lead to the suppression of insect pests,
the data suggests that an increase in plant species richness leads to higher leafroller
abundances (Table A3.1-3, Figure 3.3). The percentage of native vegetation was also found

to have the highest variable importance at the 250 m and 1 km buffer (Table A3.1 & A3.3).

The variance in MBS abundance was best explained by the landscape variables at the 500 m
buffer as indicated by the high R? of 0.45 (Table A3.2, Figure 3.3). Out of the five landscape
variables in the top model at the 500 m buffer, none were found to have a significant effect
on MBS. However, as predicted, woody cohesion was the most important aspect of landscape
structure in explaining the variance in MBS at the 500 m buffer, having the highest variable
importance of 0.878 (Table A3.2, Figure 3.3). At the 250 m and 1 km buffer, the landscape
variables poorly explained the variance in MBS abundance with the R? values being 0.21 and
0.04. This meant that at the 250 m buffer, only 21% of the variance in MBS abundance was
explained by the landscape variables and at the 1 km buffer only 4% (Table A3.1-3, Figure
3.3). The variance in the abundance of MBS was the worst predicted out of the three pest
groups at the 500 m buffer (Table A3.2, Figure 3.3).

3.4.2 Pest diversity

Pest diversity was relatively invariant across the gradients of landscape scales and

characteristics that were quantified in this study. This was demonstrated by a lack of
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significant effects, along with low R? values (Table A3.1-3, Figure 3.3). The highest R? value

was observed at the 500 m buffer scale being 0.086 (Table A3.2, Figure 3.3).
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Figure 3.3: Effect sizes from averaged models for each pest abundance attribute and pest
diversity at each buffer size (200 m, 500 m, and 1 km). Predictors are coloured according to
the four categories of landscape vegetation factors: spectral functional divergence, species
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richness, cohesion of vegetation cover, and percentage cover. Circles represent woody
vegetation and triangles represent the native vegetation mask. Filled in shapes represent
significant values. Abbreviations are: MBS = mealy bug and scale insect pests; Fdiv =
functional divergence; SR = species richness.

3.4.3 Production

Avocado orchard yield was well predicted by the landscape variables used in this study at the
smallest 250 m buffer with the landscape variables explaining 49% of the variation in yield
(Table A3.1, Figure 3.4). However, at the 500 m and 1 km buffer scales, there was a very low
proportion of overall variation in yield explained by the landscape variables compared to the
250 m, with R? of 0.13 and 0.21, respectively. Notably, native functional divergence
appeared to be important as it featured in all three of the averaged models across the varying
buffer sizes and was significantly positively correlated with yield at the 250 m buffer (Table
A3.1-3, Figure 3.4). This suggests that increasing the functional divergence of native
vegetation surrounding the orchard increases the avocado yield (P < 0.01, Table A3.1). The
percentage of woody vegetation also had a positive significant effect on yield at the 250 m
buffer, indicating the increasing woody vegetation also causes an increase in fruit picked on

avocado orchards (P < 0.05, Table A3.1).

Fruit quality similarly was best predicted at the smallest buffer size, with 28% of the variance
in fruit quality explained by the landscape variables, although no significant effects were
observed (Table A3.1, Figure 3.4). Woody functional divergence seemed to play an important
role in determining fruit quality, being present at both the 250 m and 500 m buffer scales and

being the most important variable at each (Table A3.1-2, Figure 3.4).
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Figure 3.4: Effect sizes from averaged models for each production attribute at each buffer
size (200 m, 500 m, and 1 km). Predictors are coloured according to the four categories of
landscape vegetation factors: spectral functional divergence, species richness, cohesion of
vegetation cover, and percentage cover. Circles represent woody vegetation and triangles
represent the native vegetation mask. Filled in shapes represent significant values.
Abbreviations are: MBS = mealy bug and scale insect pests; Fdiv = functional divergence;
SR = species richness.

3.4.4 Insect pests and pollinators moderate landscape effects on avocado production

Through applying a structural equation modelling approach, my analyses revealed indirect
effects of landscape structure on avocado production via changes in densities of known insect
pests and pollinators of avocado trees. However, my ability to detect these intermediary
effects depended on the scale examined. At the 500 m scale, the R? values for all the insect
variables ranged from 0.62-0.81, whereas at the 1 km buffer the R? values for the insect
variables were below 0.03 (Table A3.4-6). At the 500 m buffer, the model incorporating all
landscape variables exhibited a lower AIC than the model incorporating only the landscape
variables with statistically significant effects on insect variables, indicating that the maximal

model provided a better fit to the data compared to the simplified model. Despite having
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relatively low replication of study sites (n = 15) the SEM maintained high R? values, with the
highest R? value of 0.81 found for thrips at the 500 m buffer (Table A3.4, Figure 3.5).
Conversely, at the 1 km buffer, the minimal adequate SEM comprising only spectral native
species richness as an exogenous landscape structure variable yielded a lower AIC than the
maximal model (Table A3.6, Figure 3.6). This highlights the importance of native species
richness in shaping the relationship between avocado production, insect pests and pollinators

at this buffer size.

In the SEM analysis at the 500 m buffer, there were varied effects of the landscape variables
on thrips density. Specifically, the percentage of native vegetation and spectral native
functional divergence had positive influences, increasing thrips abundance, while native
vegetation cohesion had a negative impact, reducing thrips densities (P < 0.05, Table A3.4,
Figure 3.5). Contrary to expectations, increasing thrips density had positive effects on
avocado yield, meaning that the percentage of vegetation cover and spectral native functional
divergence had indirect positive effects on yield via thrips density, whereas native vegetation
cohesion indirectly reduced yield due to its negative influence on thrips (P < 0.05, Table
A3.4, Figure 3.5). In the SEM at the 500 m buffer, landscape variables did not have
significant effects on leafroller abundance, but leafroller abundance had a negative impact on
avocado yield. This suggests that despite the landscape variables measured having no effect
on leafroller populations, the presence of leafroller had a subsequent effect on avocado

production (P < 0.05, Table A3.4, Figure 3.5).

Similar to thrips, the landscape variables used in this study had mixed effects on pollinator
abundance at the 500 m SEM. Specifically, the percentage of native vegetation had a positive
influence, increasing pollinator abundance, while native vegetation cohesion had a negative
impact, reducing pollinator abundance (P < 0.05, Table A3.4, Figure 3.5). Contrary to
expectation, increasing abundances of pollinators did not have a significant effect on avocado
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yield (Figure 3.5). The percentage of native vegetation and native vegetation cohesion both
exhibited similar effects on both pollinator and thrips abundances (P < 0.05, Table A3.4,
Figure 3.5). This means increasing the abundance of pollinators on avocado orchards through
increasing native vegetation and decreasing the connectivity of the native vegetation also
increases the abundance of thrips. At the 1 km buffer, there were no significant effects of

spectral native species richness on insect abundance (Table A3.6, Figure 3.6).
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Figure 3.5: Minimum adequate SEM testing for the effects of landscape structure on pest and pollinator insects and avocado production at a

500 m buffer. Arrows represent causal paths from predictor to response variables. Blue and red arrows denote positive and negative effects,
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respectively, with the widths of the arrows scaled to represent standardized estimates. Solid arrows denote statistically significant relationships
and dashed arrows indicate non-significant relationships that were retained in the minimum adequate SEM. Numbers adjacent to significant

effects indicate the raw path coefficients. Abbreviations are: MBS = mealy bug and scale; Fdiv = functional diversity; SR = species richness.
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Figure 3.6: Minimum adequate SEM testing for the effects of landscape structure on pest and pollinator insects and avocado production at a 1
km buffer. Arrows represent causal paths from predictor to response variables. Blue and red arrows denote positive and negative effects,
respectively, with the widths of the arrows scaled to represent standardized estimates. Solid arrows denote statistically significant relationships
and dashed arrows indicate non-significant relationships that were retained in the minimum adequate SEM. Numbers adjacent to significant

effects indicate the raw path coefficients. Abbreviations are: MBS = mealy bug and scale; Fdiv = functional diversity; SR = species richness.
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3.5 Discussion

Overall, I found that there was no dominant landscape variable that could solely explain
avocado production with the response variables yield and fruit quality having different
combinations of landscape variables in the final models. There is varied evidence for how
orchard production responds to the landscape found across published studies (Sinare &
Gordon, 2015). The percentage of native vegetation cover in the landscape appeared to
explain pest abundance well at the middle scale (i.e., 500 m buffer). However, at the smaller
and larger scales, there were no key landscape variables that could explain pest abundance.
How pests respond to landscape complexity has been inconclusive in published studies
compared to natural enemies, with multiple landscape variables having varying effects on
pest abundance (Bianchi et al., 2006; Chaplin-Kramer et al., 2011). Furthermore, my findings
highlighted a trade-off associated with ecological intensification, where landscape variables

had similar effects on both pests and pollinator abundance.

In this study, the scale that the relationship was looked at showed some interesting patterns
with the production variables explained best at the smallest scale and the pest variables
explained best at the middle scale. Other studies have also found that the 500 m buffer was
the most likely scale at which effects of landscape structure on invertebrate pests might be
detected. This is thought to be linked to the dispersal abilities of the pests, where their
movements and interactions with landscape features might be more pronounced within a 500
m radius (Tsafack et al., 2016). This explanation aligns with the limited dispersal ability of
thrips, which are not known for strong, long-distance flight but are rather influenced by
factors such as wind (Parker et al., 2013). However, there is limited research on the dispersal
abilities and home ranges of the other pest species investigated in this study on avocado

orchards which governs a point for further research.
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3.5.1 Pest abundance

Increasing the native vegetation within the surrounding landscape appeared to increase the
number of thrips and leafroller found on avocado orchards at the middle spatial scale. This is
opposite to what is expected with native vegetation being typically associated with increasing
the abundance of natural enemies which in turn, should decrease pest abundances (Pandey et
al., 2022). The failure of natural habitats to control pest abundance could be due to the
increase in native vegetation providing a disproportional benefit to pests than natural
enemies, providing important shelter and habitat for these pest species (Blitzer et al., 2012;
Tscharntke et al., 2016). Secondly, agricultural practices such as pesticide spraying,
monoculture farming and chemical fertilizers might negatively impact natural enemies and
promote pests, despite the surrounding native vegetation (D. K. Letourneau et al., 2011,

Tscharntke et al., 2016).

At the middle spatial scale, there was also positive effects of native vegetation diversity
(species richness and functional divergence) on the abundance of thrips and leafrollers. This
is the opposite to what was expected with research finding that increasing native diversity
increases the abundance and variety of natural enemies as well as disturbing the availability
of host plant resources for secondary consumers (Bianchi et al., 2006; Poveda et al., 2008;
Quijas et al., 2010; D. K. Letourneau et al., 2011; Chaplin-Kramer et al., 2011; Kremen &
Miles, 2012; Rusch et al., 2016; Isbell et al., 2017; Barnes et al., 2020). One potential reason
for this positive correlation between pests and native vegetation diversity could be that the
greater diversity provided increased habitat heterogeneity which increases insect pest

outbreaks (C.-J. Wang et al., 2023).

Landscape connectivity has been found to have diverse effects on herbivory, with outcomes
depending on the species of herbivores and the ecosystem under consideration (Maguire et

al., 2015). In this study, increased connectivity of native vegetation led to a decrease in the
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abundance of thrips. The negative impact on thrips in more connected natural landscapes can
be attributed to several factors, including the enhanced ability of native vegetation patches to
facilitate the movement of natural enemies (Macfadyen et al., 2015). Consequently, in less
naturally connected landscapes, herbivores may have fewer constraints and less control by
natural enemies, which can result in increased herbivory (Kruess & Tscharntke, 2000;

Roland, 1993; Terborgh et al., 2001; Maguire et al., 2015).

The abundance of the sap sucking pests mealy bugs and scale were not significantly
explained by the landscape variables in this study. This could be due to bottom-up effects
such as resource concentration within landscapes playing a more pivotal role in shaping pest
distributions than top-down influences in some systems (Root,1973; Chaplin-kramer et al,
2011). Another reason could be that current ways of measuring landscape complexity might
not capture the resource distributions of these pests. For example, in this study land cover
was measured coarsely into two categories “native” and “woody” which may not capture the
specific resources used by these pests (Chaplin-kramer et al, 2011). Woody vegetation was
the most important variable for predicting MBS abundance. Although not significant,
increasing the connectivity of woody vegetation at the middle spatial scale was associated
with an increase in the abundance of mealybug and scale insects. Unlike thrips and
leafrollers, which both possess the ability to fly at some stage in their life cycle, scale insects
are immobile and mealy bugs are sluggish walking insects (Gullan & Kosztarab, 1997,
McKenzie, n.d.). This could explain the importance of woody vegetation connectivity for the

movement of less mobile insects such as mealy bugs through the landscape.

3.5.2 Pest diversity

Pest diversity was poorly predicted by the landscape variables used in this study. In contrast,
a meta-analysis of crop pest responses to landscape complexity found an increase in pest
diversity with increasing landscape complexity (Chaplin-Kramer et al., 2011). The lack of a
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relationship between the landscape variables used in my study and pest diversity could be due
to several confounding factors. Firstly, the methods and landscape variables used in this study
may not capture the distribution of resources for pests which may be more important for
determining what species are present (Chaplin-Kramer et al., 2011). Secondly, it could be
that the species that are recorded in the spray diaries are selected based on their significance
to market access and fruit damage. This meant that the dataset captured a reduced subset of
overall insect pest diversity, leaving little room for variability in the pest diversity variable
and making it more challenging to detect significant relationships with landscape variables.
3.5.3 Production

Increasing the percentage of woody vegetation within the landscape at the smallest spatial
scale (i.e., within 250 m of an orchard) lead to an increased yield of avocados. A literature
review on the effect of woody vegetation on crop yield found mixed relationships caused
through multiple processes (Sinare & Gordon, 2015), suggesting the observed increase in
yield in my study could be due to several factors. Firstly, the increase in woody vegetation
might lead to improved regulation of microclimate conditions such as temperature and
humidity, influencing tree health and fruit development (Sinare & Gordon, 2015). This would
explain why the relationship was only found at the smallest buffer. Secondly, increased
woody vegetation around the crop could lead to the release of Volatile Organic Compounds
(VOCs) that signal to the avocado trees promoting growth, stress tolerance and fruit
production (Brilli et al., 2019). Increasing the functional divergence of native vegetation
increased the yield of avocado trees in this study. It is possible that this is linked to an
increase in pollinator activity, driven by the increased variety of native plants attracting a
broader range of pollinators close to the avocado trees (Isbell et al., 2017). However, analyses
conducted in my previous chapter did not provide any evidence for increasing pollinator

activity with increases in native vegetation functional divergence.
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Fruit quality (measured by the proportion of fruit sent to export markets) was also best
explained by aspects of the landscape at the smallest buffer size, which was in line with
findings for total avocado yield. Functional divergence of woody vegetation at the two
smallest buffer sizes was the most important variable and was marginally negatively
associated with the quantity of fruit designated for the export market. This decline in fruit
quality with woody vegetation divergence might be attributed to the rise in woody functional
divergence enhancing the abundance of pest species (Schellhorn et al., 2015). Therefore, this
observed relationship between fruit quality and wood functional divergence might be an
indirect consequence of these ecological dynamics, where an increase in woody functional
divergence enhances pests and ultimately influences fruit quality. In an effort to quantify the
indirect effect of the landscape on production, SEMs were constructed. By doing this we can
pinpoint how landscape variables impact intermediate factors such as pest abundance and
shed light onto the complex pathways in which landscape variables influence production.
This would then provide valuable insights for more effective pest management and
agricultural practices (Perez-Alvarez et al., 2018).

3.5.4 Insect pests and pollinators moderate landscape effects on avocado production
The abundance of leafroller had a negative effect on the yield of avocado trees, with higher
leafroller abundance being related to decreases in yield. This aligns with expectations of pest
species causing more pest damage in higher abundance (Pefia, 2003). Contrary to
expectation, an increased abundance of thrips had a positive effect on the yield of avocado
trees, despite the well-established knowledge that thrips cause economic loss through their
feeding and oviposition (Childers & Achor, 1995). The unexpected benefit of increasing
thrips abundance could be due to the increase in pest abundance not necessarily equating to
an increase in damage. At the middle scale SEM, spectral native functional divergence had an

indirect positive effect on yield via thrips density. Increasing native functional divergence
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could result in a dilution effect, where the presence of various plant species reduces the
impact of herbivores on any single plant species (Wetzel et al., 2016; Barnes et al., 2020).
This follows the concept of the “resource concentration hypothesis” which describes that as
resource diversity increases, the efficiency of consumers of those resources decreases (Otway
et al., 2005; Root, 1973; Barnes et al., 2020). Increasing plant diversity can also strengthen
natural pest control in ecosystems, with plants in high-diversity mixtures losing nearly half as
much energy to herbivores than in monocultures (Barnes et al., 2020). To draw definitive
conclusions about reduced herbivory, it would be necessary to gather additional data
regarding the feeding rates of herbivores on avocados and the attack rates of natural enemies

of these pests.

Interestingly there was no effect of thrips on fruit quality despite it being known that orchards
can lose up to 20% of fruit from export grade due to thrips damage (Stevens et al., 1999).
This further suggests that increased thrips densities are not causing an increase in damage to
crops in the orchards included in my study. The increase in yield with increasing thrips
density could also potentially be attributed to thrips, specifically flower thrips, which have
been suggested to function as pollinators of avocado in California due to their hairy bodies
and continuous presence around flowers (Hoodle, 2010; Cabezas, 2007). Although this study
did not detect any adult flower thrips, it’s worth noting that the juveniles of both flower and
greenhouse thrips appear indistinguishable and are grouped in the monitoring methods used,

leaving the possibility that they may still have been present and influencing pollination.

The abundance of pollinators had a non-significant effect on yield, which seems
counterintuitive given the assumption that more pollinators equate to higher yields
(Bartomeus et al., 2014). As observed in the previous chapter, pollinator responses to the
landscape vary between species with vastly different relationships found if honey bees were
included or not. If | was to separately analyse the abundance of each pollinator species in
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separate models, | may have been able to capture individual species that positively influenced
yield. Due to the low abundance across the orchards of the individual pollinator species this
was not possible in this study. Nevertheless, the low abundance of individual pollinator
species across the orchards in this study demonstrates the need for more extensive data
collection to more effectively examine the unique impacts of each pollinator species on

avocado yield and their relationship with the landscape.

In the SEM, both thrips and pollinators exhibited the same responses to the landscape
variables. Increasing the abundance of pollinators in avocado orchards by enhancing native
vegetation and reducing the connectivity of the native vegetation also led to an increase in
thrips abundance. This poses a potential trade-off, whereby using ecological intensification to
increase pollinator abundance could also increase the number of pests. This makes landscape
management challenging when trying to harness the landscape to maximize the natural
benefits of insect pollinators while minimizing potential damage from pests. Given that both
thrips and pollinators in this study are insects, it is reasonable to expect that they would
respond similarly to the increase in native vegetation as they may have many overlapping
requirements in terms of habitat and even resources. For example, thrips also feed on pollen
(Kirk, 1987) and both thrips and pollinators require vegetation as refugia from predators
(Delden et al., 1995; Majewska & Altizer, 2020). This trade-off highlights the importance of
taking into consideration the wider ecological implications of landscape management
strategies as altering one aspect of the ecosystem can have unintended effects on other
components (Saunders et al., 2016). Although thrips appeared to have a positive effect on the
yield of avocados in this study, further research and monitoring is necessary to fully
understand these dynamic relationships in avocado orchards. Future research could

investigate other factors that might mediate the impact of thrips on avocado yield, such as
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natural enemies, plant defence mechanisms or specific environmental conditions. This would

allow us to refine our understanding of the relationship between pests and yield.

3.6 Conclusion

This study highlights the complexity of the relationships between landscape variables, pest
and pollinator abundance, and avocado production. Despite native vegetation emerging as a
significant factor influencing pests, no single landscape variable could completely explain
pest abundance or productivity of avocado orchards. Landscape variables affected pest
abundance and production differently depending on the scale of the analysis. The interplay
between pollinators and thrips suggests potential trade-offs in managing pollinator
populations. This trade-off creates challenges around decision-making in landscape
management requiring managers to carefully balance enhancing the habitat for pollinators
without unintentionally increasing pest populations. This study highlights when assessing
ecological intensification as a management strategy there should be consideration into the

complex ecological interactions that occur at multiple spatial scales.
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3.8 Appendix

Table A3.1: Results from the model averaging for avocado pests and production at the 250 m
buffer scale. The table presents the average regression coefficients from the top models
(‘Standardized estimate’), the Akaike weight sum across all models that the explanatory
variables appear (‘Variable importance'), the significance level for each variable ('P value'),
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the number of times each variable appears in the top model (‘Model inclusions’), the total
number of models (‘Total models’) and the proportion of variance explained by the models
('R?). Abbreviations are: MBS = mealy bug and scale insect pests; Fdiv = functional
divergence; SR = species richness.

Standardized Variable P Model Total Averaged
Averaged model ) ) ) )
estimate importance value inclusions models  model R?
Yield
Woody
) 0.624 0.008 1 1 0.492
vegetation (%)
Spectral native
) 0.595 0.011 1
Fdiv
Fruit quality
Intercept 0.600 - 1.000 5 5 0.283
Spectral woody
) -0.525 0.879 0.107 4
Fdiv
Woody
vegetation -0.129 0.323 0.575 1
cohesion
Spectral native
_ 0.057 0.141 0.761 1
Fdiv
Woody
) -0.039 0.126 0.782 1
vegetation (%)
Thrips
Intercept -4.94E-16 - 1.000 8 8 0.162
Spectral native
) 0.257 0.474 0.475 4
Fdiv
Woody
vegetation 0.183 0.366 0.548 3
cohesion
Native vegetation
) -0.049 0.140 0.754 1
cohesion
Spectral woody
-0.048 0.110 0.774 1

SR
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Woody

) 0.069
vegetation (%)
Leafroller
Intercept 4.98E-17
Native vegetation
0.145
(%)
Native vegetation
) 0.056
cohesion
MBS
Intercept 2.89E-16
Native vegetation
) -0.370
cohesion
Spectral wood
p- y 0.180
Fdiv
Spectral wood
P y 0.083
SR
Pest diversity
Intercept -4.42E-17
Spectral wood
P Y -0.075
SR

0.192

0.377

0.196

0.755

0.365

0.198

0.289

0.712

1.000

0.554

0.734

1.000

0.237

0.524

0.681

1.000

0.688

3 0.072
4 0.203
2 0.019

Table A3.2: Results from the model averaging for avocado pests and production at the 500 m
buffer scale. The table presents the average regression coefficients from the top models
(‘Standardized estimate’), the Akaike weight sum across all models that the explanatory
variables appear (‘Variable importance'), the significance level for each variable (‘P value'),
the number of times each variable appears in the top model (‘Model inclusions’), the total
number of models (‘Total models’) and the proportion of variance explained by the models
('R?"). Abbreviations are: MBS = mealy bug and scale insect pests; Fdiv = functional

divergence; SR = species richness.

Standardized Variable P Total  Averaged
Averaged model . . )
estimate importance  value models  model R
Yield
Intercept 2.01E-16 - 1.000 6 0.136
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Spectral native

) 0.137
Fdiv
Spectral native
-0.097
SR
Woody
) 0.127
vegetation (%)
Spectral wood
p' y 0.081
Fdiv
Fruit quality
Intercept 2.66E-15
Spectral wood
p. Y -0.192
Fdiv
Woody
vegetation -0.083
cohesion
Spectral native
) -0.053
Fdiv
Thrips
Native vegetation
1.168
(%)
Native vegetation
) -0.971
cohesion
Spectral native
. 0.526
Fdiv
Woody
) 0.532
vegetation (%)
Spectral native
0.212
SR
Leafroller
Native vegetation
0.753
(%)
Spectral native
0.578
SR
Woody
) 0.779
vegetation (%)
MBS

0.351

0.284

0.263

0.147

0.448

0.197

0.180

1.000

1.000

1.000

1.000

0.545

131

0.568

0.639

0.644

0.724

1.000

0.502

0.691

0.741

0.000

0.001

0.002

0.010

0.379

0.004

0.006

0.024

4

2

1

0.098

0.759

0.548



Woody

vegetation 0.447 0.878 0.115 7 8 0.452
cohesion
Spectral native
) 0.269 0.622 0.333 5
Fdiv
Spectral woody
) 0.277 0.503 0.397 4
Fdiv
Spectral woody
0.147 0.294 0.574 2
SR
Native vegetation
) -0.113 0.281 0.596 2
cohesion
Pest diversity
Intercept 3.78E-16 - 1.000 2 2 0.086
Native vegetation
0.293 0.549 0.334 1
(%)
Native vegetation
-0.286 0.551 0.334 1

cohesion

Table A3.3: Results from the model averaging for avocado pests and production at the 1 km
buffer scale. The table presents the average regression coefficients from the top models
(‘Standardized estimate’), the Akaike weight sum across all models that the explanatory
variables appear ('Variable importance’), the significance level for each variable (‘P value’),
the number of times each variable appears in the top model (‘Model inclusions’), the total
number of models (‘Total models’) and the proportion of variance explained by the models
('R?). Abbreviations are: MBS = mealy bug and scale insect pests; Fdiv = functional
divergence; SR = species richness.

Standardized Variable P Model Total  Averaged
Averaged model ' . . . 5
estimate importance  value inclusions models model R
Yield
Intercept 3.73E-15 - 1.000 6 6 0.213
Native vegetation
) -0.269 0.566 0.387 4
cohesion
Spectral native
-0.236 0.325 0.575 2
SR
Spectral native
. 0.205 0.233 0.623 1
Fdiv
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Spectral woody
Fdiv

Woody
vegetation
cohesion

Fruit quality
Intercept
Native vegetation
cohesion
Thrips
Intercept
Spectral woody
Fdiv

Woody
vegetation
cohesion
Spectral native
Fdiv

Spectral native
SR

Woody
vegetation (%)
Leafroller
Intercept
Native vegetation
(%)

MBS

Intercept
Spectral native
Fdiv

Spectral native
SR

Pest diversity
Intercept
Woody

vegetation (%)

0.074

-0.046

-9.42E-17

-0.074

-1.16E-14

0.319

0.164

0.161

-0.148

0.047

1.46E-16

0.0758

-1.29E-16

0.075

0.057

-1.42E-16

-0.136

0.177

0.119

0.287

0.555

0.281

0.188

0.188

0.109

0.290

0.256

0.217

0.396

0.701

0.770

1.000

0.691

1.000

0.401

0.595

0.669

0.675

0.781

1.000

0.687

1.000

0.687

0.731

1.000

0.564

0.019

0.192

0.020

0.037

0.047
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Table A3.4: Results from the minimum adequate SEM constructed for the 500 m buffer scale.
This model was identical to the maximal model as indicated by AIC. The table presents the
raw path coefficients of relationships (‘Estimate’) and their standard errors (‘Std. Error’),
the range-standardised path coefficients (‘Std Estimate’), the significance level for each path
in the SEM (‘P value’) and the proportion of variance explained by the model (‘R?).
Abbreviations are: MBS = mealy bug and scale insect pests; Fdiv = functional divergence;
SR = species richness

Std. Std. R?
Response Predictors Estimate ) P value
Error Estimate value

MBS Native vegetation 0.005 0.005 0.489 0.405 0.62

(%)

Woody vegetation  2e-04 0.001 0.073 0.908

(%)

Native vegetation -0.004 0.003 -0.545 0.281

cohesion

Woody vegetation 0.074 0.058 0.503 0.248

cohesion

Spectral native 0.001 0.001 0.400 0.272

Fdiv

Spectral woody 0.000 0.001 0.208 0.832

Fdiv

Spectral native -0.001 0.010 -0.063 0.915

SR

Spectral woody 0.004 0.013 0.281 0.768

SR
Thrips Native vegetation 0.333 0.128 0.988 0.041 0.81

(%)

Woody vegetation 0.054 0.032 0.702 0.146

(%)

Native vegetation -0.205 0.081 -0.816 0.044

cohesion

Woody vegetation  -0.470 1.419 -0.091 0.752

cohesion
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Leafroller

Pollinators

Spectral native
Fdiv

Spectral woody
Fdiv

Spectral native
SR

Spectral woody
SR

Native vegetation
(%)

Woody vegetation
(%)

Native vegetation
cohesion

Woody vegetation
cohesion

Spectral native
Fdiv

Spectral woody
Fdiv

Spectral native
SR

Spectral woody
SR

Native vegetation
(%)
Woody vegetation
(%)
Native vegetation

cohesion

0.028

-4E-04

0.240

0.077

0.057

0.002

-0.002

0.370

0.003

-0.006

0.012

0.088

3.440

0.406

-2.202

0.011

0.030

0.242

0.307

0.029

0.007

0.018

0.324

0.003

0.007

0.055

0.070

1.374

0.343

0.864

0.580

-0.008

0.391

0.160

1.008

0.172

-0.035

0.428

0.338

-0.780

0.119

1.088

1.099

0.574

-0.944

0.046

0.991

0.360

0.810

0.100

0.775

0.939

0.296

0.323

0.416

0.832

0.256

0.046

0.281

0.044

0.65

0.75



Yield

Fruit
quality

Woody vegetation
cohesion

Spectral native
Fdiv

Spectral woody
Fdiv

Spectral native
SR

Spectral woody
SR

MBS
Thrips

Leafroller

Pollinator

abundance

MBS

Thrips
Leafroller
Pollinator

abundance

-6.304 15.187

-0.069 0.118
0.243 0.318
0.955 2.589
1.010 3.283

9210.609 8202.319
543521  216.563
- 1412.998
4146.722
-5.046 27.659

-4.646 5.239
0.065 0.138
-1.403 0.903
0.009 0.018

-0.131

-0.156

0.578

0.168

0.225

0.290

0.600

-0.765

-0.052

-0.306

0.150
-0.542
0.202

0.693

0.579

0.474

0.725

0.769

0.288

0.031

0.015

0.859

0.396

0.649
0.151
0.605

0.60

0.29
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Landscape variables Insects Production

Native vegetation
(%)

R2=0.40
Woody vegetation| Thrips
(%)

N R2=0.60

Native vegetation | .~ :
cohesion Yield

R2=0.63

Leafroller
Woody vegetation| -
cohesion
Spectral native _
Fdiv RZ=0.19
MBS
T R R2=0.29

Spectral woody e ; ;
Ediv ) ﬁ Fruit quality
Spectral native R2=065
SR Pollinators
Spectral woody
SR

Figure A3.1: Maximal SEM testing for the effects of landscape structure on pest and pollinator insects and avocado production at a 1 km buffer.
Arrows represent causal paths from predictor to response variables. Blue and red arrows denote positive and negative effects, respectively, with
the widths of the arrows scaled to represent standardized estimates. Solid arrows denote statistically significant relationships and dashed
arrows indicate non-significant relationships that were retained in the minimum adequate SEM. Numbers adjacent to significant effects indicate
the raw path coefficients. Abbreviations are: MBS = mealy bug and scale; Fdiv = functional divergence; SR = species richness
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Table A3.5: Results from the maximal SEM constructed for the 1 km buffer scale. The
table presents the raw path coefficients of relationships (‘Estimate’) and their standard
errors (‘Std. Error’), the range-standardised path coefficients (‘Std Estimate’), the
significance level for each path in the SEM (‘P value ) and the proportion of variance
explained by the model (‘R?’). Abbreviations are: MBS = mealy bug and scale insect
pests; Fdiv = functional divergence; SR = species richness.

_ _ Std. Std. R?
Response Predictors Estimate ) P Value
Error  Estimate value
MBS Native
_ 0.004 0.009 0.400 0.660 0.19
vegetation (%)
Woody
_ 0.001 0.003 0.344 0.710
vegetation (%)
Native
vegetation -0.002 0.008 -0.189 0.816
cohesion
Woody
vegetation -0.053 0.179 -0.209 0.777
cohesion
Spectral native
] 2e-04 0.001 0.187 0.862
Fdiv
Spectral woody
) 0.001 0.001 0.425 0.535
Fdiv
Spectral native
0.002 0.008 0.281 0.788
SR
Spectral woody
-0.003 0.013 -0.158 0.799
SR
Thrips Native
_ 0.144 0.271 0.398 0.613 0.40
vegetation (%)
Woody
_ 0.031 0.077 0.305 0.702
vegetation (%)
Native
vegetation 0.049 0.244 0.135 0.847
cohesion
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Leafroller

Pollinators

Woody
vegetation
cohesion
Spectral native
Fdiv

Spectral woody
Fdiv

Spectral native
SR

Spectral woody
SR

Native
vegetation (%)
Woody
vegetation (%)
Native
vegetation
cohesion
Woody
vegetation
cohesion
Spectral native
Fdiv

Spectral woody
Fdiv

Spectral native
SR

Spectral woody
SR

Native
vegetation (%)

-0.400

0.035

0.020

-0.217

-0.004

0.082

0.003

-0.024

-0.022

0.004

0.002

-0.005

0.009

4.737
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5.402

0.029

0.036

0.255

0.390

0.036

0.010

0.032

0.710

0.004

0.005

0.034

0.051

1.925

-0.045

1.042

0.307

-0.732

-0.006

1.352

0.185

-0.395

-0.015

0.747

0.199

-0.102

0.072

1.406

0.943

0.284

0.601

0.429

0.992

0.060

0.767

0.482

0.976

0.324

0.665

0.886

0.864

0.049

0.63

0.65



Woody 0.191 0.549 0.202 0.740
vegetation (%)

Native -3.517 1.733 -1.042 0.089
vegetation
cohesion
Woody -33.441  38.400 -0.404 0.417
vegetation
cohesion
Spectral native -0.041 0.208 -0.132 0.852
Fdiv
Spectral woody 0.315 0.253 0.531 0.259
Fdiv
Spectral native 1.187 1.814 0.432 0.537
SR
Spectral woody 1.002 2.770 0.142 0.730
SR
Yield MBS 9210.609 8202.319  0.290 0.288 0.60
Thrips 543.521  216.563 0.600 0.031
Leafroller - 1412.998 -0.765 0.015
4146.722
Pollinator -5.046 27.659 -0.052 0.859
abundance
Fruit MBS -4.646 5.239 -0.306 0.396 0.29
quality
Thrips 0.065 0.138 0.150 0.649
Leafroller -1.403 0.903 -0.542 0.151
Pollinator 0.009 0.018 0.202 0.605
abundance

Table A3.6: Results from the minimum adequate SEM constructed for the 1 km buffer
scale. The table presents the raw path coefficients of relationships (‘Estimate’) and
their standard errors (‘Std. Error’), the range-standardised path coefficients (“Std.
Estimate’), the significance level for each path in the SEM (‘P value’) and the
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proportion of variance explained by the model (‘R?’). Abbreviations are: MBS = mealy
bug and scale insect pests; Fdiv = functional divergence; SR = species richness.

_ _ Std. Std. R?
Response Predictors Estimate ] P Value
Error  Estimate value
MBS Spectral native 0.002 0.002 0.179 0.524 0.03

SR

Thrips Spectral native -0.019 0.082 -0.063 0.824 0.00
SR

Leafroller  Spectral native 0.008 0.014 0.158 0.574 0.02
SR

Pollinators Spectral native -0.242 0.759 -0.088 0.755 0.01

SR

Yield MBS 9210.609 8202.319  0.290 0.288 0.60
Thrips 543.521  216.563 0.600 0.031
Leafroller - 1412998 -0.765 0.015

4146.722

Pollinator -5.046 27.659 -0.052 0.859
abundance

Fruit MBS -4.646 5.239 -0.306 0.396 0.29

quality
Thrips 0.065 0.138 0.150 0.649
Leafroller -1.403 0.903 -0.542 0.151
Pollinator 0.009 0.018 0.202 0.605
abundance
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Chapter 4

Thesis synthesis

4.1 Discussion

Landscape ecology investigates the relationship between aspects of the landscape and
ecological processes, offering insight into how landscape configuration and composition
influence biodiversity (Hadley & Betts, 2012; Pimm & Raven, 2000; M. G. Turner &
Gardner, 2015). Agroecosystems are the most common ecosystem in the Anthropocene
and one of the largest drivers of habitat loss and fragmentation (DeClerck et al., 2016;
Santos et al., 2021; Tilman et al., 2001; Coristine & Kerr, 2011). The study of landscape
ecology helps contribute to our understanding of intricate environmental interactions
within agroecosystems and facilitates the integration of ecological intensification into
management strategies (Coristine & Kerr, 2011; Doltra & Olesen, 2013; Raj et al.,
2021; Tilman et al., 2001). Remote sensing technology provides important tools for
studying these interactions by allowing large-scale and multi-temporal data collection
(Jacobsen et al., 2000; Foody et al., 2004; Mcmorrow et al., 2004; Groom et al., 2006).
My thesis aimed to examine how landscape features influence insects (pests and
pollinators) in avocado orchards using remote sensing, with the added goal of
understanding their influence on production. I specifically aimed to evaluate whether
landscape vegetation, connectivity, spectral species richness and spectral functional

divergence could explain patterns observed in pollinators and pests.

In Chapter 2, | analysed how pollinator diversity, activity, biomass, and body size
varied with changes in the landscape, revealing complex interactions contrasting
previous findings where woody vegetation appeared more important than native
vegetation. In Chapter 3, I investigated how landscape features affect avocado pest
abundance and production. | examined the influence of the same landscape variables on

thrips, leafroller, mealy bug and scale insect abundances, as well as species richness,
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yield and fruit quality. This study uncovered complex relationships between the
landscape and insect pests and pollinators of avocados and avocado production,
highlighting the importance of considering multiple variables in landscape management

strategies.

Sustaining pollinator numbers and reducing pest numbers is of significant interest with
an estimated 40% of species in 47 taxonomic groups already disappeared from
intensively managed agroecosystems globally (Newbold et al., 2015; Isbell et al., 2017).
There is strong evidence that increasing the diversity of vegetation in agroecosystems
increases crop yield (Kier et al., 2009), pollinator abundance (Kennedy et al., 2013) and
pest suppression (D. K. Letourneau et al., 2011). Despite a general relationship between
the landscape and insects being established, studies have found mixed results on how
insects respond to landscape variables in different crops and locations (Kennedy et al.,
2013; Sinare & Gordon, 2015). Therefore, the findings presented in these chapters
contribute valuable insights into the complex relationship between insect pests and
pollinators of avocados and landscape ecology within a New Zealand context.

4.1.1 Enhancing pollinator biodiversity in agroecosystems

Agriculture intensification decreases pollinator richness through the removal of natural
habitat and the homogenisation of cultivated landscapes (Kennedy et al., 2013;
Bartomeus et al., 2014). The decline in pollinator biodiversity is of concern due to 75%
of agricultural crops heavily relying on insect pollinators (Klein et al., 2007; Willcox et
al., 2019). Aspects of landscape structure and composition are recognized as having
impacts on pollinators, but the specific mechanisms that drive these impacts are still
being explored (E. Benjamin et al., 2014). Various aspects of landscape configuration
have been shown to enhance pollinator abundance in different studies (Kennedy et al.,
2013). There is strong evidence that increasing plant diversity promotes pollinator

biodiversity (Isbell et al., 2017), as well as increasing native vegetation and connectivity
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of the landscape (Leibold et al., 2004; Marini et al., 2014; Nicholls & Altieri, 2013).
Although there have been many studies investigating the relationship between
landscape structure and composition and pollinators, the majority of these have focused
on land cover and patch isolation (N. Joshi et al., 2016; Schiepp et al., 2014; Willcox et
al., 2018), and for avocado crops are based overseas (Adan et al., 2021; Sagwe et al.,
2021; Toukem et al., 2020). Studying the response of pollinator insects to landscape
structure and composition in New Zealand can provide insights into the dynamics of
these interactions within the context of New Zealand’s climate and the specific
pollinator species present in the country. My results thereby show important insight into
the different landscape features that could be useful for developing more ecologically

intensive practices in the New Zealand avocado industry.

In Chapter 2, | assessed the influence of landscape features on avocado insect
pollinators on 24 orchards within the Katikati region. | calculated the percentage of
vegetation, cohesion, spectral species richness and functional divergence for both native
vegetation and all woody vegetation in three buffer sizes surrounding the orchards. My
results showed that no individual dominant landscape variable could account for the
changes in pollinator diversity, activity, biomass and size. The difficulty of identifying a
singular landscape feature responsible for these changes has been acknowledged in
previous studies (Kennedy et al., 2013). This highlights that the multiple interacting
factors at the landscape scale make it challenging to single out specific landscape
features (Rundlof et al., 2008). In my study, woody vegetation stood out as having more
influence on pollinators than native vegetation. This finding, to the best of my
knowledge, is not well documented but could be due to the provisioning of
supplementary resources outside of mass flowering (Staab et al., 2020). The benefit of
having a mixture of both native and exotic vegetation in the landscape gives a new

perspective to enrichment planting.
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There was a large amount of unexplained variation driving differences in pollinator
biodiversity that remains to be explored. | suspect that the landscape variables selected
in this study did not fully capture the aspects of the environment that these pollinator
species rely on. There may be other unmeasured landscape variables relating to nesting
habitats and food resources that could contribute to this unexplained variation (Willcox
et al., 2018). For example, it was found that the distribution of nesting resources had a
significant effect on female bee community composition (Wray & Elle, 2015). Results
from this chapter add to our growing understanding of how factors at the landscape
scale can influence the structure of pollinator communities observed within orchards.
My study shows that planting native vegetation should not be relied on as a blanket
solution to increasing pollinator biodiversity. Instead, a more effective approach might
involve planting mixes of exotic and native species in the landscape surrounding
orchards.

4.1.2 Mitigating pest abundance and boosting crop yield

With the growing human population requiring 60% more food produced annually as
well as the increasing need to produce food more sustainably, reducing pest damage is
essential (Alexandratos & Bruinsma, 2012; Grafton et al., 2015; Oliveira et al., 2014).
The use of chemical pesticides is currently failing to be economically or ecologically
sustainable (Fernandez-Cornejo et al., 2009; Chaplin-Kramer et al., 2011), which is
driving researchers to look at how landscape patterns can influence outbreaks and
control of pests (With et al., 2002; Isbell et al., 2017). Pest abundance has been found to
have general links with plant diversity, whereby increases in vegetation diversity cause
increases in the natural control of pests and disrupt the availability of host plant
resources (Bianchi et al., 2006; Poveda et al., 2008; Quijas et al., 2010; D. K.
Letourneau et al., 2011; Chaplin-Kramer et al., 2011; Kremen & Miles, 2012; Rusch et

al., 2016; Isbell et al., 2017). Despite these general links, there are still gaps in our
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understanding of how insect pests respond to landscape variables (Jonsen & Fahrig,
1997; D. k. Letourneau & Goldstein, 2001; Chaplin-Kramer et al., 2011), with
particularly limited research on avocado pests (Adan et al., 2021; Toukem et al., 2020).
Analysing how pest insects respond to landscape structure and composition in New
Zealand can offer a valuable understanding of the dynamics of these interactions within
the context of New Zealand’s climate and the specific pest species important to the New
Zealand avocado industry. Consequently, my findings demonstrate insight into
landscape features that could be useful for developing more ecologically intensive

methods of pest control in the New Zealand avocado industry.

Chapter 3 looked at the relationships between pest abundances and production data and
landscape features for 17 avocado orchards, focusing on the same landscape features as
in Chapter 2. The results revealed that similar to the pollinators, there was no singular
dominant landscape variable capable of fully explaining pest abundance or avocado
orchard productivity. However, native vegetation appeared to be the most influential
variable for pest abundance. Through modelling the various direct and indirect
pathways in which landscape structure could influence the production of avocados, |
found important trade-offs between increasing pollinator abundance and increasing
thrips abundance. This trade-off highlights that methods to increase crop productivity
through enhanced pollinator abundance might unintentionally lead to an increase in
thrips. Therefore, consideration into the complex interactions and trade-offs presented
by altering the landscape is required in landscape management (Saunders et al., 2016).
4.1.3 Research outcomes and future directions

My thesis shows that increasing the native vegetation within the landscape does not
simply increase pollinators and decrease insect pests present on avocado orchards.
Rather there is a complex suite of direct and indirect effects that influence these species.

Together, my chapters investigated aspects of the environment for orchard and
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landscape management strategies to focus on. Therefore, this thesis presents a thorough
evaluation of how landscape features impact avocado insects and production, shedding
light on the intricate relationships between landscape structure and composition and
pests and pollinators within agroecosystems. The takeaway for orchard and restoration
managers is that a one-size-fits-all solution is not applicable. Instead, a tailored
approach considering multiple factors and ecological interactions is essential. To my
knowledge, my results present the most comprehensive study to date of the influence of
landscape structure and composition on pest and pollinators in avocado agroecosystems
in New Zealand and provides valuable insights into sustainable management practices

for the industry’s future.

The outcomes of my research offer promising avenues for further investigations.
Regarding Chapter 2, more research on the movement of pollinators away from crops is
required to understand whether the increase in conservation areas (i.e. native plantings
or hedge rows) around orchards will promote the movement of pollinators away from
crops (Blitzer et al., 2012). Increasing the number of sampling points and including a
wider range of landscape types in future studies might result in more pronounced
relationships between the landscape and pollinators. In this study, | was limited by the
amount of pollinator traps I had which reduced the number of orchards | was able to
sample. Only having 24 orchards may have restricted my ability to detect potentially
important relationships. The size of the satellite imagery used also played a role, as
orchards needed to be located at least 1km from the edge of the imagery, which further
constrained the selection and distribution of study sites. Additionally, conducting
pollinator sampling at various times during the avocado flowering period could provide
a more comprehensive understanding of these relationships. The exact timing of
avocado flowering is determined by site specific physical characteristics and different

locations can exhibit variations in timing (Phenology, n.d.). Sampling over multiple
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points of the flowering period would account for any potential fluctuations in pollinator

biodiversity at the different stages of flowering.

In relation to Chapter 3, expanding the number of orchards included in the study might
have provided more support for the variations in pest populations and production
outcomes found in this study. Another limitation in Chapter 3 was that the data on pests
was sourced through citizen science efforts. Citizen science has allowed ecological
studies to increase in scale and scope. However, there are some challenges with working
with citizen science data such as error and bias due to variations in observer quality
(Dickinson et al., 2010). In the case of avocado pest monitoring the variation of industry
operators and orchard owners conducting monitoring could introduce variability in data
quality. This variability is not necessarily due to the professional level of the observer
but rather different levels of motivation and different data collection methods. While
annual online training is already implemented (AvoGreen, n.d.), to make this collected
data more usable in a scientific context further practical measures may be required.
With more time, | could have collected my own data on pests and added data on natural
enemies which may have allowed greater explanation of changes in pest abundances.
The ability to conduct pest observations myself would have allowed great consistency
and control of data quality. However, if [ was to do it myself having two year’s worth of
data would not be possible in the context of a master’s. The addition of natural enemy
data would allow a greater understanding of why some of the changes in the landscape

structure and composition influenced pest abundance.

The agricultural industry is facing numerous challenges and requires a transformation
from its current practices and approaches (Alexandratos & Bruinsma, 2012; Tilman &
Clark, 2014; Grafton et al., 2015). Enhancing our knowledge of how aspects of the
landscape influence pollinators and pests in a New Zealand context is crucial. Through

looking at the ecological interactions among pollinators and pests with landscape
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characteristics, ecologically sustainable and economically viable solutions can be
identified. To ensure long-term food security and the promotion of sustainable

agriculture this research is critical.
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