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Preface 

This thesis is structured as a compilation of five connected papers and a synthesising 

conclusion presented as chapters. Four papers have been published in peer-reviewed 

journals and the final paper is ready for submission. The papers in Chapters 2 - 6 are of joint 

authorship, with myself as the lead author. I completed the majority of the work for each 

paper, including the study design, data collection and analysis, laboratory work, and write-

up. I received advice and editorial assistance from my supervisors, Prof. Gary Luck and Dr. 

Manu Saunders for all chapters. I also received statistical advice from Dr. Wayne Robinson 

for Chapters 3 and 4. All co-authors contributed to the written content of each paper and 

agreed to submission. Each chapter is a stand-alone body of work; however there is 

unavoidable repetition of content between chapters. This thesis also contains a co-authored 

paper as an Appendix. This paper was led by my supervisor Dr. Manu Saunders, and I 

contributed to the data collection, figure production and writing while completing my PhD. 

The paper is directly relevant to the work presented in my thesis.  
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Abstract  

The future of food production relies on minimising negative environmental impacts and 

maximising the ecosystem services (ES) that nature provides to agriculture. Birds foraging 

in agroecosystems can have both positive and negative impacts on annual production; 

however, few studies address the cost-benefit trade-offs of these activities. I conducted a 

systematic review of the costs and benefits of bird activity in agroecosystems (Chapter 2) 

and found that most birds studied were omnivores, with a clear geographic bias towards 

studies on bird damage to crops (costs) in North America and studies on ES provided by 

birds (benefits) in Central America/Caribbean. I then used three case studies to examine 

cost-benefit trade-offs of bird activity in apple orchards, pastoral systems and vineyards in 

south-eastern Australia. In Chapter 3, I calculated the net outcome of bird feeding activity 

for fruit production in apple orchards. When trading off potential benefits (biological 

control of insect pests) with costs (bird damage to apples), I found that birds provided an 

overall net benefit to orchard growers: an increase in yield of 10.9%. This benefit increased 

with decreasing management intensity; therefore, providing suitable habitat for 

insectivorous bird species in close proximity to orchards may improve the biological control 

of apple pests. In Chapter 4, I determined the role of avian scavengers in removing rabbit 

carcasses in pastoral landscapes by comparing the percent weight loss of bird accessible 

carcasses with bird inaccessible carcasses. Bird accessible carcasses had the highest percent 

weight loss, mostly due to the activity of raptors which removed a median of 16.17% of the 

carcasses they attacked. Raptors are likely major contributors to carcass disposal in pastoral 

landscapes and maintaining key habitat features for these species (e.g. large paddock trees) 
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is essential for raptor conservation and maximising the ES they provide. In Chapter 5, I 

tested the effect of providing artificial perches for encouraging predatory birds into 

vineyards to scare grape-eating birds and subsequently reduce the damage they cause to 

grapes. The aggressive Australian magpie (Cracticus tibicen) was the most common visitor 

to perches. Artificial perch sites recorded 50% less grape damage (4.13% damage per 

bunch) than control sites without perches (8.57% damage per bunch), suggesting that 

providing artificial perches in vineyards may help reduce bird damage to grapes. Finally, in 

Chapter 6, I determined if bird functional trait diversity and/or environmental variables had 

an influence on the costs or benefits of bird activity in agroecosystems. Percent tree cover 

and the distance of a site to unmanaged vegetation were in some circumstances useful in 

predicting response trait functional richness of birds. In pastoral landscapes, response trait 

functional richness of scavenging birds increased with less tree cover. This suggests, for 

example, that scavenging bird communities in open fields had a greater diversity of 

response traits and therefore the community has greater capacity to adapt to changes in 

environmental conditions. The distance of a site to unmanaged vegetation and effect trait 

functional divergence of birds were in some cases useful in predicting the delivery of an ES 

or disservice. In vineyards, sites that were closer to native vegetation appeared to receive 

less grape damage, and in pastoral landscapes, having extremes of scavenging bird effect 

traits at a site appeared to increase bird removal of carcasses. These results highlight the 

importance of including both environmental variables and functional traits in examining 

bird relationships with ecosystem function. Overall, my thesis shows that comparing both 

benefits and costs when researching fauna activity in agroecosystems is important for the 

future sustainability of agriculture. 
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Chapter 1. Introduction



2 

Ecosystem services are natural processes that benefit humans. They include the provision of 

products directly used by humans (e.g. fibre and food), biological control, waste removal,  

disease regulation, pollination, seed dispersal and nutrient cycling (MEA 2005; Whelan et 

al. 2008). Ecosystem disservices are undesirable outcomes (costs) for humans as a result of 

natural processes. In the context of animal activity, these negative outcomes can occur 

directly through the consumption of produce (e.g. fruits and grains), or indirectly by 

animals damaging infrastructure or preying upon other beneficial species (e.g. insect 

pollinators and parasitoids) (Galeotti and Inglisa 2001; Bomford and Sinclair 2002; 

Gebhardt et al. 2011). Wild fauna that provide ecosystem services and disservices are often 

labelled simply as beneficial or detrimental; however this may not accurately represent the 

overall impacts of their activity (Chapter 2; Appendix 1). In reality, animal activity often 

results in cost-benefit trade-offs (Luck 2013). These trade-offs are most recognisable in 

agroecosystems, where wild fauna can significantly affect production outcomes both 

positively (e.g. increases in crop yield), and negatively (e.g. damage to crops). Therefore, it 

is important to study animal activity in agroecosystems in a more comprehensive and 

relevant way that can be used to encourage the protection of ecosystem services in land 

management decisions while also limiting the disservices caused to producers. One way to 

achieve this goal is to quantify and compare the costs and benefits of animal activities in the 

same system and across systems, and determine the net outcome (benefits minus costs) of 

these activities (Luck 2013).  

Determining these cost-benefit trade-offs is becoming increasingly more important as 

demands for food production continue to grow and agriculture continues to expand and 

intensify (MEA 2005; UNEP 2014). Habitat loss through land clearance for agriculture is 
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one of the major causes of biodiversity loss globally (Chamberlain and Fuller 2001; 

Belfrage et al. 2005; Foley et al. 2005). However, if managed sustainably, agricultural 

landscapes can also promote the conservation of species (Kross et al. 2012; Luck et al.

2013). Wildlife can in turn provide services to producers by increasing crop yields and 

reducing management costs (Kellermann et al. 2008; Kross et al. 2012) (see Chapter 2 for 

detailed examples), and in some cases certain animal species are essential to production 

outcomes (e.g. pollination; Klein et al. 2007). Therefore, promoting conservation through 

sustainable farming practices can potentially be a win-win scenario for wildlife and 

producers alike.  

Birds are important ecosystem service providers across a range of ecosystem types. They 

are able to travel long distances, have high metabolic demands and can utilise a range of 

habitats (Whelan et al. 2011). In particular, birds are commonly found in agroecosystems 

and their foraging activities (e.g. insect and vertebrate predation, consumption of nectar, 

scavenging on animal carcasses and consumption of fruit) can provide significant benefits 

to primary producers such as biological control of crop pests, pollination, nutrient cycling 

and waste removal (Bomford and Sinclair 2002; Whelan et al. 2008; Wenny et al. 2011). 

However, birds foraging in agroecosystems can also inflict costs on production, including 

directly damaging crops and reducing pollination (caused indirectly by predation of insect 

pollinators) (Galeotti and Inglisa 2001; Bomford and Sinclair 2002; Klosterman et al. 

2013). 

The benefits or costs of bird activity depend on a range of contextual factors including time 

of season, location, crop type, and interactions with other fauna.  For example, the activities 

of some bird species at certain times may yield a cost for growers (e.g. crop damage), while 
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at the same time in the same crop, the activities of other bird species may yield a benefit 

(e.g. biological control of crop pests, Chapter 3). I conducted a literature review on the 

impact of bird activity on agricultural production for studies that were published post-1965 

(Chapter 2). This review highlighted that most research focuses on either the costs or 

benefits of bird activity, with few studies addressing cost-benefit trade-offs in the same 

context. This has resulted in an incomplete understanding of the implications of fauna 

activity in agroecosystems, and has potentially limited the development of sustainable 

management programs.  

Agriculture is the major land-use in Australia, covering more than half of the continent and 

contributing AU$155 billion to the economy annually (National Farmers Federation 2012; 

Australian Bureau of Statistics 2013). The beef industry alone accounts for 50% of 

agroecosystems and provides 17% of the country’s agricultural exports (National Farmers 

Federation 2012). Pastoral production generally (i.e. both beef and sheep grazing) 

contributed AU$22.2 billion to the economy in 2015 (Australian Bureau of Statistics 2016). 

Being such a spatially and economically significant agricultural land-use, pastoral grazing 

was an important agroecosystem to include in my study on bird activity in farmland in 

Australia.  

Australia also has a valuable horticultural industry (Australian Bureau of Statistics 2016). 

Grapes, primarily grown for wine production, are a rapidly growing industry, increasing in 

value by 10.5% from 2014 to 2015 (Australian Bureau of Statistics 2016). There are 

currently 117,651 ha of vineyards in Australia (Australian Bureau of Statistics 2015), 

contributing an annual AU$1.1 billion to the economy (Australian Bureau of Statistics 

2016). Apple production is another high-value fruit industry in Australia, worth 
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approximately $556 million annually. Australian-grown apples account for almost all 

domestic apple consumption (Apple and Pear Australia Limited 2016). Both of these 

agricultural land-uses were included in my study owing to their importance to the 

Australian economy, but also the potential for birds to provide ecosystem services and 

disservices in these systems based on past research (Bomford and Sinclair 2002; Mols and 

Visser 2007; Kross et al. 2012) and previous surveys in local apple and grape crops (Luck 

et al. 2015).   

Previous studies of bird activity in agroecosystems have, largely, examined the costs or 

benefits of this activity separately. Therefore, the overarching objective of my research was 

to examine both costs and benefits of bird activity within particular agricultural systems and 

across systems. This more holistic approach is essential to developing sustainable 

management strategies that will limit production costs while taking full advantage of the 

ecosystem services that birds provide. I conducted my research as three separate case 

studies in agricultural landscapes in south-eastern Australia (Chapters 3, 4 and 5). In 

Chapter 3, I determined the cost-benefit trade-off of bird activity in apple orchards. In 

Chapter 4, I considered the role of scavenging birds in the breakdown of animal carcasses in 

pastoral landscapes. In Chapter 5, I examined the costs and benefits related to two different 

bird groups in vineyards: grape-eating species and predatory/aggressive species. I tested the 

effect of providing artificial perches for encouraging predatory or aggressive birds into 

vineyards to scare grape-eating pest birds and subsequently reduce the damage they cause to 

grapes. In Chapter 6, I synthesised the information from my three case studies to examine 

whether changes in environmental variables and/or bird functional diversity could explain 

differences in ecosystem functioning (i.e. the benefits or costs provided by birds). Finally, 
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in Chapter 7, I discuss the implications of my results for land management and bird 

conservation, the limitations of my study, and suggest possible directions for future 

research. 
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Chapter 2. A systematic review of the benefits and costs of bird 

and insect activity in agroecosystems 

This chapter is published as: Peisley RK, Saunders ME and Luck GW (2015) A systematic 

review of the benefits and costs of bird and insect activity in agroecosystems. Springer 

Science Reviews 3:113-125 doi: 10.1007/s40362-015-0035-5.

Supplementary information Figures S2.1 and S2.2 are included at the end of this chapter.  

Summary of reviewed studies, citations for reviewed studies, geographical location of 

studies, and a summary of cost and benefit identifications are included at the end of the 

thesis as Appendices 2.1 - 2.4, respectively.  
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ABSTRACT  

Wild fauna occur in every agroecosystem and their interactions with crops can influence 

yields positively or negatively. Research on the impact of fauna activity on agricultural 

production focuses mostly on either the costs (e.g. crop damage) or benefits (e.g. 

pollination) of this activity, with few studies addressing cost-benefit trade-offs in the same 

context. This has resulted in an incomplete understanding of the implications of fauna 

activity in agroecosystems. Through a systematic review of the literature, we connect 

disparate studies to promote a more holistic approach to research on wild fauna in 

agriculture. We identified 281 studies that quantified a cost and/or benefit of fauna activity 

in crop systems. Overall, 53.0% of studies examined the costs of insect and/or bird activity, 

37.7% of studies examined benefits and just 9.3% of studies covered both costs and benefits 

of insect and/or bird activity simultaneously. Most birds studied were omnivorous (44.8%), 

granivorous (29.0%) or insectivorous (16.6%), while insect studies focused on pollinators 

(42.2%) or borers (17.5%). There were clear geographic patterns for studies, with a bias 

towards studies of the costs of bird activity in North America and studies of benefits in 

Central America/Caribbean. Most studies on benefits occurred in perennial crops and most 

cost studies in annual crops. Our results highlight the disjointed nature of research into the 

costbenefit trade-offs of fauna activity, and it is essential that future studies examine these 

trade-offs in order to develop sustainable agricultural strategies that limit production losses 

while maximising the delivery of ecosystem services from fauna. 
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INTRODUCTION 

Interactions between wild fauna and agricultural crops occur in agroecosystems worldwide. 

These interactions may reduce, enhance or have a benign effect on crop yield (Borkhataria 

et al. 2012; Klosterman et al. 2013; Klatt et al. 2014). Research on the positive or negative 

impacts of wild fauna in agriculture has a long history. For example, during the late 19th 

and early 20th century, the field of ‘economic ornithology’ attempted to document the role 

of birds as biological control agents in crops in North America (Evenden 1995; Kronenberg 

2014). This type of research has experienced a resurgence in recent decades through the 

discipline of ecosystem services (ES), which examines the contribution of wild fauna to 

agricultural production through processes such as pollination, biological control and waste 

disposal (Whelan et al. 2008; De Groot et al. 2010; Wenny et al. 2011). Conversely, an 

equally substantial body of literature documents how fauna activity may affect agricultural 

production through damage to crops or infrastructure (Bomford and Sinclair 2002; Gebhardt

et al. 2011; Murray et al. 2013). 

It is becoming increasingly important to understand the positive or negative impacts of wild 

fauna activity in agroecosystems, given the rapid expansion and intensification of 

production in recent decades to support the demands of a growing global population (MEA 

2005; UNEP 2014). In economic terms, the ES provided by fauna to agriculture can be 

substantial. For example, Klein et al. (2007) estimated that one-third of the world’s food 

crops rely on pollination by fauna, predominantly insects, and this vital service is worth 

billions of dollars annually. Klatt et al. (2014) estimated that in Europe, bee pollination 

contributed US$1.44 billion to strawberry production alone. 
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Predators and parasitoids can indirectly increase crop yields by controlling pest species that 

damage crops (e.g. Cardinale et al. 2003; Bommarco et al. 2011; Maas et al. 2013;

Ndang’ang’a et al. 2013; Olotu et al. 2013). For example, in Jamaica, insectivorous birds 

can effectively control the coffee berry borer (Hypothenemus hampei), a major pest of 

coffee crops, significantly reducing the damage it causes to crops and increasing crop value 

by up to US$105/ha (Kellermann et al. 2008). Predatory ant species Azteca instabilis and 

Pheidole synanthropica also play a role in controlling the coffee berry borer and can reduce 

damage to coffee berries by an average of 11% annually (Jiménez-Soto et al. 2013). The 

New Zealand Falcon (Falco novaeseelandiae), a natural predator of passerine birds, can 

reduce grape (Vitis spp.) damage from pest species by as much as 95% in New Zealand 

vineyards, resulting in savings of US$234-$326/ha (Kross et al. 2012). 

The negative impacts of fauna activity on agricultural production can occur directly through 

consumption of fruits and grains that reduces yield and/or crop quality and indirectly by 

causing crop damage that increases susceptibility to other pests and pathogens, damaging 

infrastructure or predating upon beneficial insects (e.g. pollinators and parasitoids) (Galeotti 

and Inglisa 2001; Knight et al. 2006; Oerke 2006; Tracey et al. 2007; Zhang et al. 2007). 

For example, it is well documented that granivorous species such as the red-winged 

blackbird (Agelaius phoeniceus) cause damage to grain and seed crops in the United States 

(e.g. (Avery and DeHaven 1982; Besser and Brady 1986; Conover and Dolbeer 1989; Hagy 

et al. 2008). In a recent North Dakota study, Klosterman et al. (2013) found that blackbirds 

(several spp.) caused annual losses of US$1.3 million in corn (Zea mays) production, while 

damage from invertebrate pests across six major grain crops in Australia resulted in annual 

losses of AU$359.8 million (Murray et al. 2013). Some studies have focused on individual 



11 

crop varieties to provide estimates of invertebrate crop damage. For example, in the United 

States, Nault and Speese (2002) found that invertebrates (particularly thrips, stink bugs, and 

lepidopterans (several spp.)) caused losses of between US$2555 and $17883/ha to untreated 

tomato (Solanum lycopersicon) crops. 

While there are many examples of fauna activity resulting in costs or benefits to agriculture, 

these examples tend to occur in separate bodies of literature. One of the reasons for this is 

that agricultural scientists have often focused on reducing costs to production by fauna 

(Bomford and Sinclair 2002; Gebhardt et al. 2011), while research on the benefits that fauna 

provide through ES has been championed primarily by ecologists (Daily et al. 2009; Wenny 

et al. 2011). This has resulted in a somewhat disjointed understanding of the full 

implications of fauna activity in agroecosystems, with very few studies exploring both the 

costs and benefits of these activities in the same context (Figure 2.1). Here, we conduct a 

systematic review of the costs and benefits of fauna activity in crop systems to connect this 

disparate literature, examine patterns in the approaches taken to study costs and benefits and 

promote a more holistic approach to research on wild fauna in agriculture. This is essential 

to develop sustainable management strategies that will limit production costs while taking 

full advantage of the ES that fauna provide. 
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Figure 2.1.  Number of studies that quantified the costs, benefits or both of bird and insect activity in 
agroecosystems (n = 281).

MATERIALS AND METHODS 

Literature Search 

We conducted a systematic review of the literature using the Scopus database and our  

private libraries to collate all studies that quantified a cost or benefit of insect or bird 

activity in an agricultural crop. 

We also searched the reference lists of papers identified through the database search to 

uncover additional studies. Our search was confined to studies where change in crop yield 

as a result of fauna activity was quantified in volume (e.g. kg per ha) and/or monetary terms 

so that a clear and consistent calculation of ‘cost’ or ‘benefit’ was obtained. In other words, 

for studies that quantified differences in crop yield in monetary terms, this was simply the 

difference in the market price obtained for the crop as a result of bird and/or insect activity. 
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We focused on birds and insects as these two taxonomic groups are commonly found in 

agroecosystems and are arguably the most well-studied faunal groups in these systems in 

relation to impacts on crop yield. Searches were conducted using the following search 

terms: 

1. to obtain insect studies: (TITLE-ABS-KEY (insect OR invertebrate OR arthropod 

OR parasitoid OR bee OR fly OR wasp OR butterfly) AND TITLE-ABS-KEY (agr* 

OR farm OR crop OR horticultur*) AND TITLE-ABS-KEY [cost/benefit term] 

2. to obtain bird studies: (TITLE-ABS-KEY (bird OR vertebrate OR raptor OR 

passerine OR insectivore) AND TITLE-ABS-KEY (agr* OR farm OR crop OR 

horticultur*) AND TITLE-ABS-KEY ([cost/benefit term]) 

Cost/benefit terms (each inserted individually into above search): ‘pollination success’, 

‘crop yield’, ‘fruit yield’, ‘seed set’, ‘nut set’, ‘crop pollination’, ‘nut production’, ‘seed 

production’, ‘fruit production’, ‘crop damage’, ‘fruit damage’, ‘nut damage’, ‘seed 

damage’.

Over 3500 papers were identified through these searches. We limited our search to studies 

published in English in reputable peer-reviewed journals between 1960 and June 2014 and 

which were conducted in functioning agroecosystems (e.g. not greenhouse or laboratory 

trials). We discarded studies of genetically modified crop varieties and those focused on soil 

invertebrates, microbes and nematodes. Studies that showed only statistical significance for 

changes in yield, without providing raw values, were also discarded. Abstracts and results 

of studies were scanned to create our final list of 281 studies that provided a value (profit 
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[monetary] or yield [biomass]) for a quantified change in crop yield that could be attributed 

to the focal insect or bird activity (Appendix 2.1 and 2.2). 

The following information was retrieved from each study for detailed analysis: the species 

of bird or insect; the type of cost/benefit association the species had with the crop (e.g. 

pollination or pest damage); crop type; the geographic location of the study and the 

quantification of crop yield or economic value. 

Bird and Insect Functional Traits 

We conducted analysis on the functional traits of birds and insects in regard to their activity. 

We focused on feeding type as all of the costs and benefits identified by our searches were a 

result of fauna foraging activity. These feeding types were classified as follows: for birds: 

omnivore, herbivore, insectivore, nectarivore and carnivore; for insects: multi-pest guilds 

(when more than one species caused combined costs), leaf chewers, fruit/pod/seed borers 

and miners (hereafter borers), gallers, sapsuckers, nectar robbers, pollinators, predators, 

parasitoids and multinatural enemy guilds (when more than one species was providing a 

combined benefit). Bird feeding guilds were classified by using the published literature to 

identify the main component of each species’ diet (i.e. when it was stated in the literature 

that a species ate mostly one food group). If a species had two or more main components in 

its diet (e.g. fruit and insects), then it was classified as an omnivore (del Hoyo et al. 1992-

2013). Not all studies of insects identified a taxonomic species (e.g. some pollination 

studies simply identified ‘wild bees’). Therefore, insects from each study were grouped into 

feeding types based on their interaction with the crop as documented by the authors of the 

study. 
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Crop Types 

A total of 87 different crop types were studied, and these were classified into the following 

broad categories: annual seed/grain/cereal, annual herb, annual vegetable, annual legume, 

perennial tree (fruit or nut crops), perennial shrub, perennial vine, fungi, herbaceous fruit 

and timber (Appendix 2.1). Categories were selected based on crop phenology (i.e. 

perennial or annual) and/or crop produced (e.g. seed/grain/cereal, fruit, vegetable), as crops 

with similar characteristics were expected to have similar interactions with fauna (e.g. 

granivorous birds of the same species will consume several different grain/cereal crops). 

Regions 

Studies were also considered in relation to geographic location, as they were conducted in a 

total of 63 different countries. For the purpose of analysis, these were summarised into 11 

regions: Africa, Oceania (Australia and New Zealand), Central America/Caribbean, East 

Asia, South Asia (Middle East and Asian subcontinent), South- East Asia, North America, 

Pacific Ocean, Indian Ocean, South America and Europe (Appendix 2.3). 

RESULTS 

Of the 281 studies that met our selection criteria, 206 examined insect activity and 70 

examined bird activity. The remaining five studies covered both insect and bird activity in 

the same agricultural crop. Overall, 53.0% of studies examined the costs of insect and/or 

bird activity, 37.7% of studies examined benefits, and just 9.3% of studies covered both 

costs and benefits of insect and/or bird activity in the same agroecosystem. Of the 206 

studies on insect activity, 47.1% examined only the costs of insect activity, 44.7% 
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considered only benefits and 9.2% of studies considered both costs and benefits of insect 

activity in the same agroecosystem. Of the 70 studies on bird activity in an agricultural 

crop, 71.4% examined only the costs of bird activity, 21.4% considered only benefits and 

7.1% of studies considered both costs and benefits of bird activity in the same system. Of 

the remaining five studies that covered both bird and insect activity within agricultural 

crops, two studies considered costs, one examined benefits and two considered both costs 

and benefits (Figure 2.1). 

Crop Types 

Studies of bird activity (n = 70) focused on six broad crop types: annual seed/grain/cereal 

(54.3%), perennial tree (fruit or nut crops) (25.7%), perennial shrub (e.g. coffee and 

blueberries) (20%), annual legume (4.3%), perennial vine (e.g. grapes) (7.1%) and annual 

vegetable (2.9%). When this was broken down into studies on costs or benefits, there was a 

clear bias for the types of crops studied. Studies on costs (n = 50) were mostly confined to 

annual seed/grain/cereal crops (70.0%). In contrast, the two major crop types that were the 

focus of studies on the benefits of bird activity were perennial shrubs (40% of 15 benefit 

studies; of these, coffee made up 33.3%) and perennial trees (fruit or nut crops) (46.7%) 

(Figure 2.2). 
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Figure 2.2. Crop types studied - bird activity. Percent of studies that considered bird activity in each crop 
type. Cost and benefit studies were considered separately. Costs only (n = 50), benefits only (n = 15). Studies 
covering both costs and benefits are not included as the sample size was very small (n = 5). 

We identified 10 crop types included in insect studies (n = 206). In addition to the six listed 

above, these were annual herb, fungi, herbaceous fruit, and timber. Perennial tree (fruit and 

nut crops) (33.5%) was the most commonly studied crop type, along with annual vegetable 

(18.0%), perennial shrub (19.9%), annual seed/grain/cereal crops (17.5%) and annual 

legumes (7.3%). When these studies were separated into those focusing on either costs or 

benefits, two crop types, annual legumes (4.2% cost, 9.6% benefits) and perennial shrubs 

(12.6% costs, 25.5% benefits) had more studies looking at benefits than costs (Figure 2.3). 
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Figure 2.3. Crop types studied - insect activity. Percent of studies that considered insect 
activity in each crop type. Cost, benefit, and both cost and benefit studies were considered 
separately. Costs only (n = 97), benefits only (n = 90), both (n = 19). 

Regional Bias 

There was a strong regional bias for bird and insect studies, with the most studies from any 

one region being from North America (57.1% of bird studies, 34.0% of insect studies). No 

studies on beneficial bird activities were conducted in South America. In contrast, more 

studies on insect-related benefits than costs were conducted in South America, Europe, 

South-East Asia and Australia (Figure 2.4).
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Figure 2.4. Birds and insect studies by region. a) The number of insect studies in each region (n = 213); b) 
the number of bird studies in each region (n = 77). Regions: Africa, Oceania, Central America/Caribbean, East 
Asia, South Asia, South-East Asia, North America, Pacific Ocean (insects only), Indian Ocean (insects only), 
South America and Europe. 

a)

b) 
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Bird Species Studied 

A total of 42 bird species were identified as providing a benefit to growers. Almost all bird 

species were only recorded in one benefit study; the common myna (Acridotheres 

tristis) and great tit (Parus major) were the only species identified in two studies, and four 

studies did not identify bird species (Appendix 2.4). Seventy-two bird species were 

identified as causing a cost to growers. Most species were identified in several studies, with 

the most commonly identified species being: the European starling (Sturnus vulgaris) (16 

studies), the red-winged blackbird (15 studies), the American robin (Turdus migratorius) 

(12 studies), and the house finch (Carpodacus mexicanus) and common grackle (Quiscalus 

quiscula) (9 studies each) (Appendix 2.4). European starlings were considered as being 

detrimental in four different crop types: blueberries (5 studies), corn (4), grapes (4) and 

cherries (3). 

Thirty-six different species were identified as potentially causing both costs and benefits out 

of 38 birds recorded in five studies. Most of these species were only identified once; red-

winged blackbirds were studied twice. One study looked at the change in status of the same 

bird activity over time (i.e. parrots consuming almond nuts before (detrimental) and after 

(benefit) harvest) (Luck 2013), two studies looked at the potential for birds not only to 

provide biological control of pest insects but also damage crops (Tremblay et al. 2001; 

Borkhataria et al. 2012), one study considered costs and benefits of different bird species 

within the same crop (i.e. pest species eating grapes and beneficial species scaring these 

pest birds) (Kross et al. 2012) and one study looked at birds consuming pest and beneficial 

insects within a coffee crop (Borkhataria et al. 2006). In addition to the studies that 

considered both costs and benefits of bird activity in the same context, two species, the 
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European blackbird (Turdus merula) and the house sparrow (Passer domesticus), were 

identified as providing either a cost or benefit in two or more separate studies. 

Status of Different Bird Species 

Most of the bird species identified in studies were native to the study region. Native species 

were found to inflict costs to growers many more times than introduced species (139 

‘native’ examples c.f. 28 ‘introduced’ examples). Native species were also found to provide 

benefits to growers more often than introduced ones (Figure S2.1, Supplementary 

information). Sixty percent of native bird species (n = 40) that provided a benefit to growers 

occurred in the Central America/Caribbean study region, while 71.5% of native species (n = 

137) that caused a cost to growers occurred in the North American study region. All of the 

34 native species that yielded both a cost and benefit occurred in either Oceania (38.2%) or 

North America (61.8%) (Figure 2.5), while these two regions also contained the four 

introduced bird species that provided a benefit to growers. Of the introduced bird species 

that inflicted a cost on growers (n = 28), 73.9 and 35.3% occurred in Oceania or North 

America, respectively. 

We were unable to classify insects as native or introduced, partly because the information 

was not available for many of the studies (i.e. many insects were not identified to species 

level) and partly because many insect pests were introduced such a long time ago that they 

are now considered cosmopolitan. 
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Figure 2.5. Number of native bird species inflicting costs and benefits in different regions. Regions: 
Africa, Oceania, Central America/Caribbean, East Asia, South Asia, South-East Asia, North America, Pacific 
Ocean, South America and Europe. Introduced birds were not included as they were only studied in North 
America and Oceania (n = 211).  

Feeding Guilds: Birds 

Of the 259 reported encounters with birds in agroecosystems across all studies (which 

sometimes includes multiple encounters with the same species), most encounters were with 

omnivorous (44.8%), granivorous (29.0%) or insectivorous (16.6%) species. For birds 

inflicting costs on growers (n = 173 encounters), 51.4% of encounters were with 

omnivorous and 32.9% with granivorous species. Granivores and omnivores were also the 

most commonly recorded encounters of birds inflicting both costs and benefits on growers. 

For birds yielding a benefit to growers (n = 51 encounters), 60.8% of these were 

insectivorous and 21.6% were omnivorous species (Figure 2.6).  
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Figure 2.6. Feeding types of birds providing costs and benefits. Costs only (n = 173), benefits only (n = 
51), both (n = 38).

Feeding Guilds: Insects 

Studies of insect activity in agroecosystems (n = 206) focused mostly on pollinators as 

beneficial insects (42.2%) or borers as pests (17.5%). Insects caused a cost to growers in 97 

studies. Borers were the most common source of yield losses (37.1%), followed by 

sapsuckers and multi-pest guilds (both 24.7%), leaf chewers (12.4%) and gallers (1.0%). 

Insects provided benefits to growers in 90 studies; 96.7% of these were pollinators and 

3.3% were predators. In the studies that considered both costs and benefits of insect activity 

(n = 19), predators were the most commonly studied (47.4%), followed by borers and 

sapsuckers (36.8% each) (Figure 2.7).  
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Figure 2.7. Feeding types of insects providing costs and benefits. Costs only (n = 97), benefits only (n = 
90), both (n = 19).

Trends in Cost/Benefit Studies over Time 

Studies on bird activity in agroecosystems peaked in the 1980s, with 32.9% of all studies (n 

= 70) occurring in this decade. Of these, 91.3% considered only a cost of bird activity. 

Studies looking at the benefits of bird activity were more common from 2000 to 2014, with 

half of the studies looking at costs and half at benefits (Figure S2.2a, Supplementary 

information). Unlike bird studies, research on insect activity peaked in the most recent two 

decades, with 87.9% of all studies (n = 206) occurring from 2000 to 2014. Also, in contrast 

to the results for birds, more benefit than cost studies were done in the 1970s and 1980s. It 

was not until the most recent two decades that both costs and benefits of insect activity were 
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considered in the same agroecosystem (Figure S2.2b, Supplementary information). For the 

five studies that looked at bird and insect activity in the same agricultural crop, one study 

was done in the 1970s and the other four in the 2010s. 

DISCUSSION 

Cost/Benefit Patterns 

Our results highlight the disjointed nature of research into the costs and benefits of fauna 

activity in agricultural crops. We identified 281 studies that considered costs and/or benefits 

of bird or insect activity in agroecosystems, and almost all of these (92.8% birds, 91.8% 

insects) considered costs or benefits separately. This limits the understanding of the full 

implications of fauna activity and therefore prevents the development of more effective 

management strategies in agroecosystems, particularly those aimed at limiting production 

costs while taking full advantage of the ES that fauna provide. A few recent studies on both 

the costs and benefits of fauna activity in the same ecosystem support this paradigm (e.g. 

Classen et al. 2014), demonstrating a growing interest in the agricultural and ecological 

outcomes of cost-benefit trade-offs (Appendix 1). 

Almost three quarters of all bird studies focused only on the costs of bird activity. These 

studies dominated the literature from the 1970s up until the early 2000s and, despite 

historical interest in the biological control potential of birds during the 1880s-1930s 

(Evenden 1995), it was not until the recent popularity of the ES concept that the benefits of 

bird activity have been studied in more detail. Many studies on the costs of bird activity 

have focused on the effectiveness of bird deterrents or repellants in limiting bird damage to 
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crops (e.g. Conover 1982; Bullard et al. 1983; Summers and Hillman 1990). It is possible 

that the frequency of these types of studies have declined over time as more effective 

deterrent approaches have been discovered. For example, the availability of exclusion 

netting made from durable plastics has meant many growers are now able to almost 

completely exclude bird pests over large areas (Bomford and Sinclair 2002 ). 

One of the limitations of past research, which may have contributed to a narrow emphasis 

on either costs or benefits, is the tendency to study fauna activity at only one point in the 

lifecycle of a given crop (e.g. flowering or fruiting). Longer term examinations 

encompassing the majority of a crop’s lifecycle are better placed to identify both costs and 

benefits. For example, research we conducted in almond plantations has demonstrated the 

potential for wild insect species to contribute to crop pollination during flowering (Saunders 

et al. 2013; Saunders and Luck 2014) and native birds to inflict costs on growers during nut 

growth, with the same bird species providing a benefit to growers post-harvest by removing 

residual nuts that can harbour pests and pathogens (Luck 2013). Hence, whether fauna 

activity yielded a cost or benefit depended very much on the life stage of the crop. 

Crop Types 

Studies that considered costs and benefits simultaneously in the same agroecosystem (n = 

23) covered eight different crop types, the most common being perennial tree and perennial 

shrub crops. Almost all of these studies (n = 22) looked at positive and negative outcomes 

of fauna activity occurring at a single phenological stage in the crop cycle. However, a 

number of individual studies examining costs and benefits separately at different stages of a 

single crop show that researchers could readily study both in a given crop. For example, in 
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separate studies in carrot crops (Daucus carota), Rekika et al. (2008) looked at weevil 

(Listronotus oregonensis) damage during seed growth, while Davidson et al. (2010) and 

Howlett (2012) considered pollination by several bee and fly species during flowering. By 

considering insect activity at these two key times in carrot production, the trade-off between 

costs and benefits of insect activity could be considered, allowing a better estimation of the 

net return of fauna activity in this crop. 

Most studies on beneficial bird activity occurred in perennial crops (i.e. shrubs, particularly 

coffee (Coffea spp.) and trees). This could be because perennial crops provide a habitat 

structure more suited to a variety of insectivorous birds compared to, for example, annual 

crops (Karp et al. 2013). For example, Johnson (2000) found that leaf-gleaning 

insectivorous birds were more abundant in dense areas of coffee plantations. Studies in 

annual field crops have found insectivorous birds are most active within a 20-m buffer of 

natural woody vegetation as they return to this habitat after foraging (Pucket et al. 2009). 

This suggests that there is a greater likelihood for birds to provide pest control in crop areas 

with or near to suitable native habitat. An emphasis on perennial crops in these types of 

studies may bias the understanding of the magnitude of the contribution birds can make to 

delivering ES in agricultural landscapes more broadly.  

In contrast, most studies on the costs of bird activity occurred in annual crops, particularly 

seed/grain/cereal crops. Again, this biases the broader understanding of the potential 

negative impacts of birds in agricultural landscapes. Our review suggests that annual crops 

may generally support fewer predominantly insectivorous bird species and large 

populations of bird pests (e.g. red-winged blackbirds and starlings; Bollinger and Caslick 
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1985; Straub 1989). Nevertheless, there is evidence in the literature that annual crops can 

support insectivorous or even omnivorous birds that might provide pest control services 

(e.g. Pucket et al. 2009). Three studies in our review specifically looked at beneficial bird 

activity in annual crops, two of which were in annual cereal/seed/grain crops and one in an 

annual legume crop (Chakravarthy 1988; Tremblay et al. 2001; Borkhataria et al. 2012). 

Tremblay et al. (2001) found that birds (several species) significantly reduced the 

abundance of damage causing insects in corn, and Chakravarthy (1988) showed birds could 

significantly reduce seed yield loss in field bean (Lablab niger) by consuming insect pests. 

Most studies in annual seed/grain/cereal crops focus on granivorous bird species as these 

are the species most likely to be damaging crops. However, our review suggests that 

broadening the scope of these studies to include other dietary groups among birds using the 

crop system would yield greater insight into the more complex relationships occurring 

between fauna and crops. Monitoring the activity of predominantly granivorous species 

during all stages of a crop cycle could also provide insights into their potentially beneficial 

activities before or after harvest (e.g. predating on pest insects during the breeding season or 

consuming waste grain).  

Geographic Bias 

There were clear geographic biases in the spatial distribution of studies examining costs 

and/or benefits of fauna activity in agroecosystems. This not only reflects in part the overall 

volume of scientific research being conducted in a given region (e.g. North America) but 

may also indicate potential geographic variability in the capacity of fauna to inflict costs or 

deliver benefits to growers. The latter is influenced by the relations between local fauna 

communities or key species and the major crop types grown in a given region. For example, 
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there is a substantial bias towards studies of costs of bird activity in North America, 

influenced in part by the prevalence of annual seed/grain/cereal crops in this region and the 

impact of major pests of these crops such as the red-winged blackbird and European 

starling. In contrast, the Central America/Caribbean region is dominated by studies of the 

benefits provided by birds, and this reflects the focus on perennial crops (mostly coffee) in 

this region that can support more diverse bird communities with a large number of 

insectivores. Additionally, the motivations of researchers may differ between geographic 

locations. For example, Central and South America are recognised globally as locations 

critical to biodiversity conservation (BirdLife International 2017). Therefore, conservation 

ecologists working in these areas may be more likely to study the benefits of native 

biodiversity to agricultural output in order to promote its protection. 

In most regions, studies of costs from insect activity outweighed studies of benefits. This is 

unsurprising, as insect pests are often the most common cause of yield losses in 

agroecosystems globally and agronomic research has traditionally focused on quantifying 

these losses to inform control initiatives. Oceania and Europe were the only two regions 

where the number of insect benefit studies was more than double the number of cost 

studies. Nearly all of the insect benefit studies that met our search criteria examined 

pollination, which is a vital ES estimated to be worth over $3 billion annually in the United 

States alone (Losey and Vaughan 2006). The small number of studies we found on the 

benefits of natural enemy insects is not indicative of lack of research into this ES but is a 

result of our search criteria, which focused on the quantification of yield or economic 

benefits. To date, this approach has been more common in studies of insect pollinators and 

this issue is covered in more detail below under our discussion of functional traits. 
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Nevertheless, a narrow emphasis on a single ES (pollination) skews understanding of the 

broader costs and benefits attributable to insect activity in agricultural landscapes. Research 

should expand to cover the breadth of ES in order to better understand the positive impact 

of insects in agroecosystems. 

Functional Traits 

Insectivorous bird species were those most likely to provide a benefit to growers via 

consumption of pest insects. Omnivorous bird species were equally common in studies of 

costs or benefits to growers, while granivorous bird species were often recorded as causing 

costs to growers. Most insectivorous species were recorded in perennial shrub crops, 

particularly those that were in close proximity to native vegetation (Johnson 2000), whereas 

granivorous species were found in large numbers in seed/grain/cereal crops (e.g. 25 million 

blackbirds living near sunflower (Helianthus annuus) crops in the United States; 

Klosterman et al. 2013). Costs inflicted by birds were most likely to occur in 

seed/grain/cereal crops, for example, sunflower, corn and rice (Oryza sativa), with almost 

three quarters of all studies on bird costs occurring in these crops. Only one study 

(Borkhataria et al. 2006) considered the potential for insectivorous birds to be consuming 

beneficial insects and did not find any significant results. However, pollinating insects such 

as the honey bee (Apis mellifera) are known to make up the diet of insectivorous birds (e.g. 

European bee-eater (Merops apiaster); Galeotti and Inglisa 2001). Studies linking this 

behaviour to costs inflicted on agricultural production are missing from the literature and 

this topic requires further study. 
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Five studies looked at costs and benefits of bird activity within the same agroecosystem. 

Luck (2013) was the only study to consider bird activity at different stages of the growing 

season. The study found that the benefit of parrots eating almonds (Prunus dulcis) 

throughout the growing season outweighed the cost of almond consumption pre-harvest. By 

consuming residual nuts that can harbour pests and pathogens, the birds reduced 

management costs to growers. Tremblay et al. (2001) examined the cost-benefit trade-off 

between pest control services of birds, particularly red-winged blackbirds, on several insect 

pests and bird damage to corn. They found that birds were significantly reducing the density 

of several insect pests, while causing no damage to the crop themselves, thus providing an 

overall beneficial service. Borkhataria et al. (2013) also considered the cost-benefit trade-

off between pest control and crop damage caused by birds, by evaluating the effects of red-

winged blackbirds on stink bug (Oebalus spp.) damage and bird damage in rice. They found 

no reduction in stink bug damage from bird predation; however, while the birds appeared to 

be damaging the crop, they caused no significant overall loss of yield. Therefore, the overall 

value of birds in this context was neutral. Kross et al. (2012) showed that passerine bird 

species damaged grape crops, while the predatory New Zealand Falcon reduced the 

damaged caused by these species. In this study, the benefit of pest control was significant, 

up to US$326/ha in savings to growers. The final study considered whether birds were also 

reducing beneficial insect numbers while consuming insect pests within a coffee crop 

(Borkhataria et al. 2006). They found that birds not only caused no significant costs by 

reducing beneficial predatory insects but also did not provide a significant benefit by 

reducing damage caused by the coffee leaf miner (Leucoptera coffeella); thus, the overall 

value of birds was neutral. 
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In addition to the studies that considered both costs and benefits of bird activity in the same 

agroecosystem, two species, the European blackbird and the house sparrow were identified 

as providing either a cost or benefit in two or more separate studies, depending on the crop 

type. The European blackbird provided a benefit to growers in New Zealand by pollinating 

Feijoa (Feijoa sellowiana) flowers more efficiently than other pollinators (Stewart and 

Craig 1989); however, the species was detrimental to grape crops (consuming the fruit) in 

the same country, as identified by Kross et al. (2012). The house sparrow can damage 

sunflower, corn and millet (Eleusine coracana) crops (Avery and DeHaven 1982, Avery 

and DeHaven 1984; Conover 1984; Bruggers et al. 1986; Seiler and Rogers 1987; Straub 

1989) but was also found to provide beneficial biological control of pest insects in bean 

crops (Chakravarthy 1988). Interestingly, most studies (6/7 studies) identifying detrimental 

activity by the house sparrow were outside its native range, and the beneficial activity 

occurred where the species occurs naturally (i.e. India). Yet, our review shows that native 

bird species commonly cause costs, and several introduced species have been recorded 

providing benefits (e.g. European blackbird in New Zealand; Stewart and Craig 1989). Our 

results support the findings of Pimentel et al. (1997) who estimated that between 30 and 

80% of agricultural pests are native species. 

Studies that examined the benefits of insect activity were confined almost entirely to 

pollinators, with very few studies of natural enemies quantifying an economic benefit of 

their activity. There is a large body of literature on natural enemies as providers of 

biological control in agroecosystems; however, much of this work has focused on how 

landscape or habitat characteristics can enhance natural enemy communities. The bias 

towards quantification of pollination as an ES over biological control may be partly because 
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pollination within a crop system is easier to quantify in economic terms. In addition, the 

economic benefits of pollinators have attracted significant media coverage and political 

interest in recent years, which could explain the greater number of pollination studies that 

met our search criteria. It is important to note that the overlap between the cost (e.g. pest 

damage) and benefit (e.g. pest predation) of plant-insect interactions is not a new concept. 

However, in practice, most studies that aim to assess the benefits of biological control adopt 

one of the following approaches: (i) collect data on parasitism or predation rates without 

quantifying yield outcomes (e.g. Monteiro et al. 2013); (ii) quantify ‘pest damage’ as a 

reverse proxy for ‘biological control’ without specifically identifying the benefit value (e.g. 

Ramalho et al. 2012) or (iii) use relationship analyses to link separate ‘pest’ and ‘natural 

enemy’ datasets to the same habitat variables (e.g. Bisseleua et al. 2013). Although these 

types of studies are still useful for understanding biodiversity patterns and management 

effects, there is clearly a need for more studies that quantify net outcomes from pest-

beneficial insect activity in the same system. Out of the studies, we found that examined 

costs and benefits of insect activity simultaneously, nearly all (16/19 studies) studied 

biological control. Two studies quantified the potential pollination benefits of nectar 

robbery by bees (several spp.) foraging on blueberry (Vaccinium spp.) (Dedej and 

Delaplane 2004; Sampson et al. 2004). Only one study examined the combined outcome of 

pollinator and pest activity on yields (Lundin et al. 2013). 

Conclusions 

Both the bird and insect studies from our review highlight how fauna can provide costs or 

benefits to growers depending on a range of contextual factors including season, location, 

crop type and interactions with other fauna. Therefore, quantifying the effect that a single 
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species has on one stage of a crop cycle only provides a snapshot of the overall net value of 

the species to crop production. This can result in a species being labeled simply as either 

beneficial or detrimental, which may not accurately represent the overall impacts of their 

activity. A more comprehensive approach is required that examines fauna activity across the 

entire crop growing season (and sometimes also outside the growing season) to determine 

the net outcome on crop production that results from any cost-benefit trade-offs related to 

this activity. 

Our review integrates not only previously disparate literature on the damage fauna inflict on 

crops, but also the services they can provide growers that improve crop production. It is 

essential that future research considers both costs and benefits in any assessment of the 

impacts of fauna on agricultural production and calculates the net outcome of cost-benefit 

trade-offs. This will require rigorous and quantitative assessments of the benefits and/or 

costs provided by particular species and should avoid human ‘perceptions’ of beneficial or 

detrimental impacts that often do not correspond with direct measurements (e.g. Basili and 

Temple 1999). Our approach addresses more appropriately the complex ecological 

interactions that occur between wild fauna and agricultural crops and should enable 

management strategies to account for and promote beneficial processes that are essential to 

the sustainability of agriculture and conservation alike. 
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SUPPLEMENTARY INFORMATION 

Figure S2.1. Status of birds providing costs and benefits. The number of times introduced, native and birds 
of unknown status were studied in regards to their type of activity (i.e. detrimental or beneficial). Introduced 
birds (n = 34), Native birds (n = 211), Unknown status (n = 11). 

Figure S2.2. Trends in cost and benefit bird and insect studies over time. Studies grouped by decade 
between 1970 and 2014. a) Bird studies. Costs only (n = 50), Benefits only (n = 25), Both (n = 5). b) Insect 
studies. Costs only (n = 97), Benefits only (n = 90), Both (n = 19). 
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Chapter 3. Cost-benefit trade-offs of bird activity in apple 

orchards 

This chapter is published as: Peisley RK, Saunders ME and Luck GW (2016) Cost-benefit 

trade-offs of bird activity in apple orchards. PeerJ 4:e2179 doi: 10.7717/peerj.2179.

Supplementary information Methods, Results, Figures S3.1, S3.2, S3.3, S3.4, S3.5, S3.6, S3.7
and Table S3.1 are included at the end of this chapter. 
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ABSTRACT  

Birds active in apple orchards in south-eastern Australia can contribute positively (e.g. 

control crop pests) or negatively (e.g. crop damage) to crop yields. Our study is the first to 

identify net outcomes of these activities, using six apple orchards, varying in management 

intensity, in south-eastern Australia as a study system. We also conducted a predation 

experiment using real and artificial codling moth (Cydia pomonella) larvae (a major pest in 

apple crops). We found that: 1) excluding birds from branches of apple trees resulted in an 

average of 12.8% more apples damaged by insects; 2) bird damage to apples was low (1.9% 

of apples); and 3) when trading off the potential benefits (biological control) with costs 

(bird damage to apples), birds provided an overall net benefit to orchard growers. We found 

that predation of real codling moth larvae was higher than for plasticine larvae, suggesting 

that plasticine prey models are not useful for inferring actual predation levels. Our study 

shows how complex ecological interactions between birds and invertebrates affect crop 

yield in apples, and provides practical strategies for improving the sustainability of orchard 

systems.  
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INTRODUCTION 

Wild animals in agroecosystems interact with crops in complex ways (e.g. direct 

consumption, pollination, biological control of crop pests, and nutrient cycling) that may 

reduce, increase or have a benign effect on crop yield (Borkhataria et al. 2012; Klosterman 

et al. 2013; Klatt et al. 2014). These effects can have a substantial impact on annual 

production, resulting in significant increases or declines in yield quantities and market 

values (Losey and Vaughan 2006; Murray et al. 2013). When considering these benefits and 

costs together, it is clear that trade-offs exist. For example, the beneficial activity of 

insectivorous birds preying on pest insects in an orchard and reducing insect damage to fruit 

is traded off against the detrimental activity of the same birds preying on beneficial 

pollinators resulting in reduced fruit set. Examining the complexities of animal activity 

within agroecosystems can highlight these trade-offs and allow for calculation of the net 

outcome (benefits minus costs) of animal activities on production. This has been 

considerably overlooked in the literature, with very few studies looking at both costs and 

benefits of animal activity in the same context (Luck 2013; Chapter 1; Appendix 1). Birds 

are commonly found in almost all agroecosystems and their foraging activity often results 

in significant beneficial or detrimental effects on crop yields, making them an excellent case 

study of cost-benefit trade-offs of animal activity in crops.  

Birds may significantly increase crop yields by predating on pest invertebrates (Mols and 

Visser 2002; Johnson et al. 2010; Karp et al. 2013; Maas et al. 2013; Ndang'ang'a et al. 

2013). For example, a study in the Blue Mountains of Jamaica by Kellermann et al. (2008) 

found that birds reduced coffee berry borer (Hypothenemus hampei) damage by up to 14%, 

by consuming this major insect pest, which increased the coffee (Coffea spp.) crop market 
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value by as much as US$105/ha. Similarly, Mols and Visser (2007) found that great tits 

(Parus major) reduced caterpillar damage to Dutch apple (Malus domestica) orchards by up 

to 50% compared to orchards without the bird species.  

However, many bird species, including parrots (Bomford and Sinclair 2002) and passerines 

(Kross et al. 2012), can inflict costs to growers by consuming crops. For example, European 

blackbirds (Turdus merula) and common starlings (Sturnus vulgaris) can cause severe 

damage to grape (Vitis spp.) and blueberry (Vaccinium spp.) crops (Avery et al. 1996, 

Somers and Morris 2002, Kross et al. 2012). Birds can also indirectly impact crop yields by 

consuming beneficial insects such as pollinators or natural enemies (e.g. Galeotti and 

Inglisa 2001).

Previous research found that apple orchards in south-eastern Australia contain a suite of 

different bird species with the potential to inflict costs and/or provide benefits to fruit 

production (Luck et al. 2015). Birds can benefit crop yields by consuming apple pests (e.g. 

codling moth, Cydia pomonella) and removing unwanted fruit after harvest, thereby 

reducing disease risk; however, they can also consume and damage fruit before harvest or 

prey on insects beneficial to apple production (e.g. pollinators). The net outcome of these 

activities has not yet been considered.  

Therefore,  the aims of our study were as follows: 1) to determine if excluding birds from 

branches of apple trees (via netting) in south-eastern Australia resulted in greater insect 

damage to fruit (indicating that birds may contribute to controlling insect pests) and reduced 

crop yields; 2) to determine if bird damage to apples on open branches was higher than on 

netted branches, reducing crop yields; and 3) calculate a net outcome of bird activity, 
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trading off the potential benefits of birds controlling insect pests vs. birds directly 

consuming fruit. We also conducted an experiment using real and artificial codling moth 

larvae to gain further insight into what bird species (or insect predators) might be preying 

on pest invertebrates in the orchards.

MATERIALS AND METHODS 

Study sites 

Our study was conducted across six apple orchards in three major apple growing regions in 

Australia: Batlow, southern NSW (average annual rainfall 1283.0 mm, average annual 

temperature 6.0 ºC-16.9 ºC; Australian Bureau of Meteorology 2015), Shepparton, central 

Victoria (average annual rainfall 506.4 mm, average annual temperature 8.4 ºC-22.6 ºC 

degrees; Australian Bureau of Meteorology 2015) and Harcourt, central Victoria (average 

annual rainfall 696.9 mm, average annual temperature 7.7 ºC-19.8 ºC; Australian Bureau of 

Meteorology 2015). All orchards differed in their management practices and landscape 

composition. Therefore, rather than focusing on categorical comparisons that can overlook 

ecological complexity (e.g. organic vs. conventional; Winqvist et al. 2012), we ranked 

orchards along a gradient of intensity based on factors that are known to influence bird 

communities in agricultural landscapes (Bennett and Ford 1997; Benton et al. 2002, 

Tscharntke et al. 2008; Luck et al. 2013). These included (listed in order of importance) 

proximity of the orchard to unmanaged natural or semi-natural vegetation (including 

undisturbed native remnants and mixed native/introduced woodland; hereafter referred to as 

unmanaged vegetation), the amount of closest continuous unmanaged vegetation, proximity 

to large farm buildings, and if the orchard used pesticide sprays (Table 3.1). For example, 
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native vegetation is known to be important for the presence of birds in agroecosystems 

(Bennett and Ford 1997; Tscharntke et al. 2008); Luck et al. (2013) found that farm 

buildings were negatively associated with bird abundance in almond orchards (likely owing 

to the frequency of human activity around buildings); and farms that use pesticides can have 

lower invertebrate numbers which could in turn reduce the food source available to birds 

(Benton et al. 2002).  

Table 3.1. Orchards were classified along a gradient of intensity based on factors that are known to 
influence bird communities. Distance of the study area to unmanaged vegetation was considered the most 
important intensity factor, followed by distance of the study area to farm buildings, and whether pesticide 
sprays were used. 

Intensity 
ranking (lowest 

to highest)
Orchard

Minimum distance 
to unmanaged 

vegetation

Amount of closest 
continuous unmanaged 

vegetation

Minimum 
distance to 

farm buildings

Pesticide 
spray 
used

1 Orchard 1 0m >40ha ~100m No

2 Orchard 2 <10m <1ha ~550m No

3 Orchard 3 0m >6 ha ~100m Yes

4 Orchard 4 ~5m <2ha ~200m Yes

5 Orchard 5 ~50m >15ha ~10m Yes

6 Orchard 6 >280m <0.5ha ~250m Yes

Apple varieties differed across the orchards. These included Pink Lady (Orchard 1, Orchard 

4, Orchard 5, Orchard 6), Royal Gala (Orchard 1, Orchard 3), Granny Smith (Orchard 1, 

Orchard 2, Orchard 4), Golden Delicious (Orchard 1, Orchard 2), Cox (Orchard 1, Orchard 

4), Gravenstein (Orchard 1) and Sundowner (Orchard 4). Tree age also varied across 

orchards (2 - 20 years), however all trees were established and producing fruit. 
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Focal study trees 

Within these orchards, sixty apple trees (ten trees per orchard) were systematically selected 

to be monitored across the entire season for bird and insect damage. Each tree was spaced at 

least 15 m apart; this distance was determined by the size of the smallest orchard (Orchard 

1, which was approximately 1 ha). Half of the trees were located near orchard edges 

adjacent to unmanaged vegetation (established woodland at all orchards except Orchard 6, 

where an unmanaged grassy meadow was the most proximate area of non-crop vegetation), 

as this was expected to be a potential source of birds (Tscharntke et al. 2008). The other 

five trees were located in the centre of the orchard to facilitate a comparison of bird activity 

(and subsequent costs and benefits) adjacent to and more distant from unmanaged 

vegetation. 

Before flowering (August 2014), two branches of similar height on each tree were selected 

and marked with flagging tape. One branch was left ‘open’ under natural conditions and the 

other was enclosed with white diamond mesh bird netting (15 mm mesh). These ‘netted’ 

branches allowed insects to access flowers and fruit while excluding birds. Treatments were 

paired on each tree to control for differences between trees. The height of the lowest point 

of the branch, and the distance of each tree to the orchard edge and the nearest patch of 

unmanaged vegetation was recorded. 

Bird surveys 

R.K.P conducted bird surveys between sunrise and 11.00am at four key times of the 

growing season: full bloom (September 2014), early fruit set (October 2014), pre-harvest 

(December 2014) and post-harvest (May 2015). At each of these times, the species, 
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abundance and behaviour of birds within the apple orchards and adjacent areas of 

unmanaged vegetation (except at Orchard 6 where there was no adjacent unmanaged 

vegetation) were identified. This was to determine what bird species occurred in the vicinity 

of each orchard.  

Timed searches with a pre-determined stopping rule were conducted to identify species 

richness in orchards and unmanaged vegetation (Miller and Cale 2000; Watson 2003). An 

active search method was used whereby the observer searched each orchard or unmanaged 

vegetation patch for 15 minutes and recorded every new bird species observed. If a new 

species was observed within 5 minutes after the initial 15 minutes had elapsed, an extra 5 

minutes was added to the search time. This was repeated until no new species were 

observed in an additional 5 minute period. Birds that were flying greater than 5 m above the 

canopy were excluded, unless they were foraging (e.g. welcome swallows (Hirundo 

neoxena) hawking insects). 

To gain a measure of bird abundance, five ‘points’ were chosen within the orchard (Corner 

1, Corner 2, Corner 3, Corner 4 and Centre). Observations were started 1 minute after 

arrival at each point, to allow birds to settle. The identity and abundance of each bird was 

then recorded for 5 minutes. A short survey period was employed to reduce the risk of 

double-counting the same individuals (Gregory et al. 2004). The distance to every bird 

observed was measured to facilitate the calculation of detectability corrected density 

measures for each species. However, bird abundance (i.e. sample size per species) was not 

sufficient to allow this calculation, so only general abundance measures are provided in the 

results.  
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The 10 focal trees per orchard were also observed for a maximum of 30 minutes and the 

identity and activity (particularly foraging behaviour) of every bird that visited was 

recorded (Supporting methods 3.1, Supplementary information). Birds were classified into 

the following feeding groups using the published literature to identify the main component 

of each species’ diet: omnivore, herbivore, insectivore, granivore and carnivore. If a species 

had two or more main components in its diet (e.g. fruit and insects), then it was classified as 

an omnivore (del Hoyo et al. 1992-2013).  

Apple damage assessments 

Immediately before harvest, all apples on both open and netted branches were counted, and 

the number of any insect or bird damaged apples were recorded. Published damage guides 

(e.g. Victorian Department of Natural Resources and Environment 2002; Victorian 

Department of Environment and Primary Industries 2014) and personal observations were 

used to identify damage type. For example, bird damage is often categorised by triangular 

beak marks or deep gouges (Figure S3.1a+b, Supplementary information) and insect 

damage usually occurs as circular tunnels or characteristic scar marks (Figure S3.1c+d, 

Supplementary information). Aborted fruit inside nets were not counted, as we could not 

ascertain how many fruit had been dropped from comparable open branches. The difference 

in yield between branches was classified as the percentage of fruit on each branch that had 

damage.

Larvae predation  

An additional 72 apple trees (12 trees per orchard) were systematically selected to conduct 

experiments with the primary aims of identifying bird and/or insect predators of pest insects 
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in the orchards, and assessing the validity of using artificial prey analogues to measure 

predator activity. To our knowledge, no other study has compared predation events on real 

and artificial prey in the same context at the same time in any crop system (but see Sam et 

al. 2015 for an example in tropical forests). Each tree was spaced 15 metres apart and was 

located at orchard edges adjacent to unmanaged vegetation.

Codling moth larvae are a serious insect pest of apples and other pome fruit, with the 

potential to ruin almost entire fruit crops (Williams 2002). Their natural occurrence in 

orchards means that they should be an easily recognisable food source for insectivorous 

birds which prey on invertebrates on the surface of the fruit, foliage or branches of apple 

trees. This made them an ideal ‘model pest’ to use to assess which bird species may 

potentially be providing biological control in apple orchards. Codling moths emerge from 

over-wintering under the bark of trees in early spring and lay eggs which hatch and infect 

young fruit. There can be up to three life-cycles in one apple growing season (Williams 

2002).  

We assessed predation on codling moth larvae using artificial and real moth larvae. 

Artificial larvae were constructed using plasticine. White and pink plasticine was mixed 

together and rolled into 1.7mm x 15mm cylinders to create the creamy pink colour and 

shape of mature coding moth larvae. A 2 mm diameter ball of black plasticine was also 

attached to one end as the head (Figure 3.1). In total, 360 artificial larvae were constructed 

for this experiment. Studies have shown that using artificial, plasticine larvae can be an 

effective alternative to real larvae when conducting predation experiments (Koh and Menge 

2006; Howe et al. 2009; Tvardikova and Novotny 2012). They are easier to source and 

store, and animal damage can often be identified (e.g. insect, bird or mammal). However, 
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few studies have compared predation rates on real vs. artificial prey in the same context to 

ascertain the usefulness of artificial prey models as analogues of predation rates on real prey 

(Sam et al. 2015). For real larvae, Agriculture Victoria supplied 360 dormant codling moth 

larvae (Figure 3.1). These were killed in the freezer before use to prevent any live larvae 

from escaping into orchards. 

Half of the artificial and real larvae were stuck individually onto separate 10 mm x 20 mm 

pieces of cardboard using double sided tape (Figure 3.1), and the other half grouped into 36 

groups of 10 (five real and five artificial) and stuck together onto 36, 100 mm x 200 mm 

pieces of cardboard (Figure S3.2, Supplementary information). Our codling moth larvae 

likely experienced higher rates of predation than would occur naturally as they were 

exposed openly on branches and pieces of cardboard; however, our aim here was to 

determine differences in predation rates between real vs. plasticine baits, rather than infer 

actual predation rates in orchards. 

Figure 3.1. Plasticine and real codling 
moth larvae. a) plasticine larvae, b) real 
larvae.
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After fruit set (October 2014, coinciding with the fruit set bird surveys), the larvae were set 

out in the orchard. The growing season was several weeks earlier than usual due to warm 

weather and codling moth were active throughout the orchards. We also observed codling 

moth larvae on apple fruit at this time. Ten individual (five real and five plasticine) codling 

moth larvae were stuck onto branches of six trees in each orchard. Larvae were stuck on 

branches of similar height, close to apple clusters and easily visible for potential bird 

predators to find (Figure S3.2, Supplementary information). On the remaining six trees, a 

piece of cardboard containing five real and five artificial larvae was tied to the trunk of the 

tree or on an adjoining lateral branch (Figure S3.2, Supplementary information). These 

cards were monitored by Reconyx HC500 remote motion sensor cameras to determine 

which bird species were preying on the larvae. Cameras were set to take a burst of three 

photos each time they were triggered to enable easy identification of species. Birds most 

actively forage in the morning so all larvae were set out in the evening to allow for the first 

morning of bird activity to occur uninterrupted.  

Predation surveys

Twenty-four hours after the larvae were exposed every piece of cardboard was checked and 

larval status was recorded (i.e. present, removed or damaged). Damaged plasticine larvae 

were inspected further and damage type was identified as either insect or bird (‘other’, e.g. 

mammal damage, was also a category based on guides in the literature (Howe et al. 2009); 

however, only bird and insect damage was encountered). Insect damage was identified with 

a magnifying glass and occurred as pinpricks and/or pincer marks (Figure S3.3a,b, 

Supplementary information). Bird damage was identified by straight beak marks (Figure 

S3.3c, Supplementary information). Damage assessments were repeated at the same time 
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every day until larvae had been exposed for 5 days.  Other studies using artificial 

caterpillars had exposure times ranging from 24 hours - 6 days (Loiselie and Farji-Brener 

2002; Posa et al. 2007; Howe et al. 2009; Tvardikova and Novotny 2012).  

Statistical analysis 

Apple damage 

The response variables for the first experiment were the percentage of apples damaged by 

birds and the percentage of apples damaged by insects on open and netted branches. 

However, bird damage was very low (average of 1.9% ± 4.8 (95% confidence interval 

(CI)), and only detected at two sites (Orchard 1 and Orchard 2), so was not included for 

analysis. 

Spearman correlation analysis was used to identify correlated explanatory variables, with 

only one variable of each correlated pair (correlation defined as r > 0.3) being included in 

models. The distance of an apple tree to unmanaged vegetation was correlated with Orchard 

(r = 0.452, p = < 0.01), and did not greatly improve the QIC value for the model. Orchard 

was considered a more important variable for capturing other aspects of variation across 

sites so Distance was excluded.  The final explanatory variables selected were as follows:  

the fixed variables Region (Batlow, Shepparton or Harcourt), Orchard (Orchard 1, Orchard 

2, Orchard 3, Orchard 4, Orchard 5 or Orchard 6), and Tree Location (Edge or Interior); and 

the random variable was an Orchard x Region interaction term.  

A generalised linear model using a Poisson distribution was fitted using the GENMOD 

procedure in SAS/STAT (SAS Institute Inc. 2011) to determine differences in insect 

damage to apples between open and netted branches, and whether this difference was 
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influenced by growing Region (Batlow, Shepparton or Harcourt), Orchard (Orchard 1, 

Orchard 2, Orchard 3, Orchard 4, Orchard 5, or Orchard 6), or Location of the tree in the 

orchard (edge or interior) (McCullagh and Nelder 1989). Since every tree was surveyed 

twice (one open and one netted branch), a block design using generalised estimating 

equations was used to account for lack of independence in the data resulting from repeat 

measures (Liang and Zeger 1986).  

Larvae predation 

The response variables for the second experiment were the percentage of plasticine larvae 

attacked or removed from branches after 5 days, and the percentage of real larvae attacked 

or removed from branches after 5 days. The explanatory variables were Larvae type (real or 

plasticine), growing Region (Batlow, Shepparton or Harcourt) and Orchard (Orchard 1, 

Orchard 2, Orchard 3, Orchard 4, Orchard 5, or Orchard 6). Region was the fixed factor of 

interest, Orchards were nested within Region, and Larvae type was a repeated measure 

factor. 

A linear mixed model analysis was performed in SAS/STAT (SAS Institute Inc. 2011) 

fitting the repeated measure, (Larvae type) using an unstructured correlation matrix to 

determine if: 1) the rate of removal differed between real and artificial larvae; and 2) if 

there was a relationship between the amount of larvae taken and growing region or orchard. 
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RESULTS 

Apple damage 

At all sites except Orchard 6 there was more insect damage on netted branches than open 

branches, with an average of  18.6% (95% confidence interval (CI) = 13.5-25.5%) of fruit 

damaged on netted branches and an average of 5.8% (95% CI = 3.9-8.7%) of fruit damaged 

on open branches (least squares mean; p < 0.005) (Figure 3.2). Therefore, the difference in 

damage between netted and open branches was positive (12.8%, 95% CI = 10.8-17.9%). 

This suggests that birds were contributing to the biological control of insect pests in most 

orchards. Orchard 2 had the highest insectivorous bird species richness across the whole 

season and the greatest average difference in damage between open and netted branches 

(21.1% ± 11.9 (95% CI)) (Figure 3.2). The highest amount of insect damage was also 

recorded at Orchard 2 with an average of 39.2% (± 9.2% (95% CI)) of apples on netted 

branches damaged (Figure S3.4, Supplementary Information).   

The orchard that the tree was in was the only variable that significantly explained the 

difference in insect damage between netted and open branches (p < 0.005). The difference 

was greater in the less intensely managed orchards (see ranking scale, Table 3.1 and Figure 

S3.4, Supplementary information), i.e. birds were providing more biological control in these 

orchards. The region the tree was in (i.e. Shepparton, Harcourt or Batlow) possibly also 

influenced how much of an effect the exclusion of birds had on insect damage to apples (p 

= 0.052). The greatest difference in damage between netted and open branches occurred in 

Batlow (average difference of 12.2% ± 7.2 (95% CI)), followed by Harcourt (average 

difference of 10.9% ± 8.6 (95% CI)), and Shepparton (average difference of 6.2% ± 10.7 

(95% CI)).  
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Figure 3.2. Average difference in % of insect damaged apples between open and netted branches, 
compared with insectivorous bird species richness (n = 120 branches). All orchards except Orchard 6 
received more insect damage on netted (bird excluded) branches (Error bars show 95% CI). Orchards are 
listed 1-6 from lowest intensity management to highest intensity.  

Insectivorous bird species richness was measured at the orchard level so could not be 

included in the main analysis, however, when the orchard management intensity was 

considered against insectivorous bird species richness they were significantly negatively 

correlated (Spearman = -0.870, p < 0.05).  That is, the least intensively managed orchards 

had the higher insectivore richness (Figure S3.4, Supplementary information). The average 

difference in damage between netted and open branches was greater in orchards that had 

higher insectivore richness (Spearman = 0.841, p < 0.05). 
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Bird species richness 

Overall, 39 different bird species were detected in the six orchards. Thirty-six species were 

native and three were introduced (Table S3.1, Supplementary Information). Thirty-four 

different species were observed during the full bloom period, 19 species were observed 

during fruit set, 15 species were observed at harvest and 21 species were observed post-

harvest. All species observed in the orchards were also observed in adjacent patches of 

unmanaged vegetation, as well as an additional eight species (Supporting results 3.1, 

Supplementary information).

Overall, Orchard 3 had the highest species richness (18), followed by Orchard 1 (16), 

Orchard 2 and Orchard 4 (15 each), Orchard 5 (12) and Orchard 6 (8) (Figure 3.3). When 

species richness was broken down by time of season, Orchard 3 had the highest species 

richness during the flowering period, with 14 species, followed by Orchard 1 with 12 

different species. At fruit set, species richness was also highest at Orchard 3 (9 species), 

followed by Orchard 2 (7 species) and Orchard 1 (5 species). At harvest time, Orchard 4 

had the highest species richness (9 species), while at post-harvest species richness was 

highest at Orchard 2 (8 species).  

Feeding guilds 

Birds were classified by their main feeding type. Omnivores (birds that consumed insects 

and plant material) were the most common feeding type in all orchards across the entire 

season, with the exception of Orchard 4 during harvest where there were more insectivorous 

species. Across the whole season, Orchard 2 had the highest species richness of 
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insectivorous birds (7 species), followed by Orchard 1 (6 species), Orchard 3 and Orchard 4 

(5 species each), Orchard 6 (3 species) and Orchard 5 (2 species).  

Figure 3.3. Bird species richness in each orchard at key times of the growing season. Orchards are listed 
from 1-6 from lowest intensity management to highest intensity. 

When this was broken down into time of season, four insectivorous bird species were 

recorded at Orchard 1 and Orchard 3 during flowering, while Orchard 2 and Orchard 6 had 

three insectivorous species. During early fruiting, only three orchards had predominantly 

insectivorous bird species: Orchard 3 three species, Orchard 2 two species, Orchard 1 one 

species. At harvest time, Orchard 4 had the highest number of insectivorous species (5) 

while post-harvest, Orchard 2 had the highest insectivore species richness (5) (Figure S3.5, 

Supplementary information). 
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Larvae predation experiment 

Real larvae (average % attacked larvae = 71.1% ± 16.4) were preyed on significantly more 

than plasticine larvae (average % attacked larvae = 34.4% ± 17.4) (p = < 0.0001; Figure 

3.4). There was no clear pattern to this: some orchards with high predation rates on real 

larvae also had high predation rates on plasticine larvae, however this was not always the 

case. Region also explained the difference in the predation rate (p = < 0.001), with the most 

larvae removed in Batlow, followed by Harcourt and then Shepparton (Figure 3.4).  

Figure 3.4. Least squares means of the number of real and plasticine larvae attacked/removed from 
each region. Error bars show 95% confidence intervals.  

Several insectivorous bird species were observed within the orchards during early fruit set 

and these could potentially be providing biological control of insect pests (Table S3.1, 

Supplementary information). However, the motion-sensor cameras only detected two birds 
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larvae was by insects, with the exception of two bird-predated larvae in Orchard 3. The 

motion-sensor cameras recorded earwigs (Dermaptera sp., including the European earwig, 

Forficula auricularia) predating upon the larvae in Orchard 1, Orchard 2 and Orchard 5 

(Figure S3.6, Supplementary information). The damage to larvae in the remaining orchards 

was similar (pincer marks and ‘chewed’ sections in the plasticine larvae, and only the hard 

head remaining for real larvae) and therefore suggests earwigs or similar predatory 

invertebrates were also responsible for the majority of predation. Ants (unknown sp.) were 

also observed eating the real larvae.  

The net value of bird activity 

Birds damaged an average of 1.9% of apples within the study orchards, while they reduced 

the amount of insect damaged apples by an average of 12.8%. This result suggests that birds 

are providing a net benefit value to orchard growers, reducing damage by an average of 

10.9%. When considered at the orchard level, all orchards except two had an overall 

positive net value of bird activity (Figure 3.5). 
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Figure 3.5. Net value of bird activity in apple orchards when considering a cost-benefit trade-off (i.e. 
reduction in insect damaged fruit minus amount of bird damaged fruit). Orchards are listed 1-6 from lowest 
intensity management to highest intensity. Error bars show 95% confidence intervals. 

DISCUSSION 

This study considered the cost-benefit trade-off between birds providing biological control 

of insect pests, and bird damage to fruit in apple orchards in central Victoria and southern 

New South Wales. We found that: 1) excluding birds from branches of apple trees (via 

netting) resulted in 12.8% greater insect damage to fruit and reduced crop yields, therefore 

indicating that birds may contribute to controlling insect pests; 2) bird damage to apples on 

open branches was very low (1.9%), and only detected at two sites; and 3) the net outcome 

of bird activity, trading off the potential benefits of birds controlling insect pests vs. birds 
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The experiment using real and artificial codling moth larvae suggested that earwigs may 

-15

-10

-5

0

5

10

15

20

25

30

35

Orchard 1 Orchard 2 Orchard 3 Orchard 4 Orchard 5 Orchard 6

N
et

 v
al

ue
 o

f b
ird

 a
ct

iv
ity

 (%
)

Orchard



58 

significantly contribute to the predation of codling moth larvae in apple orchards, and this 

was more evident in less intense orchards. Real larvae were also predated on more often 

than plasticine ones. Hence, our combined results suggest that both insectivorous birds and 

certain predatory insects may together help control insect pests in apple orchards.  

Apple damage  

The highest amount of insect damage to apples was recorded at Orchard 2, where almost 

40% of apples on netted branches were damaged. Orchard 6 was the only orchard where 

trees received less damage on open branches than bird excluded ones, and overall insect 

damage was low compared with the other orchards. This was possibly due to low species 

richness of insects [Saunders ME and Luck GW, unpublished data] and birds, and relatively 

substantial pesticide use. It is likely that the lowest intensity orchards (Orchard 1 and 

Orchard 2), which were certified organic, had more insect damage because the growers did 

not spray any pesticides. It is important to note that the damage estimates in the higher 

intensity orchards reflect the combined influence of natural (biological) and chemical pest 

control, unlike the two organic orchards which use natural pest control alone. 

Distance to unmanaged vegetation was not included in the analysis as it was moderately 

correlated with Orchard, however, native vegetation is important habitat for birds (Bennett 

and Ford 1997; Tscharntke et al. 2008; Puckett et al. 2009) and this is one possible 

explanation for why birds were providing greater biological control in the orchards closest 

to patches of unmanaged vegetation. The least intensively managed orchards had the 

highest insectivore richness (potential biological control providers), which also supports 

this conclusion. This was additionally supported by observations during bird surveys, with 
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many insectivorous birds being observed at the orchard edges near unmanaged vegetation 

(e.g. yellow-faced honeyeaters, Lichenostomus chrysops and grey fantails, Rhipidura 

albiscapa darting to and from unmanaged vegetation and apple trees near the edges of the 

orchards).  

Almost all (92.3%) of the 39 bird species observed were native. The greatest species 

richness occurred during the full bloom period, as did the greatest species richness of 

insectivores (however, these still occurred in fairly high numbers across the whole season). 

Between early fruiting and harvest, the apple trees in the two Harcourt orchards were 

covered with drape netting (excluding the open branches used in this experiment) and this 

appeared to provide a haven for many small bird species (e.g. striated thornbills, Acanthiza 

lineata) and yellow-faced honeyeaters) which could fit under gaps in the net, while 

excluding most larger parrot species and birds of prey (e.g. black-shouldered kite, Elanus 

axillaris).   

Across the season (flowering, early fruiting and harvest) parrot species (crimson rosella, 

Platycercus elegans and eastern rosella, Platycercus eximius) were observed feeding on 

flower buds and fruit on the trees (possibly reducing fruit set) in all orchards except for the 

two in Shepparton (where no parrots were observed). These species were also observed 

consuming unharvested (waste) fruit on the trees and ground post-harvest, possibly 

reducing the spread of disease and increasing the transfer of nutrients and organic matter 

into the soil, which is particularly important in organic orchards (Neeson 2008; Queensland 

Department of Agriculture and Fisheries 2015). Satin bowerbirds were observed also 

feeding on apple flowers (detrimental activity) at Orchard 3 during flowering, and on fallen 

fruit (beneficial activity) in the same orchard during the early fruiting stage. Therefore, 
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these bird species have the potential to be providing both costs and benefits to growers 

depending on the time of season. This supports work done by Luck (2013), who found that 

parrot species in almond orchards caused costs by eating the growing nuts before harvest, 

but then also provided benefits by cleaning up waste nuts after harvest. 

The omnivorous silvereye (Zosterops lateralis) was observed eating nectar during flowering 

(possible detrimental activity of nectar robbery and possible beneficial activity of incidental 

pollination), gleaning insects from apple leaves and fruit across the whole season (potential 

beneficial activity of biological control), and eating unharvested or fallen fruit after harvest 

(potential beneficial activity of reducing the spread of disease and increasing the transfer of 

nutrients and organic matter into the soil). Such behaviour demonstrates the complex 

relationships between species activity and crop production, underscoring the importance of 

accounting for both the costs and benefits of the activity of multiple species across the 

entire growing season for individual crops in different contexts (see Appendix 1). Other 

omnivorous species, such as the Australian magpie (Cracticus tibicen) and European 

blackbird, were also identified in the orchards across the whole season and were only 

observed eating insects, some of which may have been apple pests.  

Larvae predation experiment 

The larvae predation experiment found a significant difference in the prey type used, i.e. 

real larvae were preyed on more than plasticine larvae. This can possibly be explained by 

the high incidence of insect predation of larvae, particularly by earwigs. The larvae in this 

study were first attached to the study trees in the evening to allow birds to have the first 

morning of foraging uninterrupted (i.e. when they are most active), however many of the 
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real larvae were eaten by earwigs in the first night. This could have reduced the amount of 

larvae available for birds to prey on that first morning and therefore underestimated their 

biological control potential. Perhaps more importantly, earwigs seem to be largely 

overlooked as potential biological control providers of invertebrate pests in apple orchards. 

European earwigs are known to cause damage to many crop types (Capinera 2001), 

although they have also been shown to provide benefits such as controlling aphids (e.g. 

Nicholas et al. 2005; Romeu-Dalmau et al. 2012). Native carnivorous earwigs (e.g. 

Labidura truncata) are better recognised as potential predators (Williams 2002; Atlas of 

Living Australia 2015), but more research is needed into their potential as biological control 

agents, particularly in apple orchards.

Our study found that the use of plasticine larvae significantly under-estimates the amount of 

predation occurring in the orchard (i.e. they were attacked less than the real larvae). Other 

studies have found plasticine larvae to be effective in recording predation events (e.g. 

Loiselie and Farji-Brener 2002; Koh and Menge 2006; Posa et al. 2007; Howe et al. 2009; 

Tvardikova and Novotny 2012), however these studies did not directly compare their results 

with predation rates on real larvae. Sam et al. (2015) considered this difference in prey type 

in a tropical forest system. They found no difference between real and artificial larvae, 

however they found a significant difference in predation rates based on the type of artificial 

material used. Our study is therefore the first to consider the differences in predation rates 

on different types of prey items in fruit orchards. We suggest that while the use of plasticine 

prey models can help identify potential predators, and they may have some utility in 

recording differences in relative predation pressure among sites, they should not be used to 

infer actual predation levels on a given prey type. Our study also suggests that caution 

should be taken when using plasticine larvae to infer relative predation pressure. For this to 
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be reliable, sites with high predation pressure for real larvae should also have high predation 

pressure for artificial larvae; however, this was not always the case in our study region. 

Our study did not consider the potential for insectivorous bats to be providing biological 

control, although they can be important predators of crop insect pests (Cleveland et al. 

2006; López-Hoffman et al. 2014; Wanger et al. 2014; Brown et al. 2015). No bats were 

recorded on the motion sensor cameras, but several growers have observed insectivorous 

bats in their orchards, so this would be an important avenue for further investigation. 

Similarly, some growers commented on grey-headed flying foxes (Pteropus poliocephalus) 

causing serious damage to apple trees and fruit, but they were not observed during our study 

and there was no evidence of their damage (e.g. snapped branches and chewed fruit) 

(Victorian Department of Natural Resources and Environment 2002). 

The net value of bird activity 

When trading off the amount of bird damage in the orchards (average of 1.9% of apples) 

with the amount of biological control they provided (i.e. reducing apples damaged by 

insects by 12.8%), it can be suggested that birds are providing an overall net benefit to 

orchard growers, reducing damage by an average of 10.9%. This value differed between 

orchards, with birds providing less biological control in the most intensively managed 

orchard (Orchard 6), and also causing more damage to apples than the insect control they 

provided in the least intensively managed orchard (Orchard 1) (i.e. a net outcome that was 

detrimental to growers). This highlights the importance of recognising the spatio-temporal, 

management and ecological differences between orchards and understanding that there is no 

one-size-fits-all approach to sustainable management. Bird damage was only detected at 
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two sites, Orchard 1 and Orchard 2, which were the two least intensely managed orchards.  

As insectivore species richness was also highest in these orchards, this suggests that there is 

a point when the trade-off between encouraging insectivores (e.g. by planting native 

vegetation near orchards) may be out-weighed by attracting detrimental species (e.g. 

parrots). Though data are sparse, our results suggest that some active management of apple 

orchards is required to tip the balance in favour of a positive net outcome of bird activity for 

growers.  

It is important to note that the bird damage recorded in our study was low and likely 

impacted by orchard management actions (e.g. drape netting). While some studies suggest 

that bird damage to apples is also low (e.g. Long (1985) who found a maximum of 1.75% 

damaged fruit per orchard), other studies have found bird damage in apples to be much 

higher, for example up to 18% in some varieties (Grasswitz and Fimbres 2013). These 

studies also found that the amount of damage depended on apple variety, with birds 

showing a preference for red-coloured, late season ripening fruit. Logistical reasons 

prevented us from controlling for apple variety, so all apple damage assessments were done 

at the same time in the season to account for temporal variation in bird activity. However, it 

is possible that apple variety could have impacted damage levels across orchards.    

The amount of bird damage to crops can also vary between seasons and years (e.g. Long 

1985; Luck et al. 2013). In addition, there is a large amount of spatial variability in damage 

from large flocks of birds (e.g. cockatoo species) that descend somewhat randomly on 

localised areas in orchards (Long 1985). Therefore, it is possible that at other sites within 

the study orchards, or in future years, there may be more apple damage by birds. This is 

supported by personal observations of crimson rosellas and Australian king parrots 
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(Alisterus scapularis) feeding on uncovered fruit near orchard edges at four of the orchards, 

and growers’ observations of flocks of musk lorikeets (Glossopsitta concinna) feeding on 

fruit in previous years. Therefore, further work is needed to consider the cost-benefit trade-

off of bird activity over larger spatial scales and longer time spans.   

Our study begins to address the complex ecological interactions that occur between birds, 

invertebrates and apple crops. It highlights how birds can provide costs or benefits to 

growers depending on a range of contextual factors including time of season, location, and 

interactions with other fauna (i.e. invertebrates). This can better inform land managers about 

implementing strategies which promote the beneficial processes that are essential to the 

sustainability of agriculture and conservation alike (Appendix 1, Chapter 2), while reducing 

negative impacts on production.  
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SUPPLEMENTARY INFORMATION  

Methods 

The amount of time each bird spent in the focal tree (from arrival until departure) and its 

behaviour were recorded in a table using predetermined shorthand notes (only the 

behaviours actually observed are presented here). Behaviour was assigned to the following 

five broad categories and recorded every 10 seconds until the bird left the tree: eat apple on 

tree (before harvest, includes eating apple flowers), forage on tree (actively searching the 

tree for invertebrates), glean invertebrate from tree (i.e. remove and eat invertebrate from 

trunk, branch, leaf or fruit), hawk (catch invertebrate in air), and non-feeding activities 

(groom, fly (flying without catching invertebrates), perch, vocalize, vigilant (head up, bird 

on ground), interact with another bird, and walk). If no birds were observed in the first 20 

minutes of beginning the survey, then the survey was abandoned.

In addition to the focal tree surveys, activity budgets were recorded opportunistically for 

bird species observed within the orchards (Supporting results 3.2, Supplementary 

information). Using binoculars, the behaviour of an individual was observed and recorded 

every ten seconds for as long as possible. Behaviours included those listed above, as well 

as: drink water, eat grass flower, eat ground invertebrate (handle invertebrate in beak), 

forage on ground (head down, searching the ground), eat nectar from apple flower, eat apple 

on ground, and hover (searching/hunting vertebrates from air, i.e. raptors). Observations 

were stopped if foliage blocked the view of an individual, or if the bird moved too far away 

to be seen clearly. There was no way of knowing if the same individual was observed more 

than once, so data were pooled for each species. 
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Results 

Species observed in adjacent patches of unmanaged vegetation but not in apple orchards 

were: white-throated treecreeper (Cormobates leucophaea), brown treecreeper (Climacteris 

picumnus), eastern whipbird (Psophodes olivaceus), brown thornbill (Acanthiza pusilla), 

little corella (Cacatua sanguinea), weebill (Smicrornis brevirostris), blue-faced honeyeater 

(Entomyzon cyanotis) and red-rumped parrot (Psephotus haematonotus).  

A total of 2596 individual activities were recorded for 34 different species. Average 

observations lasted for 16 individual activities (i.e. 160 seconds) (range: 3-77 individual 

activities/ 30-770 seconds).  Only observations lasting longer than 50 individual activities 

were included for analysis (Figure S3.7, Supplementary information). 

Figure S3.1. Damage to apples. a + b: bird damage. c + d: insect damage.



67 

Figure S3.2. Codling moth larvae. a) 
and b) Plasticine and real codling moth 
larvae attached to cardboard trays to be 
monitored by Reconyx HC500 remote 
motion-sensor cameras, c) Plasitcine 
codling moth larvae attached to apple 
tree branches near apple clusters, and d) 
real codling moth larvae attached to 
apple tree branches near apple clusters.

Figure S3.3. Examples of insect and bird 
damage to plasticine codling moth larvae. a) 
Insect damage - pinpricks; b); insect damage -
chew; c) bird damage - beak mark.
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Figure S3.4. Average % of insect damaged apples per branch on open and netted branch (± 95% CI), 
compared with insectivorous bird species richness. All orchards except Orchard 6 received more insect 
damage on netted (bird excluded) branches (n = 120 branches). Orchards are listed 1-6 from lowest intensity 
management to highest intensity. 

Figure S3.5. Insectivorous bird species richness in each orchard at key times of the growing season. 
Orchards are listed 1-6 from lowest intensity management to highest intensity. 

0

1

2

3

4

5

6

7

8

0

10

20

30

40

50

60

70

Orchard 1 Orchard 2 Orchard 3 Orchard 4 Orchard 5 Orchard 6

In
se

ct
iv

or
e 

ric
hn

es
s

Av
er

ag
e 

%
 in

se
ct

 d
am

ag
e 

pe
r b

ra
nc

h

Orchard

Netted branch

Open branch

Insectivore richness

0

1

2

3

4

5

6

O
rc

ha
rd

 1

O
rc

ha
rd

 2

O
rc

ha
rd

 3

O
rc

ha
rd

 4

O
rc

ha
rd

 5

O
rc

ha
rd

 6

O
rc

ha
rd

 1

O
rc

ha
rd

 2

O
rc

ha
rd

 3

O
rc

ha
rd

 4

O
rc

ha
rd

 5

O
rc

ha
rd

 6

O
rc

ha
rd

 1

O
rc

ha
rd

 2

O
rc

ha
rd

 3

O
rc

ha
rd

 4

O
rc

ha
rd

 5

O
rc

ha
rd

 6

Full bloom Early fruit Harvest

In
se

ct
iv

or
e 

sp
ec

ie
s r

ic
hn

es
s

Orchard within time of season



69 

Figure S3.6. Motion camera image. Earwigs eating real and plasticine codling moth larvae 
at night. 
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   Figure S3.7. Activity budgets for bird species observed in the orchards. (n=1980 observations). 
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Table S3.1. Bird species found in apple orchards over the entire season. Feeding types categorised as: O = 
omnivore, H = herbivore, I = insectivore, G = granivore, and C = carnivore. Introduced species are listed in 
bold. Asterisks denote which species were observed in particular survey periods. 

Common name Scientific name Feeding 
type

Full 
bloom

Early 
fruit set

Harvest Post-
harvest

Australian king parrot Alisterus scapularis H *
Australian magpie Cracticus tibicen O * * * *
Australian raven Corvus coronoides O * * * *
Australian white ibis Threskiornis moluccus O * *
Australian wood duck Chenonetta jubata H *
Black-faced cuckoo-shrike Coracina novaehollandiae I * *
Black-shouldered kite Elanus axillaris C * *
Brown falcon Falco berigora C * *
Crimson rosella Platycercus elegans H * * * *
Eastern rosella Platycercus eximius H * * *
Eastern spinebill Acanthorhynchus tenuirostris O * *
Eastern yellow robin Eopsaltria australis I

European blackbird Turdus merula O * * * *

European goldfinch Carduelis carduelis G * * *
Galah Eolophus roseicapilla G *
Golden whistler Pachycephala pectoralis I *
Grey currawong Strepera versicolor O * *
Grey fantail Rhipidura albiscapa I * * * *
Grey shrike-thrush Colluricincla harmonica I * *

House sparrow Passer domesticus G * *
Laughing kookaburra Dacelo novaeguineae C * *
Magpie lark Grallina cyanoleuca I *
Nankeen Kestrel Falco cenchroides C *
New Holland honeyeater Phylidonyris novaehollandiae O *
Pied currawong Strepera graculina O *
Red wattlebird Anthochaera carunculata O * *
Red-browed finch Neochmia temporalis G * *
Red-capped robin Petroica goodenovii I * * *
Rufous whistler Pachycephala rufiventris I *
Satin bowerbird Ptilonorhynchus violaceus O * * *
Scarlet robin Petroica boodang I * *
Silvereye Zosterops lateralis O * * * *
Striated thornbill Acanthiza lineata I * *
Superb fairy-wren Malurus cyaneus I * * * *
Welcome swallow Hirundo neoxena I *
White-faced heron Egretta novaehollandiae C *
Willie wagtail Rhipidura leucophrys I * * *
Yellow-faced honeyeater Lichenostomus chrysops O * * * *
Yellow-rumped thornbill Acanthiza chrysorrhoa I * * * *
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Chapter 4. The role of avian scavengers in the breakdown of 

carcasses in pastoral landscapes 

This chapter is published as: Peisley RK, Saunders ME, Robinson WA and Luck GW 

(2017) The role of avian scavengers in the breakdown of carcasses in pastoral landscapes. 

Emu - Austral Ornithology (online) doi:10.1080/01584197.2016.1271990.

Supplementary information Figures S4.1 and S4.2 and Tables S4.1 and S4.2 are included at 

the end of this chapter.  
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ABSTRACT 

Scavenging birds can provide ecosystem services to pastoralists by contributing to the 

breakdown of animal carcasses that can harbour and spread disease. However, these 

benefits have yet to be quantified in Australia. We monitored rabbit carcasses using motion-

sensor cameras to identify beneficial avian scavengers across four landscape types (forest, 

riparian, fields with large isolated trees, and open fields) on a pastoral property in north-

central Victoria. We quantified the ecosystem service of carcass breakdown by measuring 

the per cent weight loss of carcasses exposed to scavenging birds compared to carcasses 

excluded from birds. Seven of the twenty-four bird-accessible carcasses were attacked by 

raptors in 2014, and three in 2015. When a raptor attacked a carcass, there was a 

significantly higher median per cent weight loss of the carcass (16.67%, interquartile range 

(IQR) = 8.33-100.0) compared with sites where no bird attacks occurred (6.65%, IQR = 

3.03-12.06). Our results indicate that raptors are major contributors to carcass breakdown in 

grazing landscapes and may potentially contribute to reducing the spread of diseases such as 

blowfly strike and leptospirosis. Maintaining key habitat features for these species (e.g. 

large isolated trees) is essential for raptor conservation and maximising the ecosystem 

services they provide. 
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INTRODUCTION 

Scavenging birds are commonly found in most agroecosystems and their foraging activity 

can provide important ecosystem services such as nutrient cycling and the removal of 

wastes (Carter et al. 2007; Whelan et al. 2008). A key aspect of waste removal is the 

contribution that avian scavengers can make to the breakdown of animal carcasses (e.g. 

deceased livestock, road kill and culled animals) that could otherwise attract unwanted 

animals (e.g. wild dogs, Canis lupus; black rats, Rattus rattus; and red foxes, Vulpes vulpes) 

or facilitate the spread of disease (e.g. rabies and leptospirosis) (Prakash et al. 2003; Read 

and Wilson 2004; Dupont et al. 2012; Agriculture Victoria 2016). For example, before their 

population decline, vultures in India (Gyps indicus, G. tenuirostris and G. bengalensis) 

provided a service valued at US$34 billion by consuming cattle carcasses near human 

settlements, thereby indirectly reducing the number of rabid dogs that would otherwise have 

scavenged on these carcasses and in turn reducing the spread of rabies to the human 

population (Markandya et al. 2008). Vultures (Accipitridae and Cathartidae) in Kenya 

tripled the decomposition rate of livestock carcasses, and also significantly decreased the 

number of and time mammal scavengers spent at these carcasses, therefore potentially 

reducing disease transmission (Ogada et al. 2012).  

Vultures do not occur worldwide, and where they do occur their populations are under 

threat: therefore, it is important to assess the role that other scavenging birds have in carcass 

breakdown. Diurnal raptors such as eagles, hawks and kites, and corvids such as ravens and 

crows are also common scavengers (Dean and Milton 2003; Read and Wilson 2004). For 

example, in Scotland, the golden eagle (Aquila chrysaetos) appears to be a more important 
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scavenger of lamb carcasses than red foxes on open hills where sheep over-winter (Hewson 

1984).   

In Australia, there is a diverse group of scavenging bird species that are common in pastoral 

landscapes (i.e. sheep and cattle grazing), including many raptors and corvids (e.g. 

whistling kite, Haliastur sphenurus; wedge-tailed eagle, Aquila audax; black kite, Milvus 

migrans; Australian raven, Corvus coronoides). These birds can play an important role in 

the breakdown and removal of road kill (Aumann 2001), culled animals (e.g. kangaroos 

Macropus spp. and feral pigs Sus scrofa; Read and Wilson 2004; O’Brien et al. 2007) or 

deceased livestock (Brooker and Ridpath 1980; Aumann 2001), potentially reducing the 

activity of feral terrestrial scavengers (e.g. foxes, wild dogs, rats and feral pigs) and 

preventing the spread of diseases such as blowfly strike and leptospirosis, which can be 

fatal for livestock and humans (Plank and Dean 2000; Agriculture Victoria 2016). The 

Australian Raven is a widespread and common scavenger, often being the first to arrive at a 

carcass (Read and Wilson 2004; O’Brien et al. 2007). Large raptors such as the wedge-

tailed eagle consume up to 400 g of meat per day and also commonly feed on carrion 

(Brooker and Ridpath 1980; Blair 2000).  

Raptors and ravens are sometimes perceived negatively in regards to their hunting 

behaviour in agroecosystems, however, while some healthy lambs might be attacked (< 2% 

of lambs born), this appears to occur rarely, and usually with unviable lambs taken (Rowley 

1970; Brooker and Ridpath 1980). Introduced mammalian predators pose a much greater 

threat to lambs, and by removing carcasses, scavenging birds may provide a significant 

service to farmers by discouraging these mammalian pests. However these benefits have 



77 

never been quantified in Australia, and with intensifying agriculture threatening species 

worldwide it is important to encourage their conservation in agroecosystems.

Within agroecosystems, different landscape types may contain different bird assemblages, 

potentially resulting in different levels of carcass breakdown. Scattered large trees are 

important for raptors as they provide nesting and hunting sites (e.g. many raptors build their 

nests in large remnant trees or perch in them while foraging) (Aumann 2001). Large 

isolated trees also increase landscape connectivity between larger patches of native 

vegetation (Fischer and Lindenmayer 2002a; Fischer and Lindenmayer 2002b), encouraging 

birds to move across the landscape. Remnant tree cover along riparian zones in agricultural 

landscapes is often comprised of large trees, providing nesting sites for raptors and other 

scavenging species such as ravens (Knight et al. 1982; Aumann 2001). Raptors often hunt 

or scavenge in open grasslands where visibility is highest, and farmland fields are likely 

important foraging sites for these birds. Ravens also forage on the ground for invertebrates, 

plant material and carrion in open fields (Rowley 1973).  

A detailed assessment of the role of scavenging birds in contributing to carcass breakdown 

in agroecosystems in Australia is lacking. Further, little is known of how scavenging bird 

activity varies with landscape type. To better understand this issue, important first steps are 

to record which species are most likely to visit animal carcasses, document their activity at 

carcasses, and determine the potential consequences of this activity. We aimed to determine 

the contribution of scavenging birds to the breakdown of rabbit carcasses in four landscape 

types across a large cattle grazing property and a nearby national park. Specifically, the 

aims of our study were to: 1) identify which bird species visit rabbit carcasses in pastoral 
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landscapes; 2) determine the amount of rabbit carcass removed by birds; and 3) quantify the 

activity of birds and how this varies in relation to key landscape features. 

MATERIALS AND METHODS 

Study sites 

Our study was conducted on a large (4047 ha) pastoral property and the adjacent Warby-

Ovens National Park (14,655 ha; Parks Victoria 2015) located near Wangaratta, northern 

Victoria. This region receives 614.4 mm annual rainfall and has average minimum and 

maximum temperatures of 7.5ºC and 22.1ºC, respectively (Australian Bureau of 

Meteorology 2015). The pastoral property is bordered on one side by the Ovens River and 

contains a range of landscape types, including covenanted remnant riparian vegetation and 

fields used for cattle grazing and cropping (lucerne, Medicago sativa), which are either 

completely cleared or contain a few large remnant Eucalyptus trees. The Warby-Ovens 

National Park, which was gazetted in 2010, is characterised by granitic hills and Eucalyptus 

woodland that has been impacted by human activity, with very few old trees remaining 

(Parks Victoria 2015).  

We surveyed 24 sites each year in April-May (autumn) of 2014 and 2015. These sites 

represented the four major landscape types: 1) disturbed forest within the national park 

(forest replicates), 2) remnant vegetation patches along the Ovens River (riparian 

replicates), 3) fields containing single or few large trees (isolated tree replicates), and 4) 

open fields without remnant trees (open field replicates). Sites were located in landscape 

types 2 - 4 in 2014 (eight replicates/sites per landscape), and all four of the landscape types 

in 2015 (six sites per landscape). In total, there were eight sites in the riparian, isolated tree 
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and open field replicates, and six sites in the forest replicates (Table S4.1, Supplementary 

information).  

Each site was separated by at least 500 m to improve spatial independence (mean distance = 

738.39 m, minimum distance = 542.18 m, maximum distance = 1110.50 m). Raptors have 

large home ranges and can search large distances for food (e.g. wedge-tailed eagle pairs can 

occupy breeding territories in excess of 30 km2; Marchant and Higgins 1993) and therefore 

it is possible that the same individuals could visit more than one site in our study area. To 

test for spatial dependence among sites, we conducted a Mantel test comparing a matrix of 

the number of visits at each site with a matrix of Euclidean distances between sites (i.e. 

whether sites closer together were more likely to have a similar number of visits). This test 

showed that there was no correlation between the number of visits at a site and the site 

location in 2014 (R = 0.04, p = 0.37) or 2015 (R = -0.10, p = 0.77). Nevertheless, it is 

important to acknowledge that, for species with large foraging ranges such as raptors, the 

statistical independence of sites may be compromised even with substantial spatial 

separation. Increasing spatial separation among sites to address this issue can lead to greater 

environmental and management variation among sites (i.e. sampling substantially different 

habitats and sites managed by different landholders), introducing potential confounding 

factors and complicating the interpretation of results. These issues need to be carefully 

considered when conducting and interpreting studies such as ours. 

Feeding stations

At each site there were four feeding stations (total = 96 feeding stations per year), and on 

each station, one whole, head-shot rabbit carcass was attached with wire to prevent animals 
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removing the complete carcass. This facilitated observations of animal visits and feeding 

behaviour across time. Carcasses were weighed with a Pesola scale prior to exposure to the 

nearest 5 g. Station 1 (open ground) was located on the ground and was completely open 

and accessible to terrestrial animals, birds and invertebrates. This was to imitate the natural 

conditions that would occur in the landscape. Stations 2 - 4 excluded terrestrial scavengers 

(e.g. red foxes and lace monitors, Varanus varius) by using a 2 m high raised platform with 

the following treatments: Station 2 (elevated open) open to all flying vertebrates and 

invertebrates; Station 3 (elevated cage) exclusion of all vertebrates using bird wire, but 

accessible to invertebrates; and Station 4 (elevated control) exclusion of all vertebrates and 

invertebrates using fly wire (i.e. control) (Figure S4.1, Supplementary information). 

Excluding terrestrial scavengers ensured that any loss in carcass weight was due only to 

birds and/or invertebrates, and allowed us to assess the potential contribution of birds to 

carcass breakdown in the absence of major introduced predators such as foxes. Stations 2 

(elevated open) and 3 (elevated cage) were used to determine if insect infestations were 

greater in carcasses that birds had accessed (a potential detrimental outcome for graziers if 

these infestations included economically-important blowfly species), compared to carcasses 

that were excluded from birds (these results will be reported in a related study; here we 

focus primarily on bird activity). Station 4 (elevated control) was used to account for any 

non-consumption based causes of carcass weight change (e.g. water gain/loss).  

Stations 1 and 2 were each monitored by a HC500 Reconyx motion-sensor camera attached 

to a star picket facing the feeding station. Where possible, the cameras were positioned 4 m 

from the feeding station so that the entire station was in view, and facing south to reduce 

distorted images due to sun glare. The cameras recorded the time, date and ambient 
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temperature when each image was taken. Cameras were programmed at high sensitivity, 

and to take a burst of three images each time they were triggered to increase the likelihood 

of identifying photographed animals. These three photos were recorded as one ‘event’ and 

were used to record information about the identity and species richness of birds accessing 

the carcasses. Other details such as the time taken for the first bird to visit the carcass, the 

total number of bird visits to the carcass, the number of bird attacks (i.e. the number of 

times a bird was recorded feeding on the carcass), and the average time between attacks 

were also recorded. 

In each year, survey times were staggered for logistic reasons, but an equal number of each 

landscape type was surveyed at the same time to reduce factors such as weather influencing 

the results. That is, four sites per landscape (i.e. four open field, four isolated tree and four 

riparian sites) in 2014, and three sites per landscape (i.e. three open field, three isolated tree, 

three riparian and three forest sites) in 2015 were surveyed simultaneously.  The carcasses 

were left in the field for eight days. Survey time was chosen to maximise exposure within 

the given logistical constraints of the project and was determined during the first round of 

surveys by checking the carcasses daily for scavenger activity (e.g. openings or removal of 

the carcass). The surveys were immediately repeated after each exposure period until all 24 

sites had been surveyed.  

After the eight day exposure period, the rabbit carcasses were collected and re-weighed in 

order to calculate the percentage weight change in each rabbit during the exposure period. 

Before re-weighing, any invertebrates (larvae and adults) in the carcass were removed by 

systematically beating each rabbit separately against the sides of a large plastic tub, with 

five beats per side. This removed most of the invertebrates in the carcasses and allowed for 
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a more accurate measure of the amount of the carcass removed by birds. Although not all 

invertebrates were extracted from carcasses using this method, the relative weight of 

removed invertebrates was expected to be comparable between carcasses.  

Data analysis 

The purpose of the data analysis was to address the three aims of the study. After 

conducting a thorough assessment of the distribution of our data and exploring various 

options for the most appropriate analyses, we concluded that either a Gaussian or Poisson 

distribution was most appropriate, sometimes after data transformation. Our statistical 

analyses are described below.  

1) Identify which bird species visit rabbit carcasses in grazing landscapes 

Bird species that visited rabbit carcasses were identified from images on the motion sensor 

cameras. 

2) Determine the amount of rabbit carcass removed by birds 

To determine if birds were contributing to the removal of rabbit carcasses and to examine 

the relationship between key landscape features and the percent weight loss of rabbit 

carcasses, we conducted a linear mixed model analysis including sites as random repeated 

effects and year (2014 or 2015) as a random effect. Station type (open ground, elevated 

open, elevated cage or elevated control), and landscape type (open field, isolated tree, 

riparian vegetation or forest) were included in each model as fixed factors. Residual plots 

were inspected to confirm that model assumptions of normality and homoscedasticity were 
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met. A reduced model was run with only significant effects (i.e. station type) included to 

enable multiple comparisons using Tukey’s HSD t.

We also considered if rabbit carcass weight loss was related to scavenging by raptors alone. 

Carcass weights were not normally distributed and contained positive and negative values 

(i.e. some carcasses gained weight from water absorption) so a Mann-Whitney non-

parametric test was used to determine if the median percent carcass weight loss was higher 

when a raptor attacked an open ground carcass, compared with when no birds attacked an 

open ground carcass. Birds other than raptors were recorded infrequently attacking only 

three carcasses and so these records were not included in the analysis.  

3) Quantify the activity of birds and how this varies in relation to key landscape features

The time taken for a bird to first visit a ground station was compared between year and 

landscapes types using a linear mixed model with individual sites and year (2014 or 2015) 

as random effects (Liang and Zeger 1986) and landscape fitted as a fixed effect. Forest 

(National Park) sites were excluded from the analysis as they were only sampled in one 

season (2015) and their means were not comparable across years. Only sites that were 

visited by birds were included in the analysis and to fit the model the reduced data set 

required the assumption of no location×year interaction was present. The data were log 

transformed to address the assumptions of normality and homoscedasticity, which were 

confirmed using visual inspection of residual plots.  

We used a generalised estimating equation with a Poisson distribution with individual sites 

as random repeated effects (Liang and Zeger 1986) to determine differences in the number 
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of bird attacks on carcasses at ground stations between years and landscape types. To 

account for possible over-dispersion of the data, a multiplicative over-dispersion factor (i.e. 

SCALE=DEVIANCE model statement) was included in the model (SAS Institute Inc. 

2013).  

All statistical models included all factorial interaction terms and were performed using 

either the MIXED or GENMOD procedures in the SAS/STAT® package (SAS Institute 

Inc. 2013). 

RESULTS 

Scavenger bird species that visit rabbit carcasses in grazing landscapes 

Ten different bird species were observed attacking carcasses, and another eight were 

observed visiting carcasses (Figure S4.2 and Table S4.2, Supplementary information). Bird 

species richness ranged from 0 - 3 species at each carcass. A red fox and lace monitor were 

also observed feeding on three of the carcasses each year. 

The brown goshawk (Accipiter fasciatus) was the most common bird species to visit and 

attack carcasses in 2014 (795 visits and 2274 attacks at three sites), followed by the 

whistling kite (290 visits and 804 attacks at four sites) and Australian raven (56 visits and 

155 attacks at four sites) (Figure 4.1). Four of the ten species that attacked the carcasses 

were raptors (brown goshawk, whistling kite, little eagle (Hieraaetus morphnoides) and 

wedge-tailed eagle). The Australian raven visited and attacked carcasses the most out of any 

bird species in 2015 (214 visits and 323 attacks at seven sites), followed by the whistling 
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kite (49 visits and 106 attacks at three sites) and little eagle (48 visits and 39 attacks at two 

sites) (Figure 4.1).  

The Australian raven was the first bird species to visit seven of the 21 ground sites that were 

visited by birds over the two years, and it took them an average of 2.83 ± 0.57 days (mean ± 

1SE)  to first visit these carcasses (Table 4.1). Australian ravens also visited the most 

ground sites out of any species (10 out of 48 carcasses over both years). The Australian 

magpie (Cracticus tibicen) was the fastest at finding a carcass, taking less than a day, on 

average, to make the first visit, however they were only observed at three carcasses in 2015 

making 49 visits and three attacks (Table 4.1). 

When including all of the carcasses that a species visited (i.e. not just the carcasses where a 

species was the first to visit), the Australian raven took 2.97 (± 0.90) days to first visit a 

carcass, and the whistling kite took 2.95 (± 0.73) days (Table 4.1).  

The amount of rabbit carcass removed by birds 

There was a significant difference in the average percent weight loss of each rabbit carcass 

between feeding stations (F = 7.02, df = 3, 141, p = 0.0002) (Table S4.1, Supplementary 

information). Open ground stations had a significantly higher percent removal than all other 

feeding station types (total percent weight loss = 17.56% ± 3.02, Tukey’s HSD t = 5.81, df 

= 141, p = < 0.0001) (Figure 4.2). 

When a raptor attacked a carcass, there was a significantly higher median percent weight 

loss of the carcass compared with sites where no bird attacks occurred (raptor attack = 
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median 16.6 7% removal, interquartile range (IQR) = 8.33 - 100.0; no bird attack = median 

6.65% removal, IQR = 3.03 - 12.06) (Mann-Whitney U = 121.5, n1 = 15, n2 = 30, p = 0.04) 

(Figure 4.3). Raptors were observed feeding at several ground sites (seven of the 24 sites in 

2014 and three sites in 2015) and made the most attacks out of all bird groups (total of 3278 

attacks).  

Figure 4.1. Total number of visits and attacks by bird species on carcasses at ground sites on a pastoral 
property in north-central Victoria.
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Table 4.1. Average time taken until each species first visited rabbit carcasses and the first bird species to visit carcasses (± 1 SE) on a pastoral property in 
north-central Victoria. Species that attacked a carcass are included in bold. 

Species Average time to 
first visit (days ± 
SE)

Attacked 
carcass 
(yes/no)

Number of 
carcasses 
visited (n)

Number of sites species was 
first to visit (21 sites visited 
in total)

Average time to first visit 
(days ± SE) when species 
was first to visit

Australian magpie 0.59 ± 0.42 yes 3 3 0.70 ± 0.57

Little eagle 1.78 ± 0.31 yes 4 2 2.09 ± 0.01

Grey shrike-thrush 2.05 ± 0 no 1 1 2.05 ± 0

Noisy miner 2.28 ± 0 no 1 1 2.28 ± 0

Whistling kite 2.95 ± 0.73 yes 6 4 2.89 ± 1.11

Australian raven 2.97 ± 0.90 yes 10 7 2.83 ± 1.10

White-winged chough 3.41 ± 0 yes 1 1 3.91 ± 0

Brown goshawk 3.66 ± 1.51 yes 2 2 3.70 ± 1.55

Wedge-tailed eagle 4.75 ± 2.01 yes 2 1 6.75 ± 0

Common myna 5.11 ± 0 no 1 - -

Magpie lark 6.01 ± 1.97 no 2 - -

Southern boobook 6.72 ± 0 no 1 - -

Common starling 6.90 ± 1.09 no 2 - -

Tawny frogmouth 7.34 ± 0 yes 1 1 8.40 ± 0

Laughing kookaburra 7.98 ± 0 yes 1 - -
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Figure 4.2. Average percent rabbit carcass weight loss at feeding stations on a pastoral property in 
north-central Victoria. Letters indicate Tukey’s HSD groups, where columns with the same letters are not 
significantly different from each other. Error bars show 1 SE. Negative rabbit carcass weight loss (i.e. an 
increase in weight) was due to water absorption from rain.
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Figure 4.3. Effect of raptor attack occurrence on percent rabbit carcass weight 
loss on a pastoral property in north-central Victoria. Error bars show 1 SE.
Negative rabbit carcass weight loss (i.e. an increase in weight) was due to water
absorption from rain.
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The activity of birds in relation to key landscape features  

Birds visited 10 of the 24 sites in 2014 and 11 of the 24 sites in 2015. Overall, birds took an 

average of 2.61 days ± 0.93 to first visit rabbit carcasses in open field sites, 2.70 days ± 1.07 

to isolated tree sites and 3.27 days ± 1.28 to riparian sites (Figure 4.4). There was a trend 

for birds to visit (i.e. find) rabbit carcasses more quickly in open sites, with the time taken 

for a bird to visit a ground feeding station increasing as the landscape type became more 

structurally diverse; however, this relationship was not statistically significant (F = 0.65, df 

= 2, 2, p = 0.65, n = 19) (Figure 4.4). There was also no difference in the number of bird 

attacks on carcasses at ground stations between years (χ2 = 3.07, df = 1, p = 0.08) and there 

was no interaction between landscape type and year (χ2 = 3.98, df = 2, p = 0.14).  

Figure 4.4. Average time (days) taken for a bird to first visit a rabbit carcass at ground feeding stations 
on a pastoral property in north-central Victoria. Error bars show 1 SE. 
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DISCUSSION 

In this study, we found that rabbit carcasses accessible to birds had a higher percent weight 

loss than inaccessible carcasses, and that this was mostly due to the scavenging behaviour 

of raptors. Removing animal carcasses in grazing agroecosystems may provide a significant 

benefit to farmers as carcasses can harbour and spread disease, or attract unwanted 

terrestrial scavengers. While other studies have shown the potential for scavenging birds to 

remove animal carcasses along roads (e.g. Aumann 2001; Fulton et al. 2008), as far as we 

are aware, none have quantified this benefit in agroecosystems in Australia (see Markandya 

et al.2008 for an example on vultures in India). In fact, many previous studies have focused 

on only the costs associated with raptors feeding on livestock (e.g. Brooker and Ridpath 

1980). It is therefore important to consider all aspects of a species’ behaviour (both costs 

and benefits) before labelling the species as simply detrimental or beneficial.   

Bird species that visit rabbit carcasses in grazing landscapes 

Our study suggests that diurnal raptors play an important role in carcass removal in pastoral 

landscapes in south-eastern Australia. This supports previous findings from other regions 

(Hewson 1984; Markandya et al. 2008; Morales-Reyes et al. 2015). We observed four 

species of raptors feeding on rabbit carcasses. The whistling kite was consistently common 

across both years and it is a large bird (average mass: males and females unspecified 753 g; 

all weights from Dunning 2007) able to break open and consume large amounts of carcass 

at a time. The wedge-tailed eagle (average mass: males 3132 g, females 3800 g) and little 

eagle (average mass: males 633 g, females 949 g) are also large raptors and were observed 
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at some sites in both years, while the brown goshawk (average mass: males 359 g, females 

592 g) initiated over 2000 attacks on carcasses in 2014.  The brown goshawk and whistling 

kite had the largest number of attacks on carcasses in 2014, suggesting they were efficient 

scavengers during this period (Figure 4.1). However, scavenging behaviour differed 

between years, with the Australian raven (average mass: males 675 g, females 615 g) 

having the most attacks on carcasses in 2015. Moreover, the raven commonly attacked 

carcasses in both years, supporting previous studies on their feeding behaviour (e.g. 

O’Brien et al. 2010), and attacked more carcasses than any other species, suggesting they 

are a reliable scavenger. However, ravens were less efficient at breaking down the carcasses 

compared to raptors due to their smaller size (i.e. they appeared to remove less of the rabbit 

carcass per visit than raptors). Nonetheless, while corvids are often considered agricultural 

pests owing to potential attacks on lambs (Rowley 1970; Bomford and Sinclair 2002), our 

study suggests that they may also provide benefits to farmers through facilitating the 

breakdown and removal of carcasses. 

Differences in the behaviour of some avian scavengers between years may have been due to 

several reasons. Weather likely varied between years, for example, rain occurred during the 

exposure period of 2014 but not during 2015. Farm management also differed, with cattle 

having access to different paddocks at different times of the study.  Importantly though, 

scavengers visited a similar number of sites over both years (10 in 2014 and 11 in 2015), 

suggesting the potential for reliable ecosystem service provision regardless of broad-scale 

environmental variation. Red foxes were observed feeding on only a few rabbit carcasses in 

either year (two out of 24 in 2014 and three out of 24 in 2015). We also did not encounter 
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any attacks on carcasses by rodents, and only one carcass in the forest (national park) sites 

was attacked by a lace monitor. 

The amount of rabbit carcass removed by birds 

Bird accessible carcasses on the ground had the greatest amount of rabbit removed (17.56% 

weight loss) while there was no significant difference in weight loss between caged (bird 

excluded) and control carcasses. This suggests that over the eight days of exposure, birds 

rather than insects were the primary agents of carcass breakdown. This was to be expected 

as the impact of insect activity would likely not be evident over such a short period (eight 

days). Insects may be much larger contributors later in the decomposition phase, after the 

mechanical removal/breakdown by vertebrates (Carter et al. 2007).  Raptors made the most 

attacks out of all bird groups and played the greatest role in breaking down carcasses, 

removing a median of 16.67% of carcass weight, suggesting that this group of avian 

scavengers provide important carcass breakdown services to farmers. They also open up the 

carcass and make it more accessible for other scavenging birds (e.g. the Australian raven) 

(Hewson 1984; Rowley 1973). 

Through these results, we have identified the role of avian scavengers in removing 

carcasses in pastoral agroecosystems in Australia, thereby potentially providing an 

important ecosystem service to pastoralists and broader society by reducing food sources 

for less desirable animals (e.g. red fox) and limiting the spread of disease. For example, 

blowfly strike (caused primarily by the blowfly species Lucilia sericata and L. cuprina) 

causes a major cost for sheep farmers globally. Annually, up to 15.8% of untreated lambs in 

south-west England are infected by blowfly strike (Broughan and Wall 2007), and annual 
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production losses and treatments cost the Australian sheep industry $100 million 

(Agriculture Victoria 2016). Blowflies feed on carrion and access to unburied carcasses, 

along with other environmental conditions, can increase blowfly abundance and incidences 

of infection (Broughan and Wall 2007; Agriculture Victoria 2016). Reducing blowfly 

numbers is one strategy for reducing the incidence of blowfly strike (Tellam and Bowles 

1997; Broughan and Wall 2007), and by reducing the number of available carcasses in a 

landscape, avian scavengers may potentially contribute to a reduction in blowfly 

populations. 

Leptospirosis is another disease causing significant production and management costs and 

serious human health risks (Plank and Dean 2000; Bharti et al. 2003). It  can spread 

between livestock, wild mammals, domestic dogs and humans, with a high risk of infection 

posed to those who come into contact with infected carcasses  (King and Hutchinson 2007; 

Zelski 2007; Dorjee et al. 2011). By removing animal carcasses, avian scavengers have the 

potential to reduce the spread of such diseases. However, we are yet to identify the 

thresholds that constitute the delivery of an effective ecosystem service in this context (e.g. 

is a ~ 20% reduction in carcass biomass over eight days sufficient to reduce disease risk or 

impact feral predator numbers?). Our study is only a first step in the exploration of this 

crucial interaction between ecosystem function and agricultural production. The difficulty 

of addressing this issue should not be underestimated, and providing meaningful answers to 

these complex questions will require input from multiple studies conducted in various 

contexts. 
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The activity of birds in relation to key landscape features 

There was a non-significant trend for birds to find rabbit carcasses more quickly in open 

sites, with the time taken for a bird to visit a ground feeding station increasing as the 

landscape type became more structurally diverse. Raptors typically hunt in open areas 

where visibility is highest (Aumann 2001; Olsen et al. 2006) and whistling kites, brown 

falcons (Falco berigora), little eagles and wedge-tailed eagles all nest in large trees 

(Leopold and Wolfe 1970; de Hoyo et al. 1994). A whistling kite nest, as well as adult 

brown falcons, nankeen kestrels (Falco cenchroides), Australian hobbies (Falco 

longipennis) and black-shouldered kites (Elanus axillaris) were observed in large isolated 

trees in the study area. This underlines the importance of large isolated trees as perch and 

nest sites for raptors in agroecosystems, enabling these birds to hunt and breed in farmland.  

Improvements for future research 

For this study, we used wire to attach the rabbit carcasses to each site so birds or other 

scavengers could not remove the carcass and take it elsewhere. This allowed us to weigh the 

carcasses after the exposure period and determine a change in carcass weight. However, this 

could have negatively affected the time birds spent at a carcass, as some species may have 

preferred to move the carcass to another area (e.g. a perch or nest site) to consume it (Debus 

1984; Burnett et al. 1996; Debus et al. 2007). Alternatively, wiring the rabbits in this way 

may have over-estimated the importance of small avian scavengers, such as Australian 

ravens, as they could now spend more time at a carcass which would otherwise have been 

taken elsewhere by a larger species. It would be beneficial for future studies to consider 

what happens to a carcass once it is removed by a raptor, and if this action results in further 
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benefits (e.g. nutrient cycling) or costs (e.g. bringing the carcasses in closer contact with 

people or livestock).  

We also used elevated feeding stations in this study to exclude foxes and other ground 

scavengers and ensure that all waste disposal services were the result of bird activity. 

However, while birds did visit and attack rabbit carcasses on the elevated open feeding 

stations, their activity was much higher at the open ground sites. This suggests that while 

the elevated open feeding stations are useful for identifying bird species that could provide 

waste disposal services, they under-estimate the amount of carcass that may be removed 

under natural conditions. An alternative experimental set-up that excluded terrestrial 

vertebrate predators from carcasses would be to have an electrified fence surrounding the 

carcass but open at the top to allow bird access. However, there are substantial logistical 

challenges associated with this set-up, especially when surveying a relatively large number 

of sites.

 Our study also only looked at the removal of rabbit carcasses in autumn. It is to be 

expected that at different times of the year, as birds’ dietary requirements (e.g. during 

breeding) and food availabilities change, the level of scavenging by birds (and other 

terrestrial scavengers) would also change. In the future, it would be useful to repeat this 

study over more seasons, using only ground stations (bird accessible, bird excluded, and 

control) and exclude ground scavengers with fencing rather than raised platforms. However, 

our results have still yielded some important insights, especially in the context of birds 

being the fastest and most efficient removers of rabbit carcasses in an agricultural 

landscape.  
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Raptors and ravens are sometimes perceived negatively in regards to their hunting 

behaviour in agroecosystems; however, our study highlights the benefit they can also 

provide to farmers by removing animal carcasses. Providing and sustaining suitable habitat 

for these birds (e.g. large isolated trees) is therefore essential for raptor conservation and 

also for maximising the ecosystem services they provide. Further research is needed to 

quantify this relationship in more depth and determine the magnitude of the contribution 

that can be made by avian scavengers and what additional measures will be needed by 

farmers to minimise negative impacts from rotting carcasses.  
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SUPPLEMENTARY INFORMATION 

Figure S4.1. Feeding station types. a) open ground, b) elevated open, c) elevated cage and d) elevated 
control. 

Figure S4.2. Most commonly occurring raptor species attacking rabbit carcasses on a pastoral property 
in north-central Victoria. a) Little Eagle (Hieraaetus morphnoides), b) Wedge-tailed Eagle (Aquila audax), 
c) Whistling Kite (Haliastur sphenurus), d) Brown Goshawk (Accipiter fasciatus). 

a)

d)c) 

b)

a)

d)c)

b)
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Table S4.1. Summary of percent carcass weight loss at feeding stations at each site. OF = Open field, IT = Isolated tree, RV Riparian vegetation, FO = Forest. * 
shows ground stations where a raptor attacked the carcass.  

Year Replicate Ground open feeding stations Elevated cage feeding stations Elevated open feeding stations Elevated control feeding stations

OF IT RV FO OF IT RV FO OF IT RV FO OF IT RV FO

2014

1 -12.5 -9.38 -11.11* - -5.88 0 -12.5 - 2.78 -2.78 -7.14 - 0 0 -12.5 -

2 13.89* -3.13 -6.25 - 8.82 -8.82 -2.38 - 13.95 -14.29 0 - 5.56 0 -5.26 -

3 58.33 16.67* 5.56 - -3.13 9.38 0 - 13.89 5.26 0 - 0 5.88 -2.63 -

4 3.85 20.00* 3.23* - 10 5 9.38 - 33.33 11.11 3.23 - 10 6.25 5.26 -

5 3.03 3.57 -11.11 - 2.94 0 -3.13 - 7.5 -12.5 -5.56 - -9.68 0 -7.14 -

6 7.89 6.25 10 - 13.89 5.88 6.25 - 10 78.4 12.5 - 11.9 4.76 0 -

7 2.38 100 10 - -2.5 5.26 11.76 - -5.88 5 6.67 - -10.71 0 0 -

8 13.33* 41.03* 12.2 - 7.5 10 9.3 - 0 11.76 5.56 - 0 0 2.94 -

2015

1 100.00* 13.16 100.00* 15.36 3.16 3.36 4.27 24.29 6.25 -63.08 6.41 28.33 5.2 6.48 2.26 7.5

2 8.33* 19.17* 10 41.35 5.54 17.15 6.08 12 4.08 3.24 9.02 12 5.41 4.38 2.76 2.56

3 4.26 7.37 5.87 14.14 5.18 5.15 3.31 -70.73 -33.33 -31.98 7.5 13.2 3.86 3.55 5.96 -77.08

4 11.48* 7.05 5.31 8.62 8.55 8.16 5.33 5.23 5.36 10 5.15 11.05 3.89 5.88 2.82 4.57

5 -63.89 6.19 5.88 29.11 4.24 7.57 4.83 4.28 7.85 7.25 7.05 13.93 2.9 4.71 3.59 3.46

6 100.00* 100.00* 4.23* 12.26 2.43 7.03 6.67 7.71 35.75 6.62 5.98 11.66 4.55 3.6 5.02 2.75

7 - - - - - - - - - - - - - - - -

8 - - - - - - - - - - - - - - - -
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Table S4.2. Bird species observed attacking and visiting rabbit carcasses on a pastoral property in 
north-central Victoria. 

Attacked carcass Scientific name Visited carcass Scientific name

Australian magpie Cracticus tibicen Common starling Sturnus vulgaris
Australian raven Corvus coronoides Grey shrike-thrush Colluricincla harmonica
Brown goshawk Accipiter fasciatus Common myna Sturnus tristis
Laughing kookaburra Dacelo novaeguineae Magpie lark Grallina cyanoleuca
Little eagle Hieraaetus morphnoides Nankeen kestrel Falco cenchroides
Tawny frogmouth Podargus strigoides Noisy miner Manorina melanocephala
Wedge-tailed eagle Aquila audax Pied currawong Strepera graculina
Whistling kite Haliastur sphenurus Southern boobook Ninox novaeseelandiae
White-winged chough Corcorax melanorhamphos
Willie wagtail Rhipidura leucophrys
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Chapter 5. Providing perches for predatory and aggressive birds 

appears to reduce the negative impact of frugivorous birds in 

vineyards 

This chapter is published as: Peisley RK, Saunders ME and Luck GW (2017) Providing 

perches for predatory and aggressive birds appears to reduce the negative impact of 

frugivorous birds in vineyards. Wildlife Research (online) doi: 10.1071/WR17028.

Supplementary information Figures S5.1 and S5.2 and Tables S5.1 and S5.2 are included at 

the end of this chapter.  
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ABSTRACT

Birds active in vineyards in south-eastern Australia can reduce or enhance crop yields via 

their foraging activities (e.g. by consuming grapes or by preying on grape-eating species). 

We examined the effectiveness of artificial perches for encouraging predatory birds into 

vineyards to scare frugivorous birds and consequently reduce the damage they cause to 

grapes. We monitored 12 artificial perches for four months during the growing season, 

spread over six vineyards in north-eastern Victoria, and compared bird damage to grapes at 

these sites with control sites without perches. We found that raptors did not use the artificial 

perches. However, the large and aggressive Australian magpie (Cracticus tibicen) 

commonly used perches and we recorded 38,513 perch visits by this species. Grapevines 

around perch sites suffered more than 50% less grape damage (4.13% damage per bunch) 

than control sites (8.57% damage per bunch). Our results suggest that providing artificial 

perches in vineyards can play a role in reducing frugivore damage to grapes. However, the 

effectiveness of perches can vary under different environmental conditions and certain 

perch types are not suitable for all predatory/aggressive birds. Future research should focus 

on the potential role of large-bodied and competitively aggressive species such as the 

Australian magpie in altering the activity of smaller frugivorous birds in vineyards, and also 

on the optimum height and location of artificial perches within vineyards to increase 

visitation by other predatory/aggressive bird species.   

http://www.birdsinbackyards.net/Passeriformes/Artamidae/Cracticus/Cracticus-tibicen
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INTRODUCTION 

Birds are commonly found in agroecosystems and can interact with crops in complex ways 

(e.g. direct consumption of crops, pollination, biological control of crop pests and nutrient 

cycling). The foraging activities of birds may reduce (cost) or enhance (benefit) crop yields 

and have a substantial impact on annual production for primary producers (Bomford and 

Sinclair 2002; Wenny et al. 2011). These benefits or costs depend on a range of contextual 

factors including time of season, location, crop type, and interactions with other fauna (e.g. 

invertebrates) and the particular species concerned. For example, the activities of some bird 

species at certain times may yield a cost for growers (e.g. crop damage), while at the same 

time in the same crop, the activities of other bird species may yield a benefit (e.g. biological 

control of crop pests; Chapter 3; Appendix 1). These costs and benefits can be traded off 

(i.e. subtract the value costs from the value of benefits) to calculate an overall net outcome 

of bird activity in an agroecosystem. 

Many frugivorous and granivorous bird species such as the common starling (Sturnus 

vulgaris), silvereye (Zosterops lateralis), European blackbird (Turdus merula), song thrush 

(Turdus philomelos), rosellas (Platycercus spp.), corvids (Corvus spp.) and cockatoos 

(Cacatua spp.) have been documented as causing substantial damage to grape crops before 

harvest, in some cases damaging up to 80% of grapes in a season (DeHaven and Hothem 

1981; Bomford and Sinclair 2002; Somers and Morris 2002; Fukuda et al. 2008; Kross et 

al. 2012). Naturally occurring predators such as raptors commonly prey on some of these 

species - especially smaller birds; hence, there is potential for predators to help reduce grape 

damage by frugivorous birds. For example, raptors can reduce the abundance and alter the 
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foraging behaviour of birds and small mammals in crop systems (e.g. Kay et al. 1994; 

Wolff et al. 1999; Devereux et al. 2006). Re-introduction of the threatened New Zealand 

falcon (Falco novaeseelandiae) to vineyards in New Zealand resulted in up to 95% less 

damage to grapes due to the falcon scaring frugivorous birds from crops and altering their 

feeding behaviour (Kross et al. 2012).  

Providing perches in areas of low perch availability can increase the presence and activity 

of raptors as they use the perches for hunting and resting (Askham 1990; Kay et al. 1994; 

Widén 1994; Wolff et al. 1999; Sheffield et al. 2001). Artificial perches with limited 

perching space appear to encourage a wide range of predatory birds, as well as other 

beneficial insectivorous bird species, but are unattractive to flocking 

frugivorous/granivorous species such as common starlings (Kay et al. 1994; Kim et al. 

2003). For example, providing artificial perches at the edges of irrigated soybean crops

(Glycine max) in Australia increased the presence of diurnal raptors (e.g. black-shouldered 

kite, Elanus axillaris and nankeen kestrel, Falco cenchroides) and in turn reduced the rate 

of house mouse (Mus domesticus) population growth as well as the total mouse density 

within the crop (Kay et al. 1994). Providing perches in pasture sites in the United States

significantly increased the presence of diurnal American kestrels (Falco sparverius) and 

reduced the activity of grey-tailed voles (Microtus canicaudus) (Wolff et al. 1999; Sheffield 

et al. 2001). Red-tailed hawks (Buteo jamaicenis), northern shrikes (Lanius excubitor) and 

American kestrels were also attracted to artificial perches in apple orchards in the United 

States, however without effect on voles (Askham 1990).
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Most studies have assessed whether using perches to attract raptors can reduce crop damage 

caused by small herbivorous mammals, whereas the effect of predatory birds on bird 

species that damage crops has received limited attention (Kross et al. 2012). Vineyard 

blocks are often large areas of uniform height with little or no tall perches. Frugivorous 

birds cause the most damage in vineyards and many bird-scaring devices have been trialled 

for reducing their damage to grapes (e.g. gas guns and eye-spot balloons), but all have been 

largely unsuccessful (Gilsdorf et al. 2002; Fukuda et al. 2008). Therefore, vineyards are an

ideal crop system to assess the effectiveness of providing perches to encourage raptors,

which may potentially control frugivorous bird species and tip the cost-benefit trade-off in 

favour of growers.

In this study, we examined the effect of perch availability on the potential for raptors and 

other predatory or aggressive birds to alter frugivorous bird feeding behaviour in vineyards 

and reduce damage to grapes. We aimed to determine: 1) what bird species used artificial 

perches in vineyards; 2) whether there was a difference in the percent of damaged grapes at 

different distances from perches and controls; 3) whether there was a difference in the 

percent of damaged grapes between perch and control sites; 4) whether grape-eating species 

(hereafter referred to as frugivorous species, but including granivores and omnivores) 

richness differed between perch and control sites; 5) whether predatory/aggressive medium-

sized bird visitation to perches varied in response to key environmental or temporal 

variables; 6) whether either percent grape damage or frugivorous bird species richness is 

associated with environmental factors that influence perch availability or the number of 

visits to a perch by a predatory/aggressive medium-sized bird; and 7) the overall net 

outcome of bird activity in vineyards.  



106 

MATERIALS AND METHODS 

This study was conducted in six vineyards in north-east Victoria, a major wine growing 

region, over the grape growing season of spring and summer 2015/16. These vineyards 

support populations of frugivorous bird species (e.g. common starling; rosella spp.;

silvereye) (Luck et al. 2015) that cause damage to grape crops before harvest. Predatory 

raptor species such as the brown falcon (Falco berigora), nankeen kestrel and black-

shouldered kite also occur in vineyards in this region (Luck et al. 2015) and use perches for 

hunting. These are species that seldom capture birds, but their presence may disrupt small 

frugivorous bird feeding behaviour.  

Twenty-four paired sites (12 pairs) containing only purple grape varieties were selected 

among vineyards. Twelve sites had a 5 m tall timber perch with a 600 mm x 10 mm timber 

platform attached on top erected in the centre of a site (perches) (Figure 5.1a), and 12 sites 

were left without an artificial perch but had the centre of the site marked with flagging tape 

(controls). Perches and controls could not be placed in the centre of vineyard blocks 

because vineyard managers use over-row sprayers; therefore perches and controls were 

located at the edge of a vineyard block, with a 150 m radius surrounding the perch or 

control making up a ‘site’ (i.e. a site was made up of grapevines plus an additional land-use) 

(Figure S5.1, Supplementary information). Sites contained an average of 53% ± 19 (1 

standard deviation) grapevines (minimum = 23%, maximum = 98%). Only purple grapes 

with similar ripening times (within one month) were selected to limit the effect of 

differences in colour, ripening time or sugar content influencing bird activity (Saxton et al. 

2009; Grasswitz and Fimbres 2013). Paired perch and control sites were placed at different 
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ends of the same block to further control for variation in grape variety (i.e. most paired sites 

had the same or similar grape variety). 

Figure 5.1. Example of a perch site in a vineyard. a) artificial perch within site, b) HC500 Reconyx camera 
attached to artificial perch.

All perches and controls were at least 300 m apart to improve spatial independence. Due to 

the logistical constraints dictated by the size of each vineyard, paired sites were not spread 

evenly between vineyards (i.e. there were 2 - 6 paired sites in each vineyard); however, 

perch and control sites were always paired within the same vineyard. Most of the damage to 

grapes was expected to occur late in the season when the grapes were ripening (late 

December 2015 onwards); however, perches were erected in October of 2015 to allow time 

for birds to find and use the new perches. The distance of each site to the closest patch of 

unmanaged vegetation > 1 ha was also recorded using GPS coordinates and satellite 

imagery from Google Maps (Google Maps 2016).
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Bird surveys 

We conducted bird surveys between sunrise and 10:00 am twice at each site: at veraison 

when the grapes first started to turn purple (January 2016), and immediately before harvest 

when the grapes were at their ripest (late January - February 2016). Timed searches with a 

pre-determined stopping rule were conducted to identify the species richness of birds within 

each site (Miller and Cale 2000; Watson 2003). We actively searched each vineyard site 

(i.e. within 150 m of the perch or control point, within the grapevines only) for 15 minutes 

and recorded every new bird species observed. If a new species was observed within 5 

minutes after the initial 15 minutes had elapsed, an extra 5 minutes was added to the search 

time. This was repeated until no new species were observed in an additional 5-minute 

period (Watson 2003). Birds that were flying greater than 5 m above the vines were 

excluded, unless they were hunting (e.g. nankeen kestrel hovering). Bird feeding behaviour 

was also recorded opportunistically.

Each artificial perch was also monitored from the time perches were erected until harvest by 

a remotely triggered infrared HC500 Reconyx camera. Cameras were attached to the 

perches using a bracket screwed to a 500 mm length of timber and angled downwards at 

approximately 45 degrees with the top of the perch in view (Figure 5.1b). The cameras 

recorded the time and date when each image was taken. They were programmed at high 

sensitivity, and to take a burst of three images each time they were triggered to increase the 

likelihood of identifying photographed birds. These three photos were treated as one ‘visit’ 

and were used to record information about species identity and bird visitation rate to 

perches. It is likely that each ‘visit’ was not independent, i.e. the same bird could be 
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photographed continuously for a period of time. Therefore, the number of ‘visits’ should be 

interpreted as an index of bird presence. Visits were also categorised as either pre-veraison 

(cameras active for 82 days ± 6 days (1 S.D.)) or post-veraison (cameras active for 25 days 

± 7 days (1 S.D.)). Bird species were classified into one of five categories: raptors, 

predatory/aggressive medium-sized birds (birds other than raptors with an average body 

mass ≥ 200 g that may alter the behaviour of smaller frugivorous birds through the threat of 

predation or competitive aggression - e.g. Australian raven, Corvus coronoides, or 

Australian magpie, Cracticus tibicen), frugivorous birds, insectivorous birds (which could 

provide biological control of pest insects in the vineyards), and all other birds (birds that 

had no perceived predatory effect or do not cause damage to grapes).  

Grape damage assessments 

Damage to grapes was recorded immediately before harvest (i.e. we liaised with vineyard 

managers and assessed each site separately as close to harvest time as possible; Table S5.1, 

Supplementary Information), coinciding with the harvest bird surveys. Due to the logistical 

constraints of assessing a large number of grapes in vineyards over a large geographic area, 

we believed that this was the most reliable estimate of total damage. Grape damage was 

assessed at 25 m intervals up to 150 m from the perch or designated control point at each 

site (i.e. at 0 m, 25 m, 50 m, 75 m, 100 m, 125 m, and 150 m).  Ten grapevines at each 

distance interval were randomly selected using a random number generator. A grape bunch 

on the selected vine was then chosen with another random number and a pole marked at 10 

cm height intervals as described by Tracey and Saunders (2010) (70 bunches were assessed 

per site, total assessed across all sites = 1680 bunches). Selecting grape bunches at random 

http://www.birdsinbackyards.net/Passeriformes/Artamidae/Cracticus/Cracticus-tibicen
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height intervals alleviated the need to record bunch height, as all bunches had the same 

chance of being sampled and therefore provided an unbiased measurement of total grape 

damage at a site (Tracey and Saunders 2010). Damage was identified as pecked and 

removed grapes. Pecked grapes had pierced skin but were still attached to the bunch, and 

removed grapes were identified by the remaining stem (pedicel). The number of undamaged 

and damaged grapes were counted for each bunch in order to calculate the percent of 

damaged grapes.  

Natural perch surveys 

We were unable to control the number of natural perches available to birds at each site and 

it is possible that there could be a relationship between existing perch density and grape 

damage (Somers and Morris 2002). Therefore, to assess any such relationship, we measured 

the density of available natural perches within grapevines by walking transects 25 m apart, 

to form a sampling grid, and recording all perches at each 25 m interval. We were unable to 

access some parts of each site (e.g. vegetation adjacent to vineyards), and so the density of 

available natural perches within these areas was estimated using ground surveys and then 

later verified using satellite imagery on Google Maps (Google Maps 2016). Perches were 

categorised as either: no perch, perch < 5 m high, perch ≥ 5 m high, and grapevine (i.e. 

grapevine or support pole). Perches were defined as any structure that was suitable for a 

bird to sit on and included fences, shrubs and trees. 
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Statistical analysis  

The purpose of the data analysis was to answer the following questions, addressing the 

seven aims of the study. 

It is important to note that two vineyards were significantly smaller than the others used in 

the study (~ 1 ha in size each) and both also had additional extenuating factors that made 

them substantially different from other vineyards. Vineyard 2 was not actively managed 

during the growing season of 2015-16, (i.e. no pruning, thinning, irrigation, or bird scaring 

devices were used) as the grapes were not planned to be harvested. Vineyard 5 was the 

smallest vineyard, and in December 2015 a large bushfire destroyed approximately 10,500 

ha of the area immediately surrounding the vineyard. These management and environmental 

factors potentially had a large effect on the bird activity within these two vineyards. Given 

this, and because vineyards were initially chosen to be relatively comparable, these two 

sites were excluded from all analyses.

1) What bird species use artificial perches in vineyards? 

Species were identified by the motion-sensor camera images. 

2) Does percent grape damage differ at different distances from perches or controls? 

The median percent of grape damage at each sampling distance (i.e. 0 m, 25 m, 50 m, 75 m, 

100 m, 125 m, 150 m) was compared against all other distances for each perch and control 

site using a Kruskal-Wallis test to determine if damage was highest at any particular 

sampling distance.  
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3) Does percent grape damage differ between perch and control sites? 

A general linear mixed model analysis was conducted in SAS Studio using the MIXED 

procedure in the SAS/STAT® package (SAS Institute Inc. 2013) to assess differences in 

percent of damaged grapes between sites. The hierarchical design included site type (perch 

or control) which was a fixed factor paired within random replicates, nested within 

vineyards, nested within region (Glenrowan, Myrrhee or Rutherglen). 

4) Does frugivorous bird species richness differ between perch and control sites?

A Wilcoxon signed-rank test was used to determine any difference in frugivorous bird 

species richness at perch and control sites at harvest.  

5) Does predatory/aggressive medium-sized bird visitation to perches vary in response to 

key environmental or temporal variables? 

We used a two-tailed non-parametric Spearman correlation analysis to determine whether 

the number of visits to perches by potential predatory/aggressive birds (i.e. birds that may 

alter the behaviour of frugivorous birds) was correlated with the distance of the perch to 

unmanaged vegetation > 1 ha, the distance of the perch to the closest natural perch, or the 

number of natural perches available (perches < 5 m and perches ≥ 5 m).

We also used Mann-Whitney non parametric tests to compare 1) the median number of 

Australian magpie visits per day pre-veraison with the median number of magpie visits per 

day post-veraison (i.e. when most grape damage occurs; 2) the median percent of days a 

magpie visited a perch pre-veraison with the median percent of days a magpie visited a 
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perch post-veraison; and 3) the median number of magpie visits that occurred in the 

morning with the median number of magpie visits that occurred in the afternoon.

6) Is either percent grape damage or frugivorous bird species richness associated with 

environmental factors that influence perch availability, or the number of visits to a perch by 

a predatory/aggressive medium-sized bird?

A two-tailed non-parametric Spearman correlation analysis was conducted comparing 

percent grape damage and species richness of frugivorous birds with the following 

environmental variables: distance to unmanaged vegetation > 1 ha, distance to the closest 

natural perch, and number of natural perches available (perches < 5 m and perches ≥ 5 m).

We also compared percent grape damage at perch sites only with the number of visits to 

perches by aggressive medium-sized birds.

7) What is the net outcome of bird activity in vineyards? 

The cost of frugivorous bird damage to grapes was traded off against the benefit of any 

reduction in damage to grapes at sites that contained an artificial perch with 

predatory/aggressive birds (i.e. the cost was subtracted from the benefit). 
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RESULTS 

1) Bird species that visit artificial perches in vineyards 

A total of 21 species were observed using the artificial perches over the four month study 

period, making a total of 38,735 visits (Table 5.1). Few raptors were observed (only one 

visit by a brown falcon and three visits by an owl (unknown species)), with most visits 

occurring by the medium-sized birds Australian magpie (37,763 visits) and laughing 

kookaburra (Dacelo novaeguineae) (159 visits). These species may still have a predatory or 

competitive (e.g. aggressive exclusion) effect on smaller bird species (including grape-

eating birds), and so the remaining analysis was done using all potentially aggressive 

medium-sized birds (including the four raptor visits). Eight insectivorous species were 

observed on perches (e.g. willie wagtail, Rhipidura leucophrys), making 419 visits (Table 

5.1). Thirteen insectivorous species were also observed during bird surveys at harvest 

(Table S5.2, Supplementary Information). 

2) Does percent grape damage differ at different distances from perches or controls? 

The percent of damaged grapes did not differ among any of the distances from artificial 

perches or controls at the site level (p > 0.05, n = 70); with the exception of four control 

sites and one perch site (Control Site 1: p = 0.03, n = 70;; Control Site 8: p < 0.001, n = 70; 

Control Site 11: p = 0.02, n = 70; Control Site 12: p = 0.002, n = 70; Perch Site 12: p < 

0.001). There was no clear pattern to these differences in damage, with adjacent sampling 

distances often being more different than those further apart. The percent of damaged 

http://www.birdsinbackyards.net/Coraciiformes/Halcyonidae/Dacelo/Dacelo-novaeguineae
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grapes was not significantly greater at sampling distances either closer to or further away 

from perches or controls. When all sites were combined, the percent of damaged grapes did 

not differ between any of the distances from perches or controls (perch sites: p = 0.19, n = 

700; control sites: p = 0.11, n = 700) (Figure 5.2). Therefore, the remaining analysis was 

conducted combining damage estimates from all distances.  

Table 5.1. Bird species observed on perches and total number of visits. Predatory/aggressive medium-
sized birds marked with * .  

Species observed on perch Scientific name Number of visits
Australian magpie* Cracticus tibicen 37763
Australian raven* Corvus coronoides 60
Black-faced cuckoo-shrike Coracina novaehollandiae 7
Brown falcon* Falco berigora 1
Common starling Sturnus vulgaris 67
Crested pigeon Ocyphaps lophotes 152
Crimson rosella Platycercus elegans 1
Eastern rosella Platycercus eximius 7
Galah Eolophus roseicapilla 49
Grey fantail Rhipidura albiscapa 2
Jacky winter Microeca fascinans 17
Laughing kookaburra* Dacelo novaeguineae 159
Little raven* Corvus mellori 35
Magpie-lark Grallina cyanoleuca 8
Olive-backed oriole Oriolus sagittatus 1
Sacred kingfisher Todiramphus sanctus 1
Superb fairy wren Malurus cyaneus 7
Tawny frogmouth* Podargus strigoides 27
Willie wagtail Rhipidura leucophrys 367 
Yellow-rumped thornbill Acanthiza chrysorrhoa 1
Owl unknown sp.* 3
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Figure 5.2. Average percent of damaged grapes at each sampling distance across all vineyards. 
Differences were not significant. Error bars show 1 standard error (S.E.).   

3) Does percent grape damage differ between perch and control sites? 

 Perch sites had significantly less grape damage (least squares mean = 4.13% ± 1.54 of 

grapes damaged) than control sites (least squares mean = 8.57% ± 1.54 of grapes damaged) 

(F = 5.59, df = 1, p = 0.05, n = 1400) (Figure 5.3). Vineyard was not helpful in explaining 

the difference in damage between sites (F = 0.83, df = 1, p = 0.40).  
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Figure 5.3. Percent of damaged grapes at perch and control sites. There was a significant difference in 
percent of damaged grapes up to 150 m from each perch/control site (p = 0.05) (n = 1400 grape bunches). 
Error bars show 1 S.E. 

4) Does frugivorous bird species richness differ between perch and control sites? 

A total of 24 bird species (eight of these frugivores) were observed at perch sites, and 13 

bird species (six frugivores) were observed at control sites during veraison. At harvest, 17 

bird species (eight frugivores) were observed at perch sites, and 21 bird species (eight 

frugivores) were observed at control sites (Figure S5.2, Supplementary Information, and 

Table S5.2, Supplementary Information). The species richness of frugivorous birds did not 

differ between perch and control sites at harvest (Z = 0.351, p = 0.73, n = 10). 
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5) Does predatory/aggressive medium-sized bird visitation to artificial perches vary in 

response to key environmental or temporal variables? 

Nine of the 10 artificial perches were visited by predatory/aggressive medium-sized birds. 

Visits at each perch ranged from two to 17,808 visits over the duration of the study, with 

most visits occurring by Australian magpies. Australian magpies were also the most 

consistent visitors, using eight of the 10 perches. The number of Australian magpie visits to 

perches was positively correlated with distance to unmanaged vegetation > 1 ha (r = 0.718, 

p = 0.02, n = 8), i.e. Australian magpie visits increased with increasing distance from 

unmanaged vegetation > 1 ha. The number of Australian magpie visits to artificial perches 

was also negatively correlated with the number of natural perches ≥ 5 m in height available 

in the study site (r = -0.828, p < 0.01, n = 8), i.e. as the number of natural perches ≥ 5 m 

increased, Australian magpie visits to artificial perches decreased. The relationship between 

laughing kookaburra visits to artificial perches and the number of natural perches ≥ 5 m in 

the study area appeared to be positive, however was not significant (r = 0.276, p = 0.44, n = 

9). The distance to the closest natural perch and the number of natural perches < 5 m were 

not significantly correlated with the visitation of predatory/aggressive medium-sized birds 

to artificial perches.  

Temporal variables did not significantly affect Australian magpie use of perches. We found 

no difference in median number of magpie visits per day pre-veraison (0.70 visits per day ± 

1.02 S.E.) compared to the median number of magpie visits per day post-veraison (0.93 

visits per day ± 0.54 S.E.) (Mann-Whitney U: 18, n1 = 8, n2 = 8, p = 0.94), or the median 

percent of days a magpie visited a perch pre-veraison (61% of days ± 10 S.E.) compared to 
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the median percent of days a magpie visited a perch post-veraison (67% of days ± 13 S.E.) 

(Mann-Whitney U: 14, n1 = 8, n2 = 8, p = 0.57). There was also no difference in median 

number of magpie visits that occurred in the morning (1816 visits ± 1353.50 S.E.) 

compared to the afternoon (1353.5 visits ± 1347.22 S.E.) (Mann-Whitney U: 18, n1 = 8, n2 

= 8, p = 0.94).  

6) Is either percent grape damage or frugivorous bird species richness associated with 

environmental factors that influence perch availability, or the number of visits to a perch by 

a predatory/aggressive medium-sized bird?  

The distance of a site to unmanaged vegetation > 1 ha (r = -0.071, p = 0.77, n = 20) and 

natural perch availability (natural perches < 5 m: r = -0.148, p = 0.37, n = 20; natural 

perches ≥ 5 m: r = 0.130, p = 0.69, n = 24) were not correlated with the percent of damaged 

grapes. The percent of damaged grapes appeared to be negatively, but not significantly, 

related to the distance to the nearest natural perch (r = -0.515, p = 0.131, n = 20). The 

species richness of frugivorous birds appeared to be negatively, although not significantly, 

related to the distance of each site to unmanaged vegetation > 1 ha (r = -0.238, p = 0.32, n = 

20). None of the other environmental variables tested were correlated with the species 

richness of frugivorous birds. 

When considering only the sites that contained an artificial perch (i.e. not control sites), 

there appeared to be a negative, but non-significant trend between the percent of damaged 

grapes at a site and the number of times a predatory/aggressive medium-sized bird was 

recorded on a perch (r = -0.430, p = 0.21, n = 10). 
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7) The overall net outcome of bird activity in vineyards 

The percent of grape damage caused by frugivorous birds when no predators were around 

(i.e. sites without artificial perches) (8.57% damage) was traded off against the positive 

outcome of a reduction in grape damage by predatory/aggressive birds on perches 

(reduction of 4.44% damage). Therefore, the overall net outcome of bird activity in 

vineyards was still negative at perch sites (- 4.13% damage). However, 

predatory/aggressive birds reduced the overall cost to growers and provided a service of a 

4.44% increase in crop yield.  

DISCUSSION 

Differences in grape damage and the role of predatory/aggressive birds 

There was a significant difference in the amount of grape damage between perch and 

control sites, with control sites recording almost twice the percent damage to grapes than 

perch sites (excluding the unmanaged vineyard and the smallest vineyard). This suggests 

that providing artificial perches can play a role in reducing bird damage to grapes. 

However, the effectiveness of perches is likely to vary under different environmental 

conditions. Both management activities and the availability of natural food resources can 

affect the behaviour of frugivorous birds in fruit crops (Tscharntke et al. 2008; Luck et al. 

2013; Chapter 3) as apparent in the high levels of damage in both perch and control sites at 

Vineyard 2, which had no active management, and at Vineyard 5, which was impacted by a 
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large bushfire that destroyed most food resources for birds in the area immediately 

surrounding the vineyard.

Our study is the first to place motion-sensor cameras on artificial perches aimed at 

attracting predatory birds, and therefore captured data for the entire duration of the study 

(i.e. four months). This allowed us to gain much more information than if we were to just 

observe a perch for a limited time each day as per previous studies. The artificial perches 

were mostly visited by medium-sized birds, with most visits occurring by Australian 

magpies (over 37,700 visits). Australian magpies are aggressively territorial (Veltman and 

Hickson 1989; Farabaugh et al. 1992; Morgan et al. 2005) and laughing kookaburras and 

ravens (which also visited perches) actively prey on small birds (Rowley 1973; Poiani 

1991), so the presence of these aggressive species could have impacted negatively on 

smaller frugivorous species and altered their feeding behaviour near perches. Australian 

magpies are well adapted to anthropogenic environments and are often found in managed 

farmland (Veltman and Hickson 1989; Kinross 2004; Morgan et al. 2005). They visited the 

most perches out of all the bird species (eight of 10 perches), suggesting that they are a 

common aggressive presence throughout the grape growing season. 

Australian magpies foraging on the ground away from perches did not appear to directly 

influence frugivorous bird behaviour (RKP, personal observation). However the perches 

potentially altered the magpies’ behaviour, allowing them to perch at a great height (5 m). It 

is possible that the presence of a large bird perched high above the vineyard (i.e. a potential 

predator), combined with the Australian magpies’ territorially aggressive behaviour (e.g. 

defending their new perch site) reduced frugivore foraging and led to a decrease in grape 
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damage. However, while there was a negative trend, the number of visits to artificial 

perches by aggressive, medium-sized birds was not significantly correlated with the percent 

of grape damage occurring at perch sites, and further research is required to determine if the 

presence of these birds can help to reduce frugivorous bird damage to grapes.  

In our study, it appeared raptors visited artificial perches infrequently whereas previous 

studies have found raptors to be relatively common visitors to artificial perches in 

agroecosystems, although their effect on frugivorous birds has been largely overlooked 

(Askham 1990; Kay et al. 1994; Wolff et al. 1999; Sheffield et al. 2001). Several raptor 

species are known to occur in vineyards in the study area (Luck et al. 2015). Also, we

observed the brown falcon and nankeen kestrel hunting and perching during our study, and 

conversations with vineyard managers suggested other raptors fly over and perch near the 

vineyards. 

We suggest four reasons as to why few raptor visits were recorded on artificial perches. 

First, the perch design placed the motion-sensor cameras at the top of each perch so they 

were angled downwards to capture all birds that visited the perches. However, the camera 

itself then became an additional potential perch site. This meant that the cameras missed 

recording species (e.g. raptors) that may have landed on the camera and not the main perch. 

However, we observed the behaviour of birds for 30 minutes at four of the perches, and 

almost all birds preferred the larger perch to the cameras, and all individual birds that were 

observed perched on a camera also landed on the main perch. More extensive direct 

observations are required in future studies to determine the extent to which some species 

may use the camera as a perch and not use the main perch. Second, it was possible that 

there were sufficient natural perches available in the study sites and that raptors preferred to 
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use these. The artificial perches were located at vineyard edges due to vineyard 

management practices; however, there were also fence posts, trees and shrubs available at 

these locations. Positioning a perch in the centre of a vineyard, far away from all other 

perch sites may increase raptor visitation. Third, the perches may not have been at a 

preferred height or distance from other perches for raptors (Kay et al. 1994). Predators that 

use visual cues (e.g. falcons) prefer high perches, which give them the greatest visibility, 

whereas predators that use auditory cues (e.g. owls) prefer lower perches (Kay et al. 1994; 

Andersson et al. 2009). The exact height preference of perches appears to be species-

specific (e.g. in lucerne (Medicago sativa) crops in the United States, American kestrels and 

great-horned owls (Bubo virginianus) prefered to hunt using taller 5 m high perches over 

2.5 m high perches, while barn owls (Tyto alba) used perches of any height (Hall et al.

1981)). The results of our study show potential for the use of artificial perches by predatory 

birds, which in turn may reduce frugivorous bird damage to grapes, and more research is 

needed to test the attractiveness of different perch designs for raptors. Fourth, raptors such 

as goshawks, which are the main avian predator of small birds, are quite cryptic and would 

perhaps not be likely to use an exposed perch. Encouraging both conspicuous predatory 

figures that can immediately scare frugivores as well as more cryptic bird predator 

specialists may further reduce damage caused to grapes.    

Differences in the species richness and behaviour of frugivores  

Few frugivorous bird species visited the perches (82 visits), as was expected (Kay et al. 

1994). The perches were designed with limited perching space (600 mm x 100 mm) and 

provided almost no cover for protection from predators. This made the perches unattractive 

to small flocking species such as common starlings or red-rumped parrots (Psephotus 
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haematonotus). This was a positive result, as it was desirable to attract predatory birds and 

not frugivorous species. Potentially beneficial insectivorous species (e.g. willie wagtails) 

that could help control insect pests in vineyards (e.g. lightbrown apple moth, Epiphyas 

postvittana; vine borer moth, Echiomima sp.; and mealybug, Pseudococcus sp.; Jedlicka et 

al. 2011; Dunn and Zurbo 2014) were more common perch users than frugivorous species, 

making a total of 420 visits. This is a potential additional benefit of providing artificial 

perches in vineyards and this issue deserves further study by, for example, examining 

differences in insect pest damage between perch and control sites while monitoring perch 

use by insectivorous birds. A total of thirteen insectivorous species were also observed in 

the vineyards during harvest bird surveys, and while their benefit as biological control 

agents of pest insects in vineyards has been identified (Jedlicka et al. 2011), little is known 

about any associated reduction in insect damage to grapes. It is also unknown if the 

predatory/aggressive birds affected insectivorous bird behaviour: a cost-benefit relationship 

that warrants further study.  

There was no difference in frugivorous bird species richness between perch and control 

sites; however, less damage occurred to grapes at perch sites. The abundance of frugivorous 

species was not quantified owing to the difficulty of accurately counting birds in dense 

vineyard vegetation, but it is possible that the reduction in percent grape damage was due to 

predatory/aggressive bird activity on the artificial perches reducing the local abundance of 

frugivores (Kross et al. 2012). Alternatively, predatory/aggressive birds could have altered 

frugivorous bird feeding behaviour (Devereux et al. 2006). Predatory birds can reduce the 

abundance of herbivorous and frugivorous birds and mammals, but often there is no 

associated reduction in crop damage (Kay et al. 1994). Even though the mechanism is not 
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clear, our study suggests that it is some alteration to the frugivorous bird population that is 

driving the reduction in percent grape damage. Future research should focus on measuring 

differences in frugivore abundance between perch and control sites. This can be difficult 

due to the flocking nature of many frugivorous species and the dense vineyard vegetation, 

but recent improvements in survey technology (e.g. the use of drones to count wildlife) 

could address some of these challenges. 

Although non-significant, there was a trend for grape damage to be higher at sites closer to 

natural perches, which mostly occurred in unmanaged vegetation. Common starlings are 

known to forage between native trees and grapevines (Somers and Morris 2002), and 

therefore it is logical that the closer these natural perches are to the vineyard, the more 

damage certain frugivorous species may cause to grapes. This would depend on the 

suitability of the natural perch to frugivorous bird species - for example, common starlings 

prefer to roost in trees with dense cover (Lyon and Caccamise 1981; Watson 2014). Small 

parrots are more likely to occur in Australian almond orchards that are close to their nest 

sites in riverine vegetation, and regent parrots (Polytelis anthopeplus) appear to concentrate 

their foraging near native mallee vegetation where they roost (Luck et al. 2013). In the 

United States, more bird damage may also occur to sunflower crops in fields that are 

adjacent to tree lined vegetation (Avery and DeHaven 1982), and corn crops that are close 

to red-winged blackbird (Agelaius phoeniceus) roost sites (Bollinger and Caslick 1985). 

This contrasts with the effect of the artificial perches, which appeared to lead to a reduction 

in grape damage. This suggests that the structure and placement of a perch is important 

when considering the impact of perch availability on bird activity in vineyards. In order to 

reduce the damage caused by frugivorous birds near their preferred perch sites, vineyard 
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managers could concentrate control efforts in these locations. Alternatively, grapes growing 

at the edges of vineyards could be sacrificed in order to reduce the damage throughout the 

rest of the vineyard, or decoy crops could be planted nearby (Cummings et al. 1987; Hagy 

et al. 2008).  

Improvements for future research 

The percent of damaged grapes did not differ between any of the sampled distances from 

perches or controls. The maximum distance from a perch or control that was sampled was 

150 m and this may not have been far enough away for any differences in damage to be 

noticeable, as perches were clearly visible from all distances. However, differences in the 

amount of bird damage to grapes have been noticeable as close as 20 - 30 m from vineyard 

edges (Somers and Morris 2002). Our study design (i.e. sampling of grape bunches 

conducted in radial transects from the perch/control) allowed grape bunches at all distance 

intervals to be randomly sampled at varying distances from vineyard block edges. This 

design may have alleviated ‘edge effects’, where less damage often occurs further away 

from vineyard edges where birds are less active (Somers and Morris 2002; Tracey and 

Saunders 2010). Common starlings, crimson rosellas (Platycercus elegans) and Australian 

ravens were also commonly seen feeding in the centre of vineyard blocks. Further research 

is needed on the potential for artificial perches to alleviate edge effects of bird activity in 

vineyards, and on the total area influenced by the artificial perches.

Our study suggests that providing artificial perches in vineyards can play a role in reducing 

bird damage to grapes. Australian magpies may be a surprisingly useful predatory figure as 

they reliably visited artificial perches throughout the entire grape growing season. Future 
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research should focus on the potential role of the magpie in altering the activity of 

frugivorous birds in vineyards (and subsequent impacts on grape damage), and also the 

optimum height and location of artificial perches within vineyards to increase visitation by 

other predatory species, especially raptors.  This will hopefully tip the cost-benefit trade-off 

of bird activity more in the favour of growers. 
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SUPPLEMENTARY INFORMATION 

Key:  

Figure S5.1. Vineyard site. A site incorporates a 150 m radius from each artificial perch or control. 

Vineyard rows Artificial perch 
or control    

Grape sampling 
transects

Adjacent 
land-use     

Potential natural 
perches e.g. trees  
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Figure S5.2. Examples of birds observed during bird surveys at harvest. a) eastern rosella (Platycercus 
eximius) eating grapes; b) nankeen kestrel hunting over vineyard; c) brown falcon perched in a Eucalyptus 
(natural perch) next to a vineyard block; and d) flock of common starlings observed eating grapes.

Table S5.1. Grape damage assessment dates and dates of actual harvest.  

Site Sampling date Harvest date

1 27/01/2016 1/2/2016
2 27/01/2016 1/2/2016
3 16/02/2016 Did not harvest
4 2/2/2016 8/2/2016
5 29/01/2016 8/2/2016
6 29/01/2016 8/2/2016
7 29/01/2016 8/2/2016
8 29/01/2016 8/2/2016
9 17/02/2016 25/02/2016
10 1/2/2016 8/2/2016
11 1/2/2016 8/2/2016
12 1/2/2016 8/2/2016
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Table S5.2. Species observed at sites during bird surveys. Frugivorous (i.e. species recorded eating grapes) species marked with **.  

Bird species Scientific name
Perch sites -
Veraison

Control sites -
Veraison

Perch sites -
Harvest

Control sites -
Harvest

Australian magpie Cracticus tibicen * * * *
Australian raven** Corvus coronoides * * * *
Australian white ibis Threskiornis moluccus *
Black-faced cuckoo-shrike Coracina novaehollandiae * *
Brown falcon Falco berigora * * *
Common starling** Sturnus vulgaris * * * *
Crested pigeon Ocyphaps lophotes * * * *
Crimson rosella** Platycercus elegans * * * *
Diamond firetail Stagonopleura guttata *
Dusky woodswallow Artamus cyanopterus * *
Eastern rosella** Platycercus eximius * * * *
European goldfinch Carduelis carduelis *
Galah Eolophus roseicapilla * *
Grey shrike-thrush Colluricincla harmonica *
Common myna** Acridotheres tristis * *
Laughing kookaburra Dacelo novaeguineae *
Magpie lark Grallina cyanoleuca * * * *
Nankeen kestrel Falco cenchroides * *
Olive-backed oriole** Oriolus sagittatus *
Red-rumped parrot** Psephotus haematonotus * * * *
Sacred kingfisher Todiramphus sanctus *
Scarlet robin Petroica boodang *



131 

House sparrow** Passer domesticus * * * *
Sulphur-crested cockatoo** Cacatua galerita * *
Superb fairy wren Malurus cyaneus * * *
Turquoise parrot** Neophema pulchella *
Welcome swallow Hirundo neoxena * *
White-eared honeyeater Lichenostomus leucotis *
White-naped honeyeater Melithreptus lunatus *
Willie wagtail Rhipidura leucophrys * * * *
Yellow-faced honeyeater Lichenostomus chrysops * *
Yellow-rumped thornbill Acanthiza chrysorrhoa * * *
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Chapter 6. Using the functional diversity of birds and 

environmental variables to predict ecosystem function

Supplementary information Tables S6.1, S6.2, S6.3, S6.4, S6.5 and S6.6 are included at the 
end of this chapter.  

Summary of Spearman correlation matrices are included at the end of the thesis as 
Appendix 3.  
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ABSTRACT 

Agricultural intensification is a major cause of biodiversity loss and much research has been 

done on the impacts of this land-use change on species richness and abundance. However, 

few studies have attempted to link the implications of changes in species composition with 

ecosystem function. This is an important step in order to be able to predict potential 

increases or losses in ecosystem services due to changes in the landscape. Therefore, using 

the results from three case studies in three agricultural systems, I assessed whether the costs 

or benefits provided by birds in agroecosystems were influenced by two distinct measures. 

Firstly, I considered bird functional trait diversity: a measure of species’ ability to provide 

costs or benefits. Secondly, I considered how well environmental variation on its own could 

explain the different outcomes I have observed across the three agricultural systems. I found 

that under different circumstances, environmental variables (in vineyards), functional 

diversity (in vineyards and pastoral landscapes) and chance alone (in apple orchards) were 

all important for explaining the costs and benefits provided in the three agroecosystems. In 

vineyards, sites with predatory/aggressive birds that were closer to native vegetation 

appeared to receive less grape damage. Additionally, grape damage increased as effect trait 

functional divergence of grape-eating species increased. In pastoral landscapes, having 

extremes of scavenging bird effect traits at a site appeared to increase bird removal of 

carcasses. These results highlight the importance of including both environmental variables 

and functional traits in examining bird relationships with ecosystem function. 
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INTRODUCTION 

Land-use change is one of the major causes of biodiversity loss globally (Foley et al. 2005). 

Currently, agroecosystems occupy more than a third of the earth’s land surface and are 

rapidly expanding to keep up with human demands (UNEP 2014). Much research has been 

done on the impacts of agricultural intensification on species richness and abundance (e.g. 

Chamberlain and Fuller 2001; Belfrage et al. 2005). However, research on linking the 

implications of changes in species composition with ecosystem function, which requires 

measuring the functional traits of different fauna species in a community, is currently 

lacking (Cadotte et al. 2011; Luck et al. 2013).  

A functional trait is any morphological, physiological, phenological or behavioural 

characteristic of an individual (Violle et al. 2007; Luck et al. 2012). Functional traits can be 

further defined as response and effect traits (Lavorel and Garnier 2002). Response traits 

determine the response of an individual to changes in the environment (Lavorel and Garnier 

2002). For example, body size has been linked to the extinction risk of birds and mammals, 

with larger bodied species more likely to become endangered from environmental 

disturbances (Gatson and Blackburn 1995; Cardillo et al. 2005). Effect traits determine the 

effect an individual has on ecosystem functioning (Lavorel and Garnier 2002). For example, 

bill morphology can influence the handling time and size of insects that birds consume 

(Sherry and McDade 1982; Waugh and Hails 1983), potentially influencing their biological 

control of insect pests in crop systems (an ecosystem function).   

Effect traits are particularly important in the context of ecosystem services as they dictate 

the extent of the benefits a community can provide. For example, body size is related to the 
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size and amount of food that can be consumed by a species, as well as its foraging 

behaviour and territory size, and in this context could be considered an effect trait. Larger 

bodied frugivorous birds (Wotton and Kelly 2012) and ants (Ness et al. 2004) can disperse 

larger seeds at greater distances than smaller species, thus contributing to regeneration of 

plant communities. Bill morphology can dictate the effectiveness of neotropical 

hummingbirds as pollinators of different plant species, with a range of bill sizes needed to 

effectively pollinate complex forest communities (Feinsinger and Colwell 1978).     

Functional diversity is the distribution and abundance of different traits within a community 

(Tilman 2001) and measures of functional diversity can be used to predict how a 

community might respond to environmental change (e.g. loss in tree cover) and the 

implications that this might have for ecosystem functioning ( Mayfield et al. 2010; Cadotte 

et al. 2011; Luck et al. 2013). High functional diversity within a community could also be 

related to high functional redundancy, where more species share similar traits, thus making 

the functioning of the community less susceptible to loss of species caused by 

environmental change (McCann 2000). As land-use intensifies, species richness and 

functional diversity generally decrease (Laliberté et al. 2010), and this can lead to serious 

consequences for the provisioning of ecosystem services such as pollination for food 

production (Flynn et al. 2009; Luck et al. 2013). For example, an increase in tree cover 

around apple orchards (an environmental change) can increase the abundance and 

functional diversity of insectivorous bird species and their foraging rate (an effect trait), 

which in turn can help reduce the abundance of invertebrate apple pests (an ecosystem 

service/function) (Luck et al. 2012). 
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As a way of synthesizing the information in my previous three chapters, I asked whether 

bird functional trait diversity had any association with the costs or benefits of bird activity 

in agroecosystems. For example, was insect damage to apples less if the functional diversity 

of effect traits of insectivorous birds was higher in a given apple orchard?  Additionally, 

because environmental change is usually the key driver of fauna community composition, I 

considered whether it could be a simpler explanation for the different outcomes I have 

observed across the three agricultural systems. For example, was change in tree cover 

around apple orchards better at explaining the amount of insect damage to apples than effect 

trait functional diversity of insectivorous birds? It is important to explore this relationship 

because change in vegetation cover is something that can be more easily managed by 

growers.   

The aims of this study were to: 1) determine the influence of changes in two key 

environmental variables (percent tree cover and distance to nearest unmanaged vegetation) 

on response trait functional diversity; and 2) determine the influence of environmental 

variables or effect trait functional diversity on the services or disservices provided by birds 

in agroecosystems.  

METHODS 

This study incorporated data from the three different agroecosystems studied in Chapters 3, 

4 and 5: apple orchards, pastoral landscapes and vineyards. Each agroecosystem was 

analysed separately. In addition, because sites in pastoral landscapes were studied in two 

separate years (2014 and 2015) these data were also analysed separately to take into account 

temporal variation. Bird species in vineyards were grouped into two categories: 
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frugivorous/grape-eating species that could cause a cost to growers by damaging grapes, 

and aggressive or predatory species that could scare or hunt damage-causing birds and 

provide an indirect benefit of reduced grape damage. This allowed me to do two separate 

analyses considering these two different outcomes.    

Trait selection 

Response and effect traits were selected using the framework from Luck et al. (2012), 

whereby included traits were justified based on ecologically-relevant criteria (Table 6.1). 

Response and effect traits were used to determine how a community responded to 

environmental change (dictated by their response traits) and how changes in community 

composition in turn affected the provision of costs (disservices) or benefits (services) by 

birds (dictated by their effect traits). I then extracted data on the trait values of bird species 

observed in my study areas (see Methods of Chapters 3, 4 and 5 for detail on field data 

collection) from the extensive database compiled by Luck et al. (2012).  

Environmental change 

I measured environmental variation as a proxy of environmental change in the landscape, 

i.e. as a difference between locations at one point in time and not a difference recorded over 

time. This was measured at relatively broad scales, as most birds’ habitat use occurs at 

spatial scales beyond a point locale (‘site’) (Tscharntke et al. 2007). The percent tree cover 

around a site, and the distance of each site to the nearest patch of unmanaged vegetation 

were selected as important environmental variables that might influence bird 

presence/absence. Native vegetation is important habitat for birds and can influence their 
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movement across a landscape (Bennett and Ford 1997; Fischer and Lindenmayer 2002; 

Tscharntke et al. 2008). I measured differences in tree cover within a 1 km radius from the 

centre of each site  (see Chapters3, 4 and 5 for site descriptions) based on geographic 

information system databases of land cover data from the State Government of Victoria 

(2016) and the New South Wales Office of Environment and Heritage (2016). Tree cover 

was defined as woody vegetation greater than 2 m in height and with a crown cover (foliar 

density) greater than 10%. The distance of each site to the nearest patch of unmanaged 

vegetation > 1 ha was measured by plotting the coordinates of the centre of a site onto 

satellite imagery from Google Maps (Google Maps 2016) and using the ‘measure distance’ 

function.   

Ecosystem service/disservice

Data on the ecosystem services (benefits) or disservices (costs) provided by birds to farmers 

were collected in the three agroecosystem types (see Chapters 3, 4 and 5 for details). 

Insectivorous birds can provide ecosystem services in apple orchards via biological control 

of insect pests, leading to a reduction in the percent of insect damaged apples. The response 

variable for apple orchards was therefore the percent of insect-damaged apples at a site (See 

Chapter 3 for methods of field data collection). In pastoral landscapes, scavenging birds can 

remove animal carcasses that could potentially harbour diseases or attract unwanted 

scavengers into an area. The response variable for the pastoral landscape data was the 

percent of rabbit carcass weight loss (See Chapter 4 for methods of field data collection). 

Grape-eating bird species can consume grape crops, resulting in a disservice (cost) to 

growers. Aggressive or predatory bird species can provide an ecosystem service by 

reducing the damage that frugivorous birds do to grapes via their hunting activities or 
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territorial behaviour. The response variable for vineyards was the percent of damaged 

grapes within a 150 m radius of each site (See Chapter 5 for methods of field data 

collection).  

Bird species 

Bird species that were considered potential ecosystem service or disservice providers were 

identified in each agroecosystem. In apple orchards, key insectivorous birds that could 

provide biological control of pest insects were the grey fantail (Rhipidura albiscapa), 

yellow-faced honeyeater (Lichenostomus chrysops), other honeyeater spp., and the silvereye 

(Zosterops lateralis). In pastoral landscapes, key scavenging birds which consumed rabbit 

carcasses were the whistling kite (Haliastur sphenurus) and Australian raven (Corvus 

coronoides).  

In vineyards, key grape-eating species were identified as the Australian raven, common 

starling (Sturnus vulgaris), common myna (Acridotheres tristis) and small parrot species 

(Platycercus spp. and red-rumped parrot, Psephotus haematonotus), and key 

predatory/aggressive birds were the Australian magpie (Cracticus tibicen) and laughing 

kookaburra (Dacelo novaeguineae). 
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Table 6.1. Selected response and effect traits. 

Data analysis 

I conducted separate analyses for each agroecosystem, for each year in the pastoral landscape, and for two separate bird groups (grape-eating 

and predatory/aggressive birds) in vineyards.

Agroecosystem Trait Response Effect Ecological justification

Apple orchards Habitat plasticity

Body mass 

Wing span

Diet plasticity

Bill length

















Capacity to use various habitats.

Relates to metabolic rate/ the amount of food that can be consumed, 
foraging behaviour and territory size.

Capacity to use open spaces (e.g. decreased tree cover in a landscape) 
or find resources over large distances.

Capacity to consume various food types (e.g. higher plasticity may 
mean more resilience to environmental change).

Relates to diet and food handling. Relates to the size of food items 
that can be consumed.

Pastoral landscapes (2014 and 
2015)

Habitat plasticity
Body mass
Wing span
Bill length










Same as above

Vineyards Habitat plasticity
Body mass 
Diet plasticity
Wing span
Bill length












Same as above
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Functional diversity indices 

I used the response and effect trait data compiled for each bird species observed at a site to 

calculate bird functional diversity indices for every site in each agroecosystem with the 

program FDiversity (Casanoves et al. 2010). The calculation of these indices required an 

abundance measure for each species. Abundance was not directly measured during the field 

studies, so the frequency of occurrence of each species at a site was used as an index of 

abundance. The frequency of occurrence of insectivorous or omnivorous species in apple 

orchards was calculated as the number of surveys each species was detected in (i.e. out of 

four surveys). The frequency of occurrence of scavenging species in pastoral landscapes 

was calculated as the number of times each species attacked (i.e. attempted to eat) the rabbit 

carcass. The frequency of occurrence of grape-eating species in vineyards was calculated as 

the number of surveys each species was detected in (i.e. out of two surveys), and the 

frequency of occurrence of predatory/aggressive birds was calculated as the number of 

visits each species made to a perch.  

Using more than one index to represent the functional diversity of species traits better 

captures the distribution of species traits in a location, and should result in a better 

understanding of how functional diversity may impact ecosystem function (Mason et al. 

2005). The following three indices complement each other to capture the different aspects 

of functional diversity: 1) functional richness, which measures the amount of trait space 

filled by a species in a community; 2) functional evenness, which measures whether the 

mean species traits are distributed evenly within the occupied trait space in the community; 

and 3) functional divergence, which measures the variance in species traits and how they 

are positioned in trait space (Mason et al. 2005; Schleuter et al. 2010). For my study, I 
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calculated functional richness and functional divergence. Functional evenness could not be 

calculated for all agroecosystems due to small sample sizes. Prior to calculation, all 

variables were standardised to a mean of 0 and a standard deviation of 1 to ensure each trait 

was weighted equally. 

Correlations 

I  used two-tailed non-parametric Spearman correlations to examine the relationships 

between: 1) the response trait functional indices (functional richness and functional 

divergence) and the environmental change measures (percent tree cover and distance to 

unmanaged vegetation > 1 ha); and 2) the effect trait functional indices (functional richness 

and functional divergence), the environmental change measures (percent tree cover and 

distance to unmanaged vegetation > 1 ha), the frequency indices of key bird species present 

at each site, and the ecosystem service or disservice measured for each agroecosystem 

(apple orchards: percent insect damaged apples; pastoral landscapes: percent carcass weight  

loss; vineyards: percent damaged grapes). 

Information theoretic approach 

I used an Information Theoretic Approach to examine the relative important of different 

models (generalised linear models (GLMs)) in explaining the variation in the response trait 

functional diversity indices, and the ecosystem service or disservice (Tables 6.2 and 6.3). In 

some cases, GLMs with a normal distribution were applied after residuals were plotted to 

check the assumption of normality, and certain variables were log transformed (see Tables 3 

and 4 for details). GLMs with a negative binomial distribution were also fitted in some 
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cases to account for excess zeros in the data. Only one explanatory variable was included in 

each model owing to small sample sizes.  

The AICc value of each model was compared among the different explanatory models for 

each response, and with the AICc value of the constant only model to test for overall model 

fit. A decrease in the AICc value of ≥ 2 was considered to be an improvement to the fit of 

the model (Burnham and Anderson 2002). Akaike model weights were also calculated to 

determine the relative likelihood of each model being the best explanation for variation in 

the response variable (Burnham and Anderson 2002). 

Table 6.2. Environmental predictors of response trait functional diversity. 

Response variable
Predictors (modelled 
singularly)

Response trait functional richness

 Apple orchards - log normal transformation applied
 Pastoral landscapes - negative binomial distribution (2014 

and 2015)
 Vineyard (frugivorous birds) - log normal transformation 

applied
 Vineyard (predatory birds) - negative binomial distribution 

% tree cover; distance to 
unmanaged vegetation > 1 ha

Response trait functional divergence

 Apple orchards - log normal transformation applied
 Pastoral landscapes (2014 and 2015) - negative binomial 

distribution 
 Vineyard (frugivorous birds) - log normal transformation 

applied
 Vineyard (predatory birds) - negative binomial distribution 

% tree cover; distance to 
unmanaged vegetation > 1 ha
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Table 6.3. Predictors of variation in the delivery of ecosystem services/disservices.  

Apple orchards
Response variable Predictors (modelled singularly)

% insect damage

Log normal transformation applied

% tree cover; distance to unmanaged vegetation > 1 ha; 
effect trait functional richness; effect trait functional 
divergence; frequency grey fantail; frequency yellow-
faced honeyeater; frequency honeyeater spp.; 
frequency silvereye

Pastoral landscapes (2014 and 2015 modelled separately)
Response variable Predictors

% carcass weight loss

Normal distribution

% tree cover; distance to unmanaged vegetation > 1 ha; 
effect trait functional richness; effect trait functional 
divergence; number whistling kite attacks; number 
Australian raven attacks

Vineyards (frugivorous bird species)

Response variable Predictors

% grape damage

Log normal transformation applied

% tree cover; distance to unmanaged vegetation > 1 ha; 
effect trait functional richness; effect trait functional 
divergence; frequency Australian raven; frequency 
common starling; frequency common myna; frequency 
small parrot spp. 

Vineyards (predatory bird species)

Response variable Predictors

% grape damage

Log normal transformation applied

% tree cover; distance to unmanaged vegetation > 1 ha; 
effect trait functional richness; effect trait functional 
divergence; number Australian magpie visits; number 
laughing kookaburra visits

RESULTS 

Apple orchards 

The percent tree cover in a 1 km radius of a site was significantly negatively correlated with 

the percent of insect damaged apples (Spearman r = - 0.829, p = 0.033, n = 6) (Figure 6.1). 

The constant-only GLM had the lowest AICc score for all response variables, suggesting 

there was no clear explanation for the variation in bird species response trait diversity or the 
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level of insect damage inflicted on apples (for the variables I measured) (Tables S6.1 and 

S6.2, Supplementary information). 

Figure 6.1. Correlation between the percent tree cover in a 1 km radius of a site and the percent of 
insect damaged apples in apple orchards. (Spearman r = - 0.829, p = 0.033, n = 6).

Pastoral landscape 2014 

No variables were significantly correlated (Appendix 3). No explanatory model examining 

variation in response trait functional diversity improved model fit beyond the constant-only 

model (Table S6.3, Supplementary information). However, the GLM containing the 

predictor variable ‘effect trait functional divergence’ was the best fit for explaining percent 

rabbit carcass weight loss with an Akaike model weight of 0.967 (Table 6.4).  
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Table 6.4. Influence of environmental measures, effect traits and key bird species on percent carcass 
weight loss in pastoral landscapes in 2014. 

Model Response Predictors
AICc 
value

Difference in 
AICc

Akaike 
weight

Model 4 % carcass weight 
loss

effect trait functional 
divergence 77.121 0 0.967

Constant 
only model

% carcass weight 
loss constant 84.321 7.2 0.026

Model 1 % carcass weight 
loss % tree cover 89.450 12.329 0.002

Model 6 % carcass weight 
loss

number of Australian 
raven attacks

89.886 12.765 0.002

Model 3 % carcass weight 
loss

effect trait functional 
richness 90.035 12.914 0.002

Model 5
% carcass weight 
loss

number of whistling 
kite attacks 90.144 13.023 0.001

Model 2 % carcass weight 
loss

distance to unmanaged 
vegetation > 1 ha 90.254 13.133 0.001

Pastoral landscape 2015 

No variables were significantly correlated (Appendix 3). However, the GLM containing the 

predictor ‘percent tree cover in 1 km radius of site’ had the most support for explaining 

response trait functional richness, with an Akaike model weight of 0.502. However, the 

AICc value of the constant-only model was < 2 of the highest ranked model (change in 

AICc = 1.297, Akaike model weight = 0.262) (Table 6.5). 

The AICc value of the model containing the predictor variable ‘effect trait functional 

divergence’ was < 2 (change in AICc = 1.308, Akaike model weight = 0.216) of the highest 

ranked model, the constant-only model, therefore providing some support for explanation of 

variation in rabbit carcass weight loss (Table S6.4, Supplementary information).  
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Table 6.5. Influence of environmental measures on response traits in pastoral landscapes in 2015. 

Model Response Predictors
AICc 
value

Difference in 
AICc

Akaike 
weight

Response trait functional richness

Model 1 Response trait functional 
richness % tree cover 17.323 0 0.502

Constant 
only model

Response trait functional
richness constant 18.620 1.297 0.262

Model 2 Response trait functional 
richness

distance to 
unmanaged 
vegetation > 
1 ha

18.832 1.509 0.236

Response trait functional divergence

Constant 
only model

Response trait functional 
divergence

constant 13.002 0 0.717

Model 1 Response trait functional 
divergence % tree cover 16.179 3.177 0.146

Model 2 Response trait functional 
divergence

distance to 
unmanaged 
vegetation > 
1 ha

16.325 3.323 0.136

Vineyards (grape-eating birds) 

The percent tree cover in a 1 km radius of a site and the distance of a site to the nearest 

patch of unmanaged vegetation > 1 ha were significantly correlated with response trait 

functional richness (Spearman r = -0.644, p = 0.0022, n = 20; and Spearman r = 0.591, p = 

0.0061, n = 20, respectively; Figures 6.2 and 6.3, respectively).  

The GLM containing the predictor ‘percent tree cover in 1 km radius of a site’ had the most 

support for explaining variation in response trait functional richness (Akaike model weight 

= 0.895; Table 6.6), while the model containing the predictor ‘effect trait functional 



149 

divergence’ had the most support for explaining the percent of damaged grapes (Akaike 

model weight = 0.477; Table 6.7).  

Figure 6.2. Correlation between the percent tree cover in a 1 km radius of a site and response trait 
functional richness of frugivorous birds in vineyards. (Spearman r = 0.644, p = 0.0022, n = 20). 

Figure 6.3. Correlation between the distance of a site to the nearest patch of unmanaged vegetation > 1 
ha and response trait functional richness of frugivorous birds in vineyards. (Spearman r = 0.591, p = 
0.0061, n = 20).  
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Table 6.6. Influence of environmental measures on response traits of frugivorous birds in vineyards. 

Model Response Predictors AICc value
Difference in 

AICc
Akaike 
weight

Response trait functional richness

Model 1 Response trait 
functional richness % tree cover 63.936 0 0.895

Constant 
only model

Response trait 
functional richness constant 69.310 5.374 0.061

Model 2
Response trait 
functional richness

distance to 
unmanaged 
vegetation > 1 ha

69.944 6.008 0.044

Response trait functional divergence

Constant 
only model

Response trait 
functional 
divergence

constant -51.889 0 0.653

Model 2
Response trait 
functional 
divergence

distance to 
unmanaged 
vegetation > 1 ha

-49.367 2.522 0.185

Model 1
Response trait 
functional 
divergence

% tree cover -49.096 2.793 0.162

Table 6.7. Influence of environmental measures, effect traits and key frugivorous bird species on 
percent grape damage in vineyards. 

Model Response Predictors
AICc 
value

Difference in 
AICc

Akaike 
weight

Model 7 % grape damage effect trait functional 
divergence 15.801 0 0.477

Constant 
only model % grape damage constant 18.387 2.586 0.131

Model 11 % grape damage frequency of small 
parrot spp. 19.089 3.288 0.09208

Model 1 % grape damage % tree cover 19.719 3.918 0.067

Model 2 % grape damage
distance to 
unmanaged 
vegetation > 1 ha

19.868 4.067 0.062

Model 10 % grape damage frequency of 
common myna

20.087 4.286 0.056

Model 6 % grape damage effect trait functional 
richness 20.439 4.638 0.047

Model 9 % grape damage common starling 21.008 5.207 0.035

Model 8 % grape damage frequency of 
Australian raven 21.148 5.347 0.033
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Vineyards (predatory/aggressive birds) 

The distance of a site to the nearest patch of unmanaged vegetation > 1 ha was significantly 

correlated with response trait functional richness (Spearman r = 0.758, p = 0.023, n = 9; 

Figure 6.4). The percent of tree cover in a 1 km radius was significantly negatively 

correlated with response trait functional richness (Spearman r = -0.606, p = 0.019, n = 9). 

Figure 6.4. Correlation between the distance of a site to the nearest patch of unmanaged vegetation > 1 
ha and response trait functional richness of predatory/aggressive birds in vineyards. (Spearman r = 
0.758, p = 0.023, n = 9). 

The constant-only model had the most support in explaining variation in response trait 

functional diversity (response trait functional richness: Akaike model weight = 0.467, 

response trait functional divergence: Akaike model weight = 0.676; Table S6.5, 

Supplementary information), however the distance of a site to the nearest patch of 

unmanaged vegetation > 1 ha (change in AICc = 0.716, Akaike model weight = 0.326) and 

percent tree cover in a 1 km radius (change in AICc = 1.624, Akaike model weight = 0.207) 
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also had some support in explaining the variation in response trait functional richness 

(Table S6.5, Supplementary information). 

The constant-only model had the most support for explaining variation in the percent of 

damaged grapes (Akaike model weight = 0.414; Table S6.6, Supplementary information), 

however the distance of a site to the nearest patch of unmanaged vegetation > 1 ha also 

explained some variation in the data (change in AICc = 0.97, Akaike model weight = 0.255; 

Table S6.6, Supplementary information). 

DISCUSSION 

Under different circumstances, environmental variables, functional diversity and chance 

alone were all important for explaining the variation in either the response traits of birds, or 

the costs and benefits they provided in the three agroecosystems.  

Influence of environmental variables on response trait diversity  

The percent tree cover in a 1 km radius of a site was useful for predicting response trait 

functional richness in pastoral landscapes (although only in one year) and for grape-eating 

and predatory/aggressive species in vineyards.  The distance of a site to unmanaged 

vegetation was also useful in predicting response trait functional richness of 

predatory/aggressive species in vineyards. Tree cover and proximity to unmanaged 

vegetation appeared to negatively affect the functional richness of birds in pastoral 
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landscapes and vineyards. The environmental variables I measured were not useful in 

predicting response trait functional divergence. 

Apple orchards 

In apple orchards, the constant-only model provided the best fit for explaining the variation 

in response trait functional diversity. One potential explanation for the lack of relationship 

with other variables is that I didn’t select the most appropriate response traits. Alternatively, 

the environmental variables may have been having an effect at a different spatial scale to 

what I measured. For example, Luck et al. (2012) found that tree cover in a 5 km radius 

around an apple orchard was related to the abundance of response traits like diet and 

foraging substrate (both categorical variables). I only included continuous variables in my 

calculations of functional diversity, and although I did include diet plasticity (the capacity 

to consume various food types) and habitat plasticity (the capacity to use various habitats), 

including more specific detail about diet and foraging substrate in future studies may reveal 

greater insights. 

My study also didn’t differentiate between vegetation types (i.e. I used a single measure for 

‘tree cover’: see methods). Categorising vegetation types into more detailed groups may 

provide better understanding of habitat quality for insectivorous birds. For example, species 

richness of birds can increase with higher tree species richness, and in particular with more 

tall trees at a site (Clough et al. 2009). Furthermore, the relative importance of habitat 

quality and size (i.e. tree species and total percent tree cover) at a site varies for different 

bird species (Lee et al. 2002), so considering both variables in future would be useful. 
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Pastoral landscapes 

In pastoral landscapes, the year that the study occurred in affected the outcome of the 

models. In 2014, environmental variables were ineffective at predicting response trait 

functional diversity at a site; however in 2015 the ‘percent tree cover in 1 km radius of site’ 

had the most support for explaining response trait functional richness. Tree cover appeared 

to be negatively related to the functional richness of birds, however tree cover and 

functional richness were not significantly correlated (Spearman r = -0.149, p = 0.726). 

Although insignificant, this trend supports my results from Chapter 3, where I found that 

scavenging birds tended to find rabbit carcasses more quickly as the landscape became 

more open (although again, the result wasn’t statistically significant, most likely owing to 

small sample sizes). Four species of diurnal raptors (wedge-tailed eagle, little eagle; 

Hieraaetus morphnoides, whistling kite, and brown goshawk; Accipiter fasciatus) were 

observed feeding on the rabbit carcasses, and the Australian raven was also a common 

scavenger. Raptors typically forage in open areas where visibility is highest (Aumann 2001; 

Olsen et al. 2006), and ravens often forage in open fields for invertebrates, plant material 

and carrion (Rowley 1973). As functional richness usually reflects species richness, the 

tendency for more scavengers to forage in open areas can explain the negative relationship 

between tree cover and response trait functional richness at a carcass site. 

Vineyards 

The model containing the predictor ‘percent tree cover in 1 km radius of a site’ had the most 

support for explaining variation in response trait functional richness of grape eating species 

(Akaike model weight = 0.895) . These two variables were also significantly negatively 
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correlated (Spearman r = -0.644, p = 0.0022, n = 20), suggesting that as tree cover 

decreased, the response functional richness of grape eating species increased. The most 

commonly observed grape-eating species in vineyards were the Australian raven, common 

starling, common myna, crimson rosella (Platycercus elegans), eastern rosella (Platycercus 

eximius) and red-rumped parrot. As previously discussed, the Australian raven is a 

generalist and commonly utilises open areas making it well adapted to agricultural 

landscapes. The common starling and common myna are also generalist species which 

enables them to thrive in a range of habitat types. They usually dominate modified 

landscapes, where fewer small native species occur (Green 1984). Rosellas and red-rumped 

parrots are understorey feeders, primarily feeding on grass seeds (Cannon 1981; Lill 2009). 

A major land-use around vineyards was grassy fields, so an increase in this food resource 

due to less tree cover may have increased parrot abundance. The dietary and habitat 

preferences for these key grape-eating species can explain the negative relationship between 

tree cover and response trait functional richness at vineyard sites. However, mature, tall, 

trees are also an important resource for small parrots (Lowry and Lill 2007; Luck et al. 

2013), so there could be a threshold beyond which more cleared space is no longer a 

benefit. 

For predatory/aggressive birds, both environmental variables and random factors explained 

variation in their response trait functional diversity. The distance of a site to the nearest 

patch of unmanaged vegetation > 1 ha and percent tree cover in a 1 km radius were both 

within < 2 of the highest ranked model (constant-only) for explaining the variation in 

response functional richness. The distance of a site to the nearest patch of unmanaged 

vegetation > 1 ha was significantly correlated with response trait functional richness 

(Spearman r = 0.758, p = 0.023, n = 9), suggesting that as a site became further from 
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unmanaged vegetation > 1 ha, the functional richness of predatory/aggressive birds 

increased. Percent tree cover was significantly negatively correlated with response trait 

functional richness (Spearman r = -0.606, p = 0.019, n = 9), suggesting that as tree cover 

increased, the functional richness of predatory/aggressive birds decreased. This could be 

explained by the species that visited the perches. The Australian magpie, laughing 

kookaburra and Australian raven were the most common visitors to perches. Like ravens, 

Australian magpies are well adapted to anthropogenic environments and are often found in 

managed farmland (Veltman and Hickson 1989; Kinross 2004). Laughing kookaburras are 

ambush predators, usually perching until they detect moving prey (Blomberg and Shine 

2000). Open areas resulting from less tree cover could increase visibility for this species 

while hunting. Australian ravens (average mass: males 675 g, females 615 g; all weights 

from Dunning 2007), Australian magpies (average mass: males and females 256 g) and 

laughing kookaburras (average mass: males 313 g, females 356 g) are large bodied birds 

that are able to fly to and from patches of vegetation that may contain nesting or perching 

resources, and commonly utilise open areas during the day. As functional richness usually 

reflects species richness, the tendency for these three species to forage in open areas can 

explain why response trait functional richness on a perch increased at sites that were further 

away from, and contained less tree cover.

Influence of environmental variables and effect trait diversity on ecosystem function 

Effect trait functional divergence of scavenging birds and grape-eating species appeared to 

be positively related to the percent carcass weight loss and grape damage respectively. The 

distance of a site to unmanaged vegetation > 1 ha was useful in explaining the variation in 
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grape damage at vineyard sites where predatory/aggressive birds were present. Sites with 

predatory/aggressive birds that were closer to native vegetation appeared to receive less 

grape damage. The model containing ‘percent tree cover in a 1 km radius of a site’ as a 

variable was not useful for explaining variation in insect damage to apples; however tree 

cover and insect damage were significantly negatively correlated. Effect trait functional 

richness was not useful for predicting ecosystem services/disservices in any agroecosystem.  

Apple orchards 

In apple orchards, the constant-only model provided the best fit for explaining the percent 

of insect damaged apples, although tree cover and insect damage to apples were 

significantly negatively correlated (Spearman r = -0.829, p = 0.033, n = 6). My study was 

limited to small sample sizes, so it would be useful to re-test these relationships using more 

sites. I would have also expected insectivorous bird effect trait functional richness to 

influence the amount of insect damage to apples as previous studies have shown 

insectivores to reduce insect damage in crops (Mols and Visser 2007; Kellerman et al. 

2008; Johnson et al. 2010; Chapter 2). One explanation for why I didn’t find this 

relationship could be that I didn’t select the most appropriate effect traits. Using 

behavioural effect traits may be better to record and use in future studies. For example, 

Luck et al. (2012) found that the percent tree cover in a 5 km radius around an orchard 

positively affected the effect trait ‘foraging rate’ of insectivorous birds which can directly 

influence invertebrate abundance. 
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Pastoral landscapes 

Effect trait functional divergence of scavenging birds was the best predictor of the percent 

carcass weight loss in 2014 with an Akaike model weight of 0.967, and appeared to have an 

influence also in 2015 (Akaike model weight = 0.216). A high functional divergence score 

reflects clustering in the abundance of traits at the edge of the trait space in the community 

(Schleuter et al. 2010). Therefore, my results suggest that having extremes of scavenging 

bird effect traits at a site may increase bird removal of carcasses. Scavenging birds recorded 

at my sites ranged from large wedge-tailed eagles (Aquila audax) (average mass: males 

3132 g, females 3800 g), medium sized whistling kites (average mass: males and females 

unspecified 753 g), to smaller Australian ravens (average mass: males 675 g, females 615 

g). Hence, there were often two extremes in body mass at one site: the large raptors and the 

much smaller ravens, and this is possibly what caused the high functional divergence scores 

at these sites. The positive, though non-significant correlations (Appendix 3) suggest that 

carcass removal was greater if a carcass was visited by large raptors and smaller corvids, 

compared to when a carcass was only visited by medium sized raptors.   

Vineyards 

Effect trait functional divergence of grape-eating birds had the most support for explaining 

variation in grape damage (Akaike model weight = 0.477). These two variables were 

positively correlated, although only marginally (Spearman r = 0.432, p = 0.057, n = 20), 

suggesting that as effect trait functional divergence increased there was more grape damage. 

Hence, having extremes of grape-eating bird effect traits at a site (e.g. relatively large 

sulphur crested cockatoos (Cacatua galerita) (average mass: males and females 790 g) and 
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small starlings (average mass: males 87.6 g, females 84.4 g) may be what increases bird 

damage to grapes.  

Effect functional diversity of predatory/aggressive birds was not useful for predicting the 

percent of damaged grapes, however the distance of a site to the nearest patch of 

unmanaged vegetation > 1 ha was within < 2 of the highest ranked model (constant only) 

and explained some of the variation in the data.  Distance to unmanaged vegetation was 

negatively, but not significantly correlated with grape damage (Spearman r = -0.55, p = 

0.133, n = 9), suggesting that sites with predatory/aggressive birds that were closer to native 

vegetation may have received less grape damage. The response trait functional richness of 

grape-eating species decreased as sites became closer to unmanaged vegetation (see 

discussion above). Therefore, the reduction in grape-eating species richness, along with the 

presence of predatory or aggressive birds on the artificial perches which possibly further 

reduced grape-eating species abundance or activity, may have been what caused a reduction 

in grape damage. 

Conclusions 

My results highlight the importance of including both environmental variables and 

functional traits in examining bird relationships with ecosystem function as under different 

circumstances both have the potential to be good predictors of certain functions. It is also 

important to use more than one index of functional diversity. Exploring the 

interrelationships between response and effect traits and environmental variables is crucial 

for understanding how environmental change may impact on ecosystem function in 
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agroecosystems, and warrants future study. I discuss the management implications of these 

and other results in Chapter 7. 
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SUPPLEMENTARY INFORMATION 

Table S6.1. Influence of environmental measures on response traits in apple orchards. 

Model Response Predictors
AICc 
value

Difference in 
AICc

Akaike weight

Response trait functional richness

Constant 
only model

Response trait 
functional richness constant 15.936 0 0.969

Model 1 Response trait 
functional richness % tree cover 23.557 7.621 0.021

Model 2 Response trait 
functional richness

distance to 
unmanaged 
vegetation > 1 
ha

25.182 9.246 0.010

Response trait functional divergence

Constant 
only model

Response trait 
functional divergence constant -20.797 0 0.976

Model 2 Response trait 
functional divergence

distance to 
unmanaged 
vegetation > 1 
ha

-12.405 8.392 0.015

Model 1 Response trait 
functional divergence % tree cover -11.429 9.368 0.009
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Table S6.2. Influence of environmental measures, effect traits and key bird species on insect damage in 
apple orchards. 

Model Response Predictors
AICc 
value

Difference in 
AICc

Akaike 
weight

Constant 
only model

% insect damage constant 7.664 0 0.835

Model 6 % insect damage frequency of yellow-
faced honeyeater 13.16 5.496 0.054

Model 1 % insect damage % tree cover 13.391 5.727 0.048

Model 8 % insect damage frequency of silvereyes 15.253 7.589 0.019

Model 7 % insect damage frequency of honeyeater 
spp. 15.297 7.633 0.018

Model 2 % insect damage distance to unmanaged 
vegetation > 1 ha 16.917 9.253 0.008

Model 5 % insect damage frequency of grey 
fantail 17.249 9.585 0.007

Model 3 % insect damage effect trait functional 
richness 17.633 9.969 0.006

Model 4 % insect damage
effect trait functional 
divergence 17.664 10 0.006

Table S6.3. Influence of environmental measures on response traits in pastoral landscapes. 

Model Response Predictors
AICc 
value

Difference in 
AICc

Akaike 
weight

Response trait functional richness
Constant 
only model

Response trait 
functional richness constant 8.946 0 0.751

Model 2 Response trait 
functional richness

distance to 
unmanaged 
vegetation > 1 
ha

12.422 3.476 0.132

Model 1 Response trait 
functional richness % tree cover 12.675 3.729 0.116

Response trait functional divergence

Constant 
only model

Response trait 
functional divergence constant 8.946 0 0.658

Model 1 Response trait 
functional divergence % tree cover 11.005 2.059 0.235

Model 2
Response trait 
functional divergence

distance to 
unmanaged 
vegetation > 1 
ha

12.587 3.641 0.107



163 

Table S6.4. Influence of environmental measures, effect traits and key bird species on percent carcass 
weight loss in pastoral landscapes. 

Model Response Predictors
AICc 
value

Difference in 
AICc

Akaike 
weight

Constant 
only model

% carcass weight 
loss constant 20.393 0 0.415

Model 7
% carcass weight 
loss

effect trait functional 
divergence 21.701 1.308 0.216

Model 8 % carcass weight 
loss

number of whistling 
kite attacks 22.579 2.186 0.139

Model 1 % carcass weight 
loss % tree cover 23.341 2.948 0.095

Model 9
% carcass weight 
loss

number of Australian 
raven attacks 24.453 4.06 0.054

Model 2 % carcass weight 
loss

distance to 
unmanaged 
vegetation > 1 ha

24.903 4.51 0.043

Model 6 % carcass weight 
loss

effect trait functional 
richness 25.177 4.784 0.038

Table S6.5. Influence of environmental measures on response traits of predatory/ aggressive birds in 
vineyards. 

Model Response Predictors AICc value
Difference in 

AICc
Akaike 
weight

Response trait functional richness
Constant 
only model

Response trait 
functional richness

constant 39.223 0 0.467

Model 2 Response trait 
functional richness

distance to 
unmanaged 
vegetation > 1 
ha

39.939 0.716 0.326

Model 1 Response trait 
functional richness % tree cover 40.847 1.6240 0.207

Response trait functional divergence

Constant 
only model

Response trait 
functional divergence constant 18.62 0 0.676

Model 2 Response trait 
functional divergence

distance to 
unmanaged 
vegetation > 1 
ha

21.373 2.753 0.171

Model 1 Response trait 
functional divergence

% tree cover 21.581 2.961 0.154
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Table S6.6. Influence of environmental measures, effect traits and key predatory/aggressive bird species 
on percent grape damage in vineyards.  

Model Response Predictors
AICc 
value

Difference in 
AICc

Akaike 
weight

Constant only 
model

% grape 
damage

constant 6.496 0 0.414

Model 2 % grape 
damage

distance to unmanaged 
vegetation > 1 ha 7.466 0.97 0.255

Model 1 % grape 
damage % tree cover 8.993 2.497 0.119

Model 6 % grape 
damage effect trait functional richness 9.892 3.396 0.0757

Model 7 % grape 
damage

effect trait functional 
divergence 10.315 3.819 0.0613

Model 9 % grape 
damage

number of laughing 
kookaburra visits 11.269 4.773 0.038

Model 8 % grape 
damage

number of Australian magpie 
visits 11.279 4.783 0.0378
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Chapter 7: Synthesis 
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SYNTHESIS 

Birds foraging in agroecosystems can have both positive and negative impacts on annual 

production; however, few studies address the cost-benefit trade-offs of these activities 

(Chapter 2, Appendix 1). This limits our understanding of the implications of bird activity 

in agroecosystems. The overall objective of my research was to examine both costs and 

benefits of bird activity within particular agricultural systems and across systems in order to 

assist in the development of sustainable management strategies that will encourage the 

provision of ecosystem services that benefit production, while reducing costs inflicted by 

birds, and also promote the conservation of birds in agroecosystems. This required careful 

consideration of the natural processes involved in each agroecosystem that I studied.  

In apple orchards (Chapter 3) and vineyards (Chapter 5), I was able to successfully identify 

and measure cost-benefit trade-offs over an entire crop growing season. In apple orchards, 

the beneficial behaviour of biological control by insectivorous bird species was traded off 

against the detrimental activity of frugivorous bird species that caused damage to apple 

crops. Previously, the costs and benefits of bird activity in apple orchards have only been 

studied separately, and for the first time I found that trading off the costs of bird damage to 

apples with the benefits of biological control of insect pests resulted in a positive net 

outcome. That is, the yield benefits realised through reduced insect damage, as a result of 

bird predation, were greater than the yield losses from birds consuming apples. In 

vineyards, grape damage caused by frugivorous species was traded off against the beneficial 

activity of predatory/aggressive birds that reduced the damage caused by the frugivorous 

species. My results suggested that providing artificial perches to attract 

predatory/aggressive birds may play a role in reducing frugivorous bird damage to grapes.  



167 

Although I did not explicitly compare costs and benefits of avian scavenger activity in 

pastoral landscapes (Chapter 4), my study still yielded some new and important insights 

into their behaviour. There is very little published information on how Australian raptors 

behave in livestock production systems, particularly in south-east Australia. As far as I am 

aware, I am the first to quantify a positive value of avian scavengers in pastoral landscapes 

in Australia, and identify that birds, particularly raptors, are the fastest and most efficient 

removers of rabbit carcasses. This was true even though foxes also occupied the landscape.  

The trade-offs I studied addressed some of the complexity occurring in agroecosystems. 

However, I only considered one cost-benefit trade-off in apples and vineyards: between 

insectivorous and frugivorous birds, and between grape-eating and predatory/aggressive 

birds, respectively; and only the benefit of carcass removal in pastoral landscapes. Many 

more interactions occur in agroecosystems and should be considered to better understand 

the range of ecosystem functions and how these may translate into ecosystem services or 

disservices to growers. For example, the same bird species might inflict both costs and 

benefits in the same context. Insectivorous birds in apple orchards can reduce insect damage 

to apples (Chapter 3); however, the same insectivorous species may also consume beneficial 

insects such as pollinators or predators, thus reducing fruit set or insect biological control. 

Other species might provide costs or benefits depending on the context (e.g. time of year, 

crop type) (e.g. Luck 2013). For example, during my field studies, I observed frugivorous 

birds feeding on flower buds and fruit on apple trees (possibly reducing fruit set) before 

harvest, but also consuming unharvested (waste) fruit on the trees and ground post-harvest, 

possibly reducing the spread of disease and assisting nutrient cycling (Neeson, 2008; Luck 

2013; Queensland Department of Agriculture and Fisheries 2015). I also observed 
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insectivorous bird species using the artificial perches in vineyards, and biological control of 

insect pests by these insectivores (Jedlicka et al. 2011) is a potential additional benefit of 

providing artificial perches. Alternatively, providing perches and encouraging 

predatory/aggressive birds may scare insectivorous species and reduce the benefit they 

provide. The interactions occurring between the cost-benefit trade-offs that I studied, plus 

these additional potential cost-benefit trade-offs are presented in Figure 7.1.

Figure 7.1. Cost-benefit trade-offs of bird feeding activity in apple orchards, vineyards and pastoral 
landscapes. The same bird species can provide costs and benefits in the same agroecosystem at different times 
of the year, or in different agroecosystems at the same time. Different bird species can also interact with each 
other, resulting in cost-benefit trade-offs. Red arrows = costs of bird activity; green arrows = benefits of bird 
activity. Adapted from Appendix 1.  
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MANAGEMENT RECOMMENDATIONS 

In Chapter 6, I attempted to synthesise some of the information from the case studies to 

determine if there were any general trends across all agroecosystems in relation to bird 

functional diversity or environmental variables and the provision of costs or benefits to 

growers. One of the aims of this analysis was to identify if any general management 

recommendations could be prescribed that were applicable across systems; for example, 

whether improving bird functional diversity and/or surrounding tree cover resulted in better 

provision of a given ecosystem service. However, the results of this analysis were not 

particularly clear cut. I found that both environmental factors and functional diversity were 

important explanatory variables under different contexts.  

In vineyards that were closer to native vegetation and apple orchards with more native 

vegetation cover, damage to crops was reduced. These results suggest that in these two 

agroecosystems at least, the amount of native vegetation around a crop is important for 

regulating ecosystem function and tipping the cost-benefit trade-off in the favour of 

growers. This result may be applicable to other fruit crops, though research in almond 

orchards suggests crop damage is highest closer to native vegetation (Luck et al. 2013). The 

functional divergence of effect traits of scavenging bird species and grape-eating bird 

species appeared to be positively related to the percent carcass weight loss and grape 

damage that occurred, respectively (i.e. having extremes in the size of raptor species at a 

site resulted in more carcass removal, and having extremes in the size of frugivorous 

species at a site resulted in more grape damage). Therefore, managers in pastoral landscapes 

would benefit from encouraging many different scavenging bird species, for example by 

providing a range of habitats to suit the specific needs of various species. Managers of 
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vineyards could reduce costs caused by frugivorous species by discouraging these small and 

large species (e.g. common starling, Sturnus vulgaris and sulfur crested cockatoo, Cacatua 

galerita). I have identified that providing artificial perches for predatory/aggressive birds is 

one way to achieve this.  

When focusing on the particular agroecosystems in isolation, my results suggest that  

managers of apple orchards should use low intensity practices, including providing native 

vegetation nearby, in order to increase the biological control services provided by beneficial 

insectivorous bird species (e.g., striated thornbill, Acanthiza lineata and yellow-faced 

honeyeater, Lichenostomus chrysops). However, there appeared to be a point when the 

trade-off between encouraging insectivores may be out-weighed by also attracting other 

species that use native vegetation and cause damage to apples (e.g. Australian king parrot, 

Alisterus scapularis and crimson rosella, Platycercus elegans). Additional active 

management may counteract this issue; for example land managers can net trees in a way 

that allows small insectivores to access trees to provide biological control, while excluding 

larger detrimental parrot species (as I observed in Chapter 3). Nets could also be removed 

after harvest to allow frugivorous species access to apple wastes. Growers may also 

consider planting sacrifice crops at the edge of apple orchards that can be a preferred food 

source for parrot species (e.g. Dodonaea; see Luck et al. 2013) and may reduce their impact 

on apples.  

The results from my study in vineyards suggest that providing artificial perches may reduce 

damage to grapes by frugivorous species (e.g. common starling), but the mechanism that 

leads to this outcome is unclear. Perch use by raptors was not recorded, but the aggressive 
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Australian magpie (Cracticus tibicen) commonly used perches and this may have had an 

impact on frugivorous bird activity. My results also suggest (although results were not 

statistically significant) that having suitable perch sites for frugivorous birds in the 

landscape surrounding a vineyard (e.g. dense canopies) can influence the amount of grape 

damage that occurs. For vineyard managers, the provision of perches to encourage 

predatory or aggressive birds into crops is a relatively low cost and unobtrusive way to 

reduce fruit damage risks, although more data are needed on their effectiveness. Most 

importantly, I did not record grape-eating birds using perches so there seems to be low risk 

that the provision of perches will increase detrimental impacts.  To maximise the benefit of 

perches, managers should place them near areas at greatest risk of damage (e.g. near 

common starling roost sites). 

My results in pastoral landscapes suggest that encouraging raptors into an area will result in 

greater carcass removal. Therefore the preservation of large trees as a nesting and roosting 

resource for raptors is essential for promoting the ecosystem services that they provide. 

Large trees interspersed among grazing paddocks would likely be the most beneficial 

design to promote raptor conservation and activity.  

In summary, my results suggest that land managers need to understand the dynamics of 

their particular system to employ the most effective management strategies that maximise 

benefits and minimise costs. General rules of thumb, such as improving native vegetation 

cover around crops, or increasing bird functional diversity (by providing a range of 

habitats), may increase benefits in some circumstances, but not all. Understanding local 

ecological dynamics of a given agroecosystem is essential for land managers to benefit from 
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ecosystem services and can be achieved through partnerships with ecologists with relevant 

expertise (e.g. dynamics of biological control).  

LIMITATIONS OF APPROACH 

The logistical constraints of my field study in pastoral landscapes prevented me from 

thoroughly testing cost-benefit trade-offs of scavenging bird activity (Chapter 4). Initially, I 

did consider comparing blowfly larval infestations in carcasses that were accessible and 

inaccessible to birds (a higher infestation of blowfly larvae in bird-accessible carcasses 

could be considered a potential cost of bird activity); however, identifying fly larvae to 

species level ended up being beyond the scope of my project. I was also unable to study all 

possible bird-crop interactions (e.g. waste disposal of apples after harvest, Figure 7.1). The 

net value of bird activity in agroecosystems that I calculated in my study is therefore limited 

to the ecosystem functions that I measured, and would likely differ if more cost-benefit 

interactions were considered. 

In Chapter 3, I used bird netting to exclude birds from apple branches and compared the 

amount of damaged apples on netted and un-netted branches. From this, I concluded that 

the key difference in the amount of insect damage between treatments (i.e. less insect 

damage on un-netted branches) was due to differences in bird visitation. While I am 

confident in my interpretation of this result, there are other factors that I did not measure 

which may have also influenced the outcome. For example, the netting around each branch 

potentially changed its microclimate. By making the site more sheltered and by linking 

different parts of branches together, the netting potentially made the netted branches more 
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suitable for fruit damaging insects such as codling moths. This is certainly something to 

consider in future studies.  

I also did not directly measure insect predation by birds in apple orchards. The larvae in my 

predation experiment were placed on cardboard and monitored by motion-sensor cameras 

which made the larvae conspicuous to birds and would most likely have over-estimated 

predation rates. However, I chose this experimental design for two reasons. Firstly, my 

main measureable variable to determine any benefit provided by birds was the amount of 

insect damage to apples, rather than predation rate, as damage to apples is a more direct, 

meaningful outcome for growers. The aim of the larvae experiment was to 1) measure 

relative differences in predation rates of plasticine and real larvae; and 2) identify 

potentially beneficial predatory species. Therefore, making the larvae more conspicuous 

increased the likelihood of identifying these predators. Secondly, I placed the larvae on 

trees away from my netted and un-netted branches as I didn’t want to attract birds with a 

conspicuous food source and increase bird activity on the open branches. This could have 

led to an over-estimation of the reduction in apple damage between open and netted 

branches. An improvement to this design however, would be to glue the larvae directly onto 

apple braches and under leaves so they better represent natural conditions and could more 

accurately infer natural predation rates.      

Another limitation of my research was having a restricted number of field sites for each 

agroecosystem and only surveying each for one season (although the research in Chapter 4 

was conducted over two years, field studies were only done in autumn). This logistical 

limitation was a result of the limited timeframe available for my research. Bird activity, and 
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therefore cost-benefit outcomes are likely to be influenced by management actions, rainfall, 

and other food resources which may change temporally (Luck et al. 2013).

FUTURE RESEARCH DIRECTIONS 

Future research on the cost-benefit trade-offs of bird activity in agroecosystems would 

benefit from including more sites with more landholders (and therefore a wider range of 

management practices), collecting data over longer temporal and larger spatial scales, and

taking into account both environmental variables and bird functional diversity (response and 

effect traits) in more contexts. In pastoral landscapes in particular, an alternative design 

would be to use only ground feeding stations (bird-accessible, bird-excluded, and control) 

and exclude terrestrial scavengers with fencing rather than raised platforms. Rabbit 

carcasses could be left in the field for longer than 8 days and invertebrates in the carcasses 

could be collected using sticky traps (for flying adults) and manual extraction (for larvae). It 

would be insightful for these invertebrates to be identified to species-level and included in a 

cost-benefit analysis. 

Birds are not the only fauna that use agroecosystems and contribute to ecosystem function. 

In Chapter 3, I identified the European earwig (Forficula auricularia), which is usually 

considered a crop pest, to be a potentially important predator of codling moth (Cydia 

pomonella) larvae in apple orchards. Insectivorous and frugivorous bats, possums, insect 

pollinators and insect predators are other faunal groups that can interact with apple and 

grape crops and cause cost-benefit trade-offs and should be considered in future research 

(Victorian Department of Natural Resources and Environment 2002; Cleveland et al. 2006; 
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Greenleaf and Kremen 2006; Tasmanian Department of Primary Industries, Parks, Water 

and Environment 2010; Jiménez-Soto et al. 2013; Wanger et al. 2014; Brown et al. 2015). 

Providing meaningful information about each of these trade-offs and the interactions 

between them will require input from multiple studies conducted in various contexts.

However, this should not discourage researchers; rather it should help focus research aims 

so that outcomes are applicable in a real-world context. 
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APPENDIX 1 

Pollinators, pests, and predators: Recognising ecological trade-offs in 
agroecosystems 

This appendix is published as: Saunders ME, Peisley RK, Rader R and Luck GW (2016) 

Pollinators, pests, and predators: Recognising ecological trade-offs in agroecosystems. 

Ambio, 45:4-15 doi: 0.1007/s13280-015-0696-y. 

Abstract 

Ecological interactions between crops and wild animals frequently result in increases or 

declines in crop yield. Yet, positive and negative interactions have mostly been treated 

independently owing partly to disciplinary silos in ecological and agricultural sciences. 

We advocate a new integrated research paradigm that explicitly recognises cost-benefit 

trade-offs among animal activities and acknowledges that these activities occur within 

social-ecological contexts. Support for this paradigm is presented in an evidence-based 

conceptual model structured around five evidence statements highlighting emerging 

trends applicable to sustainable agriculture. The full range of benefits and costs 

associated with animal activities in agroecosystems cannot be quantified by focusing on 

single species groups, crops or systems. Management of productive agroecosystems 

should sustain cycles of ecological interactions between crops and wild animals, not 

isolate these cycles from the system. Advancing this paradigm will therefore require 

integrated studies that determine net returns of animal activity in agroecosystems. 



195 

Introduction 

Ecologically sustainable management of agroecosystems is crucial, given the rapid 

expansion of cropland to support humanity’s increasing demand for food, fibre and 

biofuel. While cultivated plants provide these goods for human consumption, wild 

animals directly and indirectly mediate the quantity and commercial quality of the goods 

produced via their activity in agroecosystems. Animal activity can have two major 

outcomes on production: (i) it can inflict costs on growers, for example through direct 

damage to crops that causes yield and income losses (e.g. Gebhardt et al. 2011; Murray 

et al. 2013); and (ii) it can provide benefits via the delivery of ecosystem services (ES) 

like pollination or predation and parasitism of pests (e.g. Cardinale et al. 2003; Garibaldi 

et al. 2013). Understanding how to manage these two outcomes for an overall net 

benefit (where the overall benefits outweigh costs through a trade-off between social, 

ecological and economic factors) is critical to sustainable agriculture. While many farm 

managers recognise this, their on-ground application of ecological practices can be 

limited by their understanding of ecological processes and the application of the ES 

concept (Lamarque et al. 2014).  

This is largely an artefact of disciplinary silos, but also related to the challenges of 

studying complex interactions. Growers often rely on agricultural scientists for 

information and resources, rather than ecologists or conservation biologists. Yet, 

historically, agricultural scientists have primarily focused on documenting the costs of 

animal activity to agriculture and strategies for reducing these costs, while ecologists 

have championed ES research that emphasises the conservation value of nature. 

Research into the negative impacts of animals in agroecosystems rarely acknowledges 
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the potential benefits also arising from these interactions (e.g. Gebhardt et al. 2011), 

while studies focused on the positive outcomes of animal activity emphasise benefits 

(i.e. ES), mostly overlooking potential costs (e.g. Wenny et al. 2011). Biological control 

by natural enemies is one case where costs and benefits may be considered 

simultaneously, but these discussions are generally within the context of habitat 

conservation and management to encourage biological control ES (e.g. Chaplin-Kramer 

et al. 2011; Veres et al. 2013). Yet, the costs and benefits of animal activity generate 

clear ecological trade-offs for production in agroecosystems and it is imperative to 

consider both when developing management practices for sustainable agriculture 

(Figure 1). For example, within a given crop, seed set from insect pollination is 

ultimately traded off against seed damage caused by insect pests (Lundin et al. 2013). 

Similarly, fruit damage from bird frugivory before harvest is traded-off against the 

benefits of removal of diseased fruit after harvest (Luck 2013). Although these 

outcomes are acknowledged by many biologists, a practical model that synthesises 

ecological and agricultural knowledge to focus on net results of wild animal activity 

(incorporating both benefits and costs) has not been proposed. 

We present an evidence-based conceptual model (Figure 2) built on five ecological 

statements to demonstrate how the feeding behaviour of bird and insect species 

positively or negatively affects crop production in space and time. We focus on birds 

and insects because these taxonomic groups provide two valuable ES to farmers 

(pollination and pest control), but can also cause severe damage to crops. Our model 

integrates evidence from two bodies of literature, agricultural and ecological sciences, 

which have traditionally been considered as separate disciplines. To keep our argument 

focussed, in statements 1-4 we consider costs and benefits primarily in the context of 

increases or decreases in crop yield, or the income generated from the crop. We consider 
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these to be tangible and meaningful metrics that are often the primary driver of a 

grower’s land management decisions. Also, income (in a monetary sense) is one metric 

that is commensurate across crops and systems, allowing for cost-benefit trade-offs to be 

examined in a compatible way in different contexts. However, we acknowledge that 

costs or benefits can be defined more broadly, in ways that cannot be measured with 

simple metrics (e.g. in relation to human well-being, ecosystem resilience etc), and that 

animal interactions within agroecosystems occur within a broader social-ecological 

context (see statement 5). This evidence calls for a new research and management 

paradigm that considers net outcomes of animal activity in agroecosystems by 

recognising cost-benefit trade-offs among animal activities and environmental contexts. 

Managing agroecosystems relative to these trade-offs, beyond the limited scope of 

single species, crop stages, or systems, is fundamental to agricultural sustainability as it 

supports vital synergies between agricultural production and biodiversity conservation 

(Altieri 2004; Cunningham et al. 2013). Our approach avoids simplistic classifications 

of species groups as either ‘beneficial’ or ‘detrimental’ and instead shifts the focus to the 

overall costs and/or benefits of animal activity within a given social-ecological context.  
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Figure 1 The activity of animals in agroecosystems can inflict costs or confer benefits on growers through 
direct or indirect interactions with crop plants. Both outcomes need to be considered to calculate the net 
outcome of animal activity for production. Note that this simple diagram does not include the hidden costs 
or benefits associated with social-ecological contexts, which are discussed in Statement 5. Photos: Manu 
Saunders, Hugh McGregor, David McClenaghan.
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Figure 2. Evidence-based conceptual model showing how wild animal activity influences crop yields 
positively (benefits) and negatively (costs) to produce a net return for growers. The value of the net return 
is a function of the spatial and temporal contexts that influence wild animal activity. Management 
practices exert a top-down influence on the ecological contexts and the wild animal activities themselves, 
and these practices can be changed through information feedback via identification of net outcomes.

1. Production in a single crop field can be affected positively and negatively by 

multiple animal species throughout the growing season.  

Many studies of how animal activities affect crop yield focus on the activities of species 

relevant to one phenological stage of a crop, such as insect pollinators found in the crop 

during bloom. Some of these studies also examine interactions among species within a 

particular functional group during a specific crop stage. For example, pollinator 

interactions on crop flowers can indirectly affect crop yields because some insect 

pollinators are more likely to move between flowers (thus potentially increasing

pollination efficiency) when other pollinators are present (Greenleaf and Kremen 2006; 

Carvalheiro et al. 2011). Other studies have shown how negative (e.g. pest damage) and 
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positive (e.g. pest predation) effects of animal activity occurring during the fruit/seed 

development stage of a crop can be managed in combination for an optimal effect on 

final yields (e.g. Cardinale et al. 2003). While these studies are valuable in determining 

the impact of animal activity at key crop stages, they generally overlook how 

interactions among multiple animal species across the crop’s life cycle can also affect 

yields. Many of these interactions have been widely-studied in natural systems, but are 

rarely considered in agroecosystems. For example, the combined action of herbivores 

and pollinators can have synergistic or additive effects on plant reproduction. Through 

direct or indirect impacts on floral displays, herbivores can affect the nature, strength, 

and fitness consequences of the interaction between plants and their pollinators by 

altering the flower’s attractiveness to pollinators (Krupnick et al. 1999; Mothershead 

and Marquis 2000). Similarly, predatory flower spiders can influence seed production 

by reducing the frequency and duration of floral visits by pollinating insects (e.g. Suttle 

2003). These types of interactions are only now being considered in the context of crop 

production (Lundin et al. 2013; Classen et al. 2014), and greater attention to these 

interactions in agroecosystems studies would lead to a more comprehensive picture of 

how positive and negative activities impact production outcomes. 

For example, in Central America and the Caribbean, coffee (Coffea sp.) is an 

economically important crop that benefits from insect pollination, but also suffers 

serious yield losses from the introduced coffee berry borer Hypothenemus hampei

during fruit development (Figure 3; see supplementary material for references). 

Increased abundance and diversity of pollinators at flowering time can reduce the 

amount of unmarketable ‘peaberries’ that develop and enhance coffee berry yield and 

net revenue for farmers. During fruit development, harvest losses can be significantly 

reduced if the system supports insectivorous birds and predatory insects that control 
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borer populations. When both flowering and fruiting stages are considered, the 

independent positive and negative outcomes of all of these activities (pollination, pest 

damage, predation) can be weighed against each other to identify an overall cost or 

benefit effect on final yields (e.g. Classen et al. 2014). Similar relationships are likely to 

be common in other pollinator-dependent crops that are susceptible to animal damage, 

such as tree fruit (e.g. Luck 2013). 

Figure 3 For a single crop type in a given region, such as Coffea arabica grown in Central America, the 
activity of multiple bird and insect species across the year will have positive and negative effects on 
production at different crop stages. Other bird and insect species have been recorded in coffee systems in 
this geographic region; however, this figure is a representation based on the studies we collected that 
specifically focused on quantifying a cost/benefit. See Supporting Information for references. Photo: M. 
Martin Vicente.
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2. Production in a single crop field can be affected positively and negatively by the 

same animal species or functional group at different phenological stages of the 

crop.  

The feeding behaviour of one functional group may have either positive or negative 

outcomes for growers depending on the stage of the crop. For example, in south-east 

Australian almond (Prunus dulcis) plantations, granivorous birds can cause losses to 

farmers by damaging developing fruit on trees before harvest; however, the same bird 

species may benefit farmers after harvest by removing residual almonds from trees that 

can harbour diseases and pathogens (Luck 2013). In this example, Luck (2013) 

demonstrated that the economic value of the benefit outweighed the economic value of 

the cost, meaning that, when considered across the growing season, the feeding 

behaviour of granivorous birds resulted in a positive net return to growers.  

Just as one species can shift from beneficial to detrimental relative to crop phenology, 

role shifts in an entire functional guild (e.g. insectivorous birds) can also impact crop 

production. It is well known that insectivorous birds can control insect pests that damage 

crops, particularly during the fruiting stage of the crop, thus improving yield (Wenny et 

al. 2011). However, the same insectivorous birds may also consume bees and other 

beneficial insects during crop flowering, potentially having indirect negative effects on 

fruit/seed set in pollinator-dependent plants (Meehan et al. 2005). Bee-eater species 

(Coraciiformes: Meropidae), in particular, are common predators of honey bee (Apis 

mellifera) pollinators in the northern hemisphere, but also prey on crop pests 

(Chakravarthy 1988). The European bee-eater Merops apiaster can also spread viable 

spores of the honey bee hive parasite Nosema ceranae, a pest of managed honey bee 

colonies, through its faeces (Valera et al. 2011).  
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3. Activity of a single animal species can have different effects on yield in different 

crops. 

A single animal species can have positive or negative effects on yields in different crop 

types. For example, the Brazilian Irapuá bee Trigona spinipes is a pest in broccoli 

(Brassica oleracea) and soursop (Annona muricata) crops, where it damages fruit, 

flowers and leaves to gather food and nesting materials, but is also considered an 

important wild pollinator in guava (Psidium guajava) and cashew (Anarcadium 

occidentale) crops (Figure 4; see supplementary material for references). Similarly, 

natural enemies of crop pests may become a pest themselves when environmental 

conditions change. The mirid bug Dicyphus tamaninii is a polyphagous predator in the 

Mediterranean that controls a number of damaging pests of vegetable crops in the 

Mediterranean, but can also damage fruit when insect prey are scarce (Gabarra et al. 

1995). 

At a global scale, the outcome of a species’ activity in crop systems may change when it 

is introduced to a new country and encounters new resources. In its native range, the 

European blackbird Turdus merula is predominantly an insectivore, generally turning to 

frugivory when invertebrates are in low supply (Chamberlain et al. 1999). It was 

introduced to Australia and New Zealand in the late 1800s, where it is now a damaging 

pest of many fruit crops, particularly grapes (e.g. Tracey and Saunders 2003). 

Interestingly, the blackbird has also been recorded as beneficial in its introduced range, 

where it may be a more efficient pollinator of feijoa (Acca sellowiana) than European 

honey bees (Stewart and Craig 1989). 
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Figure 4 A single species can have positive and negative outcomes in different crop types across its native 
range, such as the stingless Irapuá bee in Brazil. See Supporting Information for references. Photo: 
Chantal Wagner.

Different life stages of a single animal species can also impact yields of multiple crops 

in different ways. As adult moths, the hawkmoths Hippotion celerio and Agrius 

convolvuli provide pollination services to papaya (Carica papaya) growers in Kenya 

(Martins and Johnson 2009), but during larval stages they can be pests of other crops 

throughout Africa and southern Europe (e.g. sweet potato, Nsibande 1999). In contrast, 

many species of hoverfly (Diptera: Syrphidae) can have positive effects on crop yields at 

both larval and adult stages. For example, larvae of the European Eristalis tenax and 

marmalade Episyrphus balteatus hoverflies suppress aphid pests, while adults are 

important pollinators in multiple crops (Rader et al. 2012; Raymond et al. 2014).  
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4. The activities of multiple animal species across multiple crop systems results in 

landscape level cost-benefit trade-offs. 

No farm is an island. Productivity of crops on individual farms is influenced by 

processes occurring at landscape and regional scales. To our knowledge, no study has 

examined the net outcomes of animal activities on multiple crop yields across an 

agricultural landscape. Land-use diversity can promote economic resilience in 

agricultural landscapes (Abson et al. 2012), so understanding how landscape-scale 

ecological trade-offs affect production on multiple farms can inform a collaborative, 

landscape-scale approach to management. The potential for this approach can be 

explored by looking at individual studies from a single region and considering key 

interactions between crop and animal phenologies. For example, peak bird and insect 

activity in New Zealand agroecosystems occurs in summer. As a result of this activity, 

at this time, summer-flowering crops can benefit from insect pollinators, while 

developing fruit on spring-flowering crops may be affected negatively by pest birds, and 

positively by raptors that suppress pest bird activity (Figure 5; see supplementary 

material for references).  

Animal activities, and the magnitude of their overall effects on crop production, are 

mediated by landscape composition, configuration and farm management practices. For 

example, intensification of agroecosystems, via farm management practices and land-

use change, is linked to declines in functional diversity of animal species and altered 

community composition of ES providers (Flynn et al. 2009). Spillover of animal 

communities across habitat types, especially in systems where resource availability 

differs for each habitat, may be an important ecological process structuring 

communities. Remnant vegetation provides vital resources for beneficial insects such as 

pollinators and natural enemies, including food, nesting and overwintering sites. 
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Distance to remnant vegetation is often negatively correlated with crop yields, as 

pollinator diversity and pollination services decline with greater isolation from natural 

or semi-natural habitats (Garibaldi et al. 2011; Taki et al. 2010). While there is much 

evidence for spillover from natural habitats to managed areas, little attention has been 

given to spillover in the opposite direction (Rand et al. 2006; Blitzer et al. 2012; 

Gaigher et al. 2015). Spillover of insect natural enemies released as management inputs 

in agroecosystems may also affect prey populations in natural habitat fragments (Blitzer 

et al. 2012). In particular, high productivity and temporally variable resource abundance 

in agricultural systems can result in strong spillover effects to natural habitats when 

agricultural resources are exhausted (Rand et al. 2006). Conversely, natural habitats can 

provide resources for some species (e.g. foraging and perching sites for frugivorous and 

granivorous birds), which can lead to greater damage to crops that are adjacent to native 

vegetation (Bollinger and Caslick 1985; Luck et al. 2013). 

Figure 5 The relationship between crop phenology and animal activity in a New Zealand agroecosystem.  
Each circle represents the annual cycle of a single crop grown in the region. Icons represent when 
beneficial or detrimental activities by birds and insects may occur in each crop. Taken as a whole, the 
figure demonstrates the complexity of cost-benefit trade-offs occurring across the entire life-cycle of 
multiple crops in the same region. See Supporting Information for references. 



207 

The relative densities of the animal species and the crop it interacts with can influence 

how that activity affects yield (e.g. Cardinale et al. 2003). Mass-flowering crop 

monocultures can attract pollinators from surrounding habitats during flowering, with 

obvious benefits for crop yields (Bartomeus and Winfree 2011). Yet, after the brief 

flowering period is over, the abrupt decline in floral density can reduce pollinator 

reproduction rates (Jauker et al. 2012), potentially having long-term negative effects on 

crop production in the local area. Similarly, when flowering crops are temporarily 

saturated with managed honey bee colonies, the net benefits of fruit set can decline once 

flower visitation rates surpass an optimal number of visits (Aizen et al. 2014).  

Yields often increase on farms where local management practices have incorporated 

vegetation heterogeneity within the farm (e.g. polycultures, balancing annual and 

perennial plant resources). In particular, polyculture practices (e.g. trap crops, 

intercropping) designed to enhance ES for the farm’s primary crop have the added 

benefit of increasing net revenue through additional yields from the secondary crop 

(Cavanagh et al. 2010). Species-rich weedy plant communities growing in and around 

the crop can enhance yields by providing floral resource diversity and connectivity that 

sustains populations of insect pollinators and predators (e.g. Haaland et al. 2011). 

Although some weedy herbs can impact crops negatively through direct competition or 

contamination of harvested yield, they can also provide a high quality, early-flowering 

source of nectar and pollen that can increase bee numbers in managed honey bee 

colonies used for crop pollination (e.g. Paterson’s Curse Echium plantagineum; Keogh 

et al. 2010). Agricultural intensification (e.g. broad-scale monocultures) may enhance 

crop yields by removing competition from non-crop vegetation; however, this is likely 

to be a short-term effect at the expense of long-term agricultural sustainability, as high 

inputs (e.g. synthetic fertiliser) and negative ecological impacts may eventually cause 
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yield declines and disrupt ecosystem function (e.g. Flynn et al. 2009; Bennett et al. 

2012). 

Management practices aimed at mediating negative outcomes of wild animal activity 

can also indirectly affect crop yields. Synthetic chemicals are commonly used in 

conventional systems to control the negative activity of insect pests that cause yield 

losses. However, they also indirectly affect crop yields by suppressing the positive 

effects of bird and insect activity. Pesticides are associated with declines in 

insectivorous birds (Hallmann et al. 2014), pollinators and natural enemies (Bommarco 

et al. 2011; Rundlöf et al. 2015), thereby suppressing beneficial animal activities that 

enhance marketable yields (Bommarco et al. 2011; Gillespie et al. 2014) and affecting 

ES in the long term (Chagnon et al. 2015).  

5. Complex interrelationships between social and ecological systems influence the 

net outcomes of animal activity in agroecosystems. 

The human values (ethical, spiritual, cultural etc.) of agricultural communities have a 

profound influence on decision-making and management practices in agroecosystems, 

which ultimately affects crop-animal interactions. Hence, the most informative analysis 

of cost-benefit trade-offs is one that considers the whole social-ecological 

agroecosystem setting. A clear example of this is in situations where the activity of 

threatened species in agroecosystems inflicts costs on farmers, but control options are 

restricted by legal or political frameworks. In Africa, large vertebrate crop-raiders (e.g. 

elephants, primates) inflict direct costs on growers by damaging plants, but also create 

indirect costs for farming families through poor health and wellbeing and disruption of 

livelihoods (Mackenzie and Ahabyona 2012; Barua et al. 2013). In some cases, 

managing the ‘pest’ through ecological interactions with other animals can reduce costs 
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and enhance benefits for farmers. For example, elephants avoid African honey bee (A. 

mellifera scutellata) hives, through fear of attack, and King et al. (2011) showed how 

Kenyan farming communities used a fence of bee hives to keep crop-raiding elephants 

from damaging their crops, while also enhancing pollination services and gaining 

additional income from honey harvests.  

In many countries, spiritual beliefs and cultural practices have strong ties to the plant-

animal interactions that occur in local agroecosystems. Traditional knowledge of 

animals is often based on their functional roles in the ecosystem rather than, for 

example, taxonomic groupings (e.g. Gurung 2003). Religious or cultural rituals in 

agrarian communities can also be designed to enhance crop yields by supporting 

beneficial animal interactions, particularly biological control (e.g. Ulluwishewa 1992). 

In cases where complex social-ecological farming systems are replaced with intensive, 

high-input production models, this can create a negative feedback effect on production, 

whereby increased pest and disease activity associated with monoculture farming 

exacerbate social costs, thus increasing farm abandonment and collapse of the social 

structure supporting the agroecosystem (Altieri 2004; Aragona and Orr 2011). 

Future directions 

The complexity in these examples demonstrates that ecological interactions between 

crops, wild animals and the surrounding environment involve constantly evolving 

natural processes. Spatial and temporal variation in these processes occurs at multiple 

scales, from daily fluctuations in animal activity within single fields to annual variation 

in community structure across regions (e.g. Rader et al. 2012). The magnitude of 

variations in activity, and subsequent impacts on crop yield, is not constant between 
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seasons or years (e.g. Raymond et al. 2014), as each plant-animal interaction occurs 

within a broader ecological context that also varies. Thus, quantifying the results of a 

single species’ activity at one stage of a crop cycle, or in one location, can create either a 

positive or negative ‘label’ for that species that is not always indicative of its net value 

to the system. Similarly, a net gain or loss at harvest cannot be linked to a single wild 

animal species or ecosystem function. To account for ecological variation while 

producing sustainable crop yields, the current agricultural paradigm needs to move 

beyond managing agroecosystems based on biological simplification and intensification 

of production and land-use (Weis 2010). This approach to agriculture allows for ease of 

management, but is ecologically unsustainable and can result in long-term yield declines 

and serious social and environmental consequences (Aragona and Orr 2011; Tscharntke 

et al. 2012).  

It is imperative that future research and management strategies for agroecosystems 

recognise that cycles of ecological interactions between crops and wild animals are 

inherent to productive agroecosystems and should be sustained, rather than isolated from 

the system. Our conceptual model shows how identifying net returns through trade-offs 

between these interactions can better inform management decisions to benefit 

biodiversity conservation and food production in agroecosystems (Figure 2). A first step 

in the practical implementation of our conceptual approach is for growers to identify the 

key potential costs and benefits occurring at particular crop stages, and the animal 

groups delivering these costs and benefits (Table 1). From there, growers should 

consider the management options available to them to enhance benefits or limit costs, 

weighed against the social, ecological and economic implications of a particular 

management action (e.g. spraying pesticides), and how management at one crop stage 

may impact interactions at other crop stages. Managers should also be aware that the 
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outcomes of cost-benefit interactions will be mediated by spatial and temporal 

environmental drivers and social-ecological contexts. An important future challenge is 

addressing the idea that landscape-scale management approaches can enhance regional 

food production more than multiple, and potentially opposing, farm-scale approaches 

(Cunningham et al. 2013). This requires coordination of management activities across 

multiple private land holdings. This is also relevant when agricultural industries plan to 

expand into new landscapes, where novel trophic webs between established animal 

communities and introduced cultivated plants may arise (Watson et al. 2014).  

Recent evidence suggests that investigating net outcomes of multiple ecosystem 

functions and activity across functional groups within an agroecosystem is feasible 

(Lundin et al. 2013; Classen et al. 2014), and is often more useful for agricultural 

sustainability and conservation than identifying effects from a simplified ‘single species, 

system or ES’ approach. However, we stress that the detailed ecological and biological 

information gained from studying these less complex interactions is still valuable; but 

much more research is needed that identifies net outcomes of animal activity within a 

given social-ecological context and relates these outcomes to food production. 

The future of food and fibre production depends on sustainable management of 

agroecosystems that enhances yields and reduces environmental costs (Bommarco et al. 

2013). Our model approach, integrating ecological and agricultural knowledge, shows 

this can be achieved by identifying the net outcomes of managed and unmanaged 

agroecosystem dynamics. This approach links research and management outcomes by 

recognising ecological interactions and trade-offs between multiple wild animal species 

and understanding how environmental conditions of the system mediate these trade-offs.  
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Table 1. Relationships between critical crop stages/resources and the insect or bird functional groups 
responsible for inflicting costs or providing benefits. Parasitic species can affect outcomes at all stages by 
influencing populations of each functional group, but we have not included these interactions here for 
simplicity.  

Crop Stage Animal Functional Group Cost or Benefit
Stems Stem borers (e.g. Cerambycidae 

beetles)

Probers (e.g. woodpeckers)

Chewers (e.g. parrots)

(-) Reduce quality of woody material
(+) Trigger fruit set in some crops

(+) Consume borer pests and other insects 
under bark

(-) Damage to stems by chewing
Buds Bud borers and feeders (Helicoverpa 

moths)

Bud gleaners and probers (e.g. 
treecreepers)

(-) Damage buds by boring or chewing

(+) Control insect pests on bud surfaces and 
crevices

Leaves Leaf chewers (e.g. sawfly larvae)

Foliage gleaners (e.g. warblers)

(-) Stunted plant growth from damaged foliage

(+) Control insect pests on leaves
Flowers Pollinators (e.g. bees, honeyeaters)

Nectar robbers (e.g. some Bombus 
sp.)

Flower feeders (e.g. flower thrips)
Flycatchers (e.g. bee-eaters)

(+) Pollinate flowers

(-) Damage flowers

(-) Damage/consume flower parts

(-) Consume insect pollinators
(+) Consume insect pests

Fruits/Seeds Frugivores/granivores (e.g. parrots, 
moth larvae)

Insectivores (e.g. gleaning, probing 
or hawking birds)

Raptors (e.g. falcons, hawks)

(-) Damage/consume fruit and/or seeds
(+) Consume decaying/diseased fruit

(+) Consume insect pests

(+) Suppress frugivorous bird activity
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Supplementary Information 

S1. References for examples of cost/benefit studies illustrated in Figures 3, 4 and 5. 

S1.1 Figure 3, examples of costs and benefits of animal activity in coffee systems in 
Central America. 

Jiménez-Soto E, Cruz-Rodríguez JA, Vandermeer J, Perfecto I. 2013. Hypothenemus 
hampei (Coleoptera: Curculionidae) and its interactions with Azteca instabilis and 
Pheidole synanthropica (Hymenoptera: Formicidae) in a shade coffee agroecosystem. 
Entomological Society of America 42:915-924. Azteca instabilis was the third most 
frequently detected ant species. Coffee plants with ants had less percentage of damaged 
berries than plants without ants. 

Karp DS, Mendenhall CD, Sandi RF, Chaumont N, Ehrlich PR, Hadly EA, Daily GC. 
2013. Forest bolsters bird abundance, pest control and coffee yield. Ecology Letters16: 
1339-1347. Hypothenemus hampei, the coffee berry borer infested up to 4.6% of berries 
on control bushes.   

Kellermann JL, Johnson MD, Stercho AM, Hackett SC. 2008. Ecological and economic 
services provided by birds on Jamaican Blue Mountain coffee farms. Conservation 
Biology 22: 1177-1185. Dendroica caerulescens, the black-throated blue warbler was 
the most common avian predator of the coffee berry borer. Birds reduced infestation of 
fruit by 1-14%.  

Ricketts TH, Daily GC, Ehrlich PR, Michener CD. 2004. Economic value of tropical 
forest to coffee production. PNAS 101:12579-12582. Forest-based pollinators improved 
coffee quality by reducing the frequency of unmarketable peaberries by 27%. 

Veddeler D, Olschewski R, Tscharntke T, Klein A-M. 2008. The contribution of non-
managed social bees to coffee production: new economic insights based on farm-scale 
yield data. Agroforestry Systems 73:109-114. Partamona peckolti, a stingless bee 
species was the second most frequent visitor to flowers. A fourfold increase in bee 
density was associated with an 80% increase in yield.  

Vergara CH, Badano EI. 2009. Pollinator diversity increases fruit production in Mexican 
coffee plantations: the importance of rustic management systems. Agriculture 
Ecosystems and Environment 129:117-123. Fruit set was significantly higher in rustic 
and commercial polyculture coffee systems, compared to specialised (monoculture) 
shade and sun coffee system.  

S1.2 Figure 4, examples of Irapuá bee costs and benefits in Brazilian crop systems. 

Adegas JEB, Couto RHN. 1992. Entomophilous pollination in rape (Brassica napus L 
var oleifera) in Brazil. Apidologie 23:203-209. Trigona spinipes was the second most 
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common visitor to B. napus flowers and collected pollen exclusively. However, the bees 
also perforated the flowers to collect pollen, thus reducing pod production by 86%. 

Freitas BM. et al. 2014. Forest remnants enhance wild pollinator visits to cashew 
flowers and mitigate pollination deficit in NE Brazil. Journal of Pollination Ecology 
12:22-30. Trigona spinipes were second most abundant visitor (34%) to cashew flowers 
after European honey bees. Abundance of T. spinipes declined with increasing distance 
from forest, although honey bee abundance was not affected, and decline in nut yield 
was correlated with decline in T. spinipes abundance.  

Guimarães RA, Pérez-Maluf R, Castellani EMA. 2009. Bee diversity in a commercial 
guava orchard in Salinas, Minas Gerais State, Brazil. Bragantia 68:23-27. Trigona 
spinipes individuals comprised 85% of pollinator insect visits to guava flowers.  

dos Santos AJN, Broglio SMF., Dias-Pini NS, de Souza LA, Barbosa TJA. 2012. 
Stingless bees damage broccoli inflorescences when collecting fibers for nest building. 
Scientia Agricola 69:281-283. Trigona spinipes caused unique injuries to broccoli 
inflorescences by wounding stems and floral peduncles with mandibles, causing stems 
to collapse. A total of 38.3% of all inflorescences were damaged.  

Sobrinho RB, Bandeira CT, Mesquita ALM. 1999. Occurrence and damage of soursop 
pests in northeast Brazil. Crop Protection 18:539-541. Trigona spinipes caused the 
second-highest amount of damage in soursop orchards, with the highest fruit damage 
occurring January-March (46.3-53.1%). The bee damages fruit by removing the 
epidermis, which causes malformations and fruit shedding.  

Yamamoto M, da Silva CI, Augusto SC, Barbosa AAA, Oliveira PE. 2012. The role of 
bee diversity in pollination and fruit set of yellow passion fruit (Passiflora edulis forma 
flavicarpa, Passifloraceae) crop in central Brazil. Apidologie 43:515-526. Trigona 
spinipes was one of the main nectar robbers in passionfruit orchards. 

S1.3 Figure 5, examples of costs and benefits of animal activity in a New Zealand 
agroecosystem. 

Howlett BG. 2012. Hybrid carrot seed crop pollination by the fly Calliphora vicina
(Diptera: Calliphoridae). Journal of Applied Entomology 136:421-430. Carrot plants 
caged with C. vicina produced similar seed yield to uncaged plants in presence of honey 
bees. Plants caged without C. vicina produced 10-fold less seed.  

Kross SM, Tylianakis JM, Nelson XJ. 2012. Effects of introducing threatened falcons 
into vineyards on abundance of Passeriformes and bird damage to grapes. Conservation 
Biology 26:142-149. Falcon presence reduced fruit-peck damage by passerine birds in 
vineyards by 55% and could potentially save growers US$234-326/ha, depending on 
variety. 
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McKenna CE, Dobson SJ, Phare JM. 2009. The insect pest complex of Actinidia arguta
kiwifruit. New Zealand Plant Protection 62:262-267. Leafroller larvae were main 
economic pest, with damage commencing at fruit set in November and occurring 
through to April. Most damage from thrips, scale and mealybugs commenced in 
December and January.  
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APPENDIX 2 

Appendix 2.1 

Summary of reviewed studies, showing whether a study recorded a cost and/or benefit of fauna activity, the most common taxa 

reported in the study, the study region and crop type, and whether the researchers quantified changes in crops (value) in profit 

(monetary) or yield (biomass) terms. 

Citation Cost or benefit Taxa Region Crop Value

Birds

Annual seed/grain/cereal

Avery & DeHaven 1982 Cost
House finch (Carpodacus mexicanus), 
blackbird (Agelaius spp.), American 
goldfinch (Carduelis tristis)

North 
America

Sunflower (Helianthus 
annus) Profit

Avery & DeHaven 1984 Cost
Brewer's blackbird (Euphagus 
cyanocephalus), house finch (Carpodacus 
mexicanus)

North 
America

Sunflower (Helianthus 
annus) Yield

Besser & Brady 1986 Cost
Red-winged blackbird (Agelaius 
phoeniceus), common grackle (Quiscalus 
quiscula)

North 
America Corn (Zea mays) Profit

Bird et al. 2000 Benefit Mallard duck (Anas platyrhynchos) North 
America Rice (Oryza sativa) Profit

Bollinger & Caslick 1985 Cost Red-winged blackbird (Agelaius 
phoeniceus)

North 
America Corn (Zea mays) Yield
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Borad et al. 2001 Cost Indian sarus crane (Grus antigone 
antigone) South Asia Rice (Oryza sativa) Profit

Borkhataria et al. 2012 Both Red-winged blackbird (Agelaius 
phoeniceus)

North 
America Rice (Oryza sativa) Yield

Bridgeland & Caslick 1983 Cost Red-winged blackbird (Agelaius 
phoeniceus)

North 
America Corn (Zea mays) Yield

Bruggers & Ruelle 1982 Cost

Glossy starling (Aplonis panayensis), red-
billed quelea (Quelea quelea), bishop 
(Euplectes spp.); golden sparrow (Passer 
luteus); weaver (Ploceus spp.); 

Africa
Sorghum (Sorghum bicolor), 
Rice (Oryza sativa), Pearl 
millet (Pennisetum glaucum)

Yield

Bruggers et al. 1986 Cost

South Asia: rose-ringed parakeet 
(Psitticula krameri); jungle crow (Corvus 
macrorhynchos); South-East Asia: 
European tree sparrow (Passer 
montanus); India: rose-ringed parakeet 
(Psitticula krameri); house crow (Corvus 
splendens); North America: American 
goldfinch (Carduelis tristis); red-winged 
blackbird (Agelaius phoeniceus); yellow-
headed blackbird (Xanthocephalus 
xanthocephalus)

South Asia, 
South-East 
Asia, North 
America

South Asia: Sunflower 
(Helianthus annus); Corn 
(Zea mays); South-East 
Asia: Sorghum (Sorghum 
bicolor); North America: 
Sunflower (Helianthus 
annus); Corn (Zea mays); 
Finger millet (Eleusine 
coracana)

Yield

Bullard et al. 1983 Cost European tree sparrow (Passer montanus)
Africa, 
South-East 
Asia 

Sorghum (Sorghum bicolor) Yield

Conover & Dolbeer 1989 Cost Red-winged blackbird (Agelaius 
phoeniceus)

North 
America Corn (Zea mays) Yield

Conover 1984 Cost Red-winged blackbird (Agelaius 
phoeniceus)

North 
America Corn (Zea mays) Profit

Cummings et al. 1989 Cost Red-winged blackbird (Agelaius 
phoeniceus)

North 
America

Sunflower (Helianthus 
annus) Yield

Dyer 1975 Cost Red-winged blackbird (Agelaius 
phoeniceus L.)

North 
America Corn (Zea mays) Yield
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Elliott 1979 Cost Red-billed quelea (Quelea quelea), red-
headed quelea (Quelea erythrops) Africa Rice (Oryza sativa) Yield

Ernoul et al. 2014 Cost Greater flamingo (Phoenicopterus roseus) Europe Rice (Oryza sativa) Profit

Hagy et al. 2008 Cost Blackbirds (Icteridae) North 
America

Sunflower (Helianthus 
annus) Profit

Inglis et al. 1989 Cost Woodpigeon (Columba palumbus) Europe Oilseed rape (Brassica 
napus) Profit

Klosterman et al. 2013 Cost Blackbirds (Icterinae) North 
America

Corn (Zea mays); Sunflower 
(Helianthus annus) Profit

Pescador & Peris 1998 Cost Great bustard (Otis tarda) Europe
Lucerne (Medicago sativa); 
Vetch (Vicia sativa); Rye
(Secale cereale)

Profit

Seiler & Rogers 1987 Cost Cassin sparrow (Aimophila cassinii), 
house sparrow (Passer domesticus)

North 
America

Sunflower (Helianthus 
annus) Yield

Stickley & Ingram 1976 Cost Red-winged blackbird (Agelaius 
phoeniceus)

North 
America Corn (Zea mays) Yield

Stone et al. 1972 Cost All birds North 
America Corn (Zea mays) Profit

Straub 1989 Cost Red-winged blackbird (Agelaius 
phoeniceus)

North 
America Corn (Zea mays) Yield

Summers & Hillman 1990 Cost Dark-bellied brent goose (Branta bernicla 
bernicla) Europe Wheat (Triticum sp.) Yield

Tremblay et al. 2001 Both

Red-winged blackbird (Agelaius 
phoeniceus), song sparrow (Melospiza 
melodia), chipping sparrow (Spizella 
passerina)

North 
America Corn (Zea mays) Yield

Warburton & Perrin, 2006 Cost Black-cheeked lovebird (Agapornis 
nigrigenis) Africa Finger millet (Eleusine 

coracana) Yield

Werner et al. 2005 Cost
Red-winged blackbird (Agelaius 
phoeniceus), yellow-headed blackbird 
(Xanthocephalus xanthocephalus)

North 
America

Rice (Oryza sativa); 
Sunflower (Helianthus 
annus)

Yield
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Woronecki et al. 1981 Cost Red-winged blackbird (Agelaius 
phoeniceus)

North 
America Corn (Zea mays) Yield

Wywialowski 1996 Cost Granivorous birds North 
America Corn (Zea mays) Profit

Annual vegetable

Jones 1974 Cost Woodpigeon (Columba palumbus) Europe

Brussels sprouts (Brassica 
oleracea var. gemmifera); 
Spring cabbage (Brassica 
oleracea)

Yield

Annual legume
Chakravarthy 1988 Both House crow (Corvus splendens) South Asia Field bean (Lablab niger) Yield

Perennial tree (fruit or nut 
crops)

Crabb et al. 1986 Cost
American crow (Corvus 
brachyrhynchos), scrub jay (Aphelocoma 
coerulescens)

North 
America Pistachio (Pistacia vera) Profit

Delwiche et al. 2005 Cost American crow (Corvus brachyrhynchos) North 
America Almond (Prunus dulcis) Profit

Fang et al. 2012 Benefit Chinese bulbul (Pycnonotus sinensis) East Asia Loquat (Eriobotrya 
japonica) Yield

Greig-Smith & Wilson 1984 Cost Bullfinch (Pyrrhula pyrrhula) Europe Pear (Pyrus sp.) Yield

Guarino et al. 1974 Cost
Robin (Turdus migratorius), common 
grackle (Quiscalus quiscula), European 
starling (Sturnus vulgaris)

North 
America

Sweet cherry (Prunus 
avium); Tart cherry (Prunus 
mahaleb)

Yield

Johnson et al. 1989 Cost Great-tailed grackle (Quiscalus 
mexicanus)

North 
America

Grapefruit (Citrus × 
paradise) Profit

Koh 2008 Benefit Insectivorous birds South-East 
Asia Oil palm (Elacis guineensis) Yield

Luck 2013 Both Parrots (11 spp.); Corvids (2 spp.) Oceania Almond (Prunus dulcis) Profit
Luck et al. 2013 Cost Parrots; Corvids Oceania Almond (Prunus dulcis) Yield
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Maas et al. 2013 Benefit

Black-crowned white-eye (Zosterops 
atrifrons), grey-sided flowerpecker 
(Diceaum celebicum), lemon-bellied 
white-eye (Zosterops chloris), yellow-
bellied sunbird (Nectarinia jugularis), 
yellow-sided flowerpecker (Diceaum 
aureolimbatum)

South-East 
Asia Cacao (Theobroma cacao) Profit

Mols & Visser 2002 Benefit Great tit (Parus major) Europe Apple (Malus domestica) Yield
Mols & Visser 2007 Benefit Great tit (Parus major) Europe Apple (Malus domestica) Yield

Tillman et al. 2000 Cost Common grackle (Quiscalus quiscula), 
monk parakeets (Myiopsitta monachus)

North 
America

Lychee (Litchi chinensis); 
Longan (Euphoria longana), Profit

Tobin et al. 1991 Cost
House finch (Carpodacus mexicanus), 
American robin (Turdus migratorius), 
European starling (Sturnus vulgaris)

North 
America

Sweet cherry (Prunus 
avium) Yield

Trivedi et al. 2004 Cost macaws (Ara spp.) South 
America

Brazil nut (Bertholletia 
excelsa) Yield

Van Bael et al. 2007 Benefit Chestnut sided warbler (Dendroica 
pensylvanica)

Central 
America/ 
Carribean

Cocoa (Theobroma cacao) Yield

Virgo 1971 Cost
Common grackle (Quiscalus quiscula), 
red-winged blackbird (Agelaius 
phoeniceus)

North 
America

Sweet cherry (Prunus 
avium) Profit

Perennial shrub

Avery et al. 1993 Cost American robin (Turdus migratorius), 
house finch (Carpodacus mexicanus)

North 
America Blueberry (Vaccinium sp.) Yield

Avery et al. 1996 Cost
European starling (Sturnus vulgaris), 
American robin (Turdus migratorius), 
house finch (Carpodacus mexicanus)

North 
America

Blueberry (Vaccinium 
corybosum) Profit

Borkhataria et al. 2006 Both Insectivorous birds
Central 
America/ 
Carribean

Coffee (Coffea arabica) Yield
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Conover 1982 Cost European starling (Sturnus vulgaris), blue 
jay (Cyanocitta cristata)

North 
America 

Blueberry (Vaccinium 
corymbosum) Yield

Cummings et al. 1995 Cost Birds North 
America Blueberry (Vaccinium spp.) Yield

Greenberg et al. 2000 Benefit Insectivorous birds
Central 
America/ 
Carribean

Coffee (Coffea arabica) Yield

Johnson et al. 2009 Benefit Insectivorous birds
Central 
America/ 
Carribean

Coffee (Coffea arabica var. 
typica) Yield

Johnson et al. 2010 Benefit Insectivorous birds
Central 
America/ 
Carribean

Coffee (Coffea arabica var. 
typica) Profit

Karp et al. 2013 Benefit

Buff-throated foliage-gleaner (Automolus 
ochrolaemus), rufous-breasted wren 
(Pheugope diurutilus), rufous-capped 
warbler (Basileuterus rufifrons), white-
tailed emerald (Elvira chionura), yellow 
warbler (Setophaga petechial) 

Central 
America/ 
Carribean

Coffee (coffea arabica) Profit

Kellermann et al. 2008 Benefit

American redstart (Setophaga ruticilla), 
arrowhead warbler (Dendroica pharetra), 
banaquit (Coereba flaveola), black-
throated blue warbler (Dendroica 
caerulescens), prairie warbler (Dendroica 
discolor)

Central 
America/ 
Carribean

Coffee (Coffea arabica var. 
tipica) Yield

Nelms et al. 1990 Cost Cedar waxwing (Bombycilla cedrorum) North 
America 

Highbush blueberry 
(Vaccinium corymbosum) Profit

Stewart & Craig Benefit European blackbird (Turdus merula), 
myna (Acridotheres tristis) Oceania Feijoa (Feijoa sellowiana) Yield

Stone et al. 1974 Cost European starling (Sturnus vulgaris), 
robin (Turdus migratorius)

North 
America

Highbush blueberry 
(Vaccinium sp.) Profit
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Tobin et al. 1988 Cost
European starling (Sturnus vulgaris), 
American robin  (Turdus migratorius), 
house finch (Carpodacus mexicanus)

North 
America

Highbush blueberry 
(Vaccinium corymbosum) Yield

Perennial vine

DeHaven & Hothem 1981 Cost Frugivorous birds North 
America Wine grapes (Vitis spp.) Yield

DeHaven 1974 Cost house finch (Carpodacus mexicanus), 
European starling (Sturnus vulgaris)

North 
America Wine grapes (Vitis spp.) Profit

Fukuda et al. 2008 Cost European starling (Sturnus vulgaris) Oceania Wine grapes (Vitis spp.) Yield

Kross et al. 2012 Both

New Zealand Falcon (Falco 
novaeseelandiae), blackbird (Turdus 
merula), silvereye (Zosterops lateralis), 
song thrush (Turdus philomelos), starling 
(Sturnus vulgaris)

Oceania Wine grapes (Vitis spp.) Profit

Somers & Morris 2002 Cost European starling (Sturnus vulgaris) North 
America Wine grapes (Vitis spp.) Yield

Birds + Insects

Annual vegetable

Martin et al. 2013 Benefit Various arthropod pests and natural 
enemies; bird predators East Asia Cabbage (Brassica 

oleracea) Yield

Ndang'ang'a et al. 2013 Both Various arthropod pests; bird predators Africa Kale (Brassica oleracea 
acephala) Yield

Perennial tree

Crab 1979 Cost

House finch (Carpodacus mexicanus); 
starling (Sturnus vulgaris); scrub jay 
(Aphelocoma coerulescenis); various pest 
invertebrates

North 
America Fig (Ficus carica) Profit
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Grasswitz & Fimbres 2013 Cost

Codling moth (Cydia pomonella); apple 
maggot (Rhagoletis pomonella); peach 
twig borer (Anarsia lineatella); stink bugs 
(Pentatomidae); plant bugs (Miridae); 
various bird pests

North 
America

Apple and pear orchards, 
several varieties (New 
Mexico State University’s 
Los Lunas Agricultural 
Science Center)

Yield

Perennial shrub

Classen et al. 2014 Both
Various insect pollinators; bird predators; 
coffee berry borer (Hypothenemus 
hampei); leaf herbivores

Africa Coffee (Coffea arabica) Yield

Insects

Abdelgadir et al. 2009 Benefit Honey bee (Apis mellifera); other insect 
pollinators Africa Jatropha (Jatropha curcis) Yield

Abudulai et al. 2012 Cost Various pest arthropods Africa Soybean (Glycine max) Yield

Agamy 2010 Benefit Parasitic wasp (Trichogramma 
evanescens); olive moth (Prays oleae) Africa Olive (Olea europaea) Yield

Akotsen-Mensah et al. 2011 Cost
Plum curculio (Conotrachelus nenuphar); 
stink bugs (Nezara viridula; Euschistus 
servus; Acrosternum hilare) 

North 
America Peach (Prunus persica) Yield

Ali et al. 2011 Benefit 35 pollinator species (Hymenoptera, 
Diptera, Lepidoptera) South Asia Canola (Brassica napus) Yield

Aluja et al. 1997 Cost Papaya fruit fly (Toxotrypana 
curvicauda)

Central 
America/ 
Caribbean

Papaya (Carica papaya) Yield

Amoabeng et al. 2014 Cost Diamondback moth (Plutella xylostella); 
Cabbage aphid (Brevicoryne brassicae) Africa Cabbage (Brassica 

oleracea) Profit

Arora et al. 2012 Cost
Cotton bollworm (Helicoverpa 
armigera); Cabbage butterfly (Pieris 
brassicae)

South Asia Tomato (Solanum 
lycopersicum) Yield



229 

Artz & Nault 2011 Benefit Bees (Apis mellifera; Bombus impatiens; 
Peponapis pruinosa)

North 
America Pumpkin (Cucurbita pepo) Yield

Arus et al. 2013 Cost Raspberry beetle (Byturus tomentosus) Europe Raspberry (Rubus idaeus) Yield

Atakan 2009 Cost Leafhoppers (Asymmetrasca decedens; 
Empoasca decipiens) South Asia Cotton (Gossypium sp.) Yield

Ayenor et al. 2007 Benefit Capsids (Sahlbergella singularis; 
Distantiella theobroma) Africa Cocoa (Theobroma cacao) Yield

Bacci et al. 2006 Cost Pyralid moth (Diaphania sp.); bee 
(Trigona spinipes)

South 
America

Cucumber (Cucumus 
sativus) Yield

Baoua et al. 2014 Both
Millet head miner (Heliocheilus 
albipunctella); Ectoparasitoid 
(Habrobracon hebetor)

Africa Pearl millet (Pennisetum 
glaucum) Yield

Barman & Parajulee 2013 Cost Plant bug (Lygus sp.) North 
America Cotton (Gossypium sp.) Yield

Bartomeus et al. 2014 Benefit Pollinators (Syrphidae spp.; Apis 
mellifera; Bombus spp.; other wild bees) Europe

Oilseed rape (Brassica 
napus); field bean (Vicia 
faba); strawberry (Fragaria 
x ananassa); buckwheat 
(Fagopyrum esculentum)

Yield

Battisti et al. 2014 Cost Asian chestnut gall wasp (Dryocosmus 
kuriphilus) Europe Chestnut (Castanea sativa) Yield

Biggs et al. 2000 Cost Various pest arthropods North 
America Apple (Malus spp.) Profit

Blanche & Cunningham 2005 Benefit Sap beetles (Nitidulidae spp.) Oceania Atemoya (Annona x 
atemoya) Yield

Blanche et al. 2006 Benefit Bees (Apis mellifera; 7 native species) Oceania
Macadamia (Macadamia 
integrifolia); Longan 
(Dimocarpus longan)

Yield

Blanche et al. 2006 Benefit Bees (Apis mellifera; 12 native species) Oceania Peanut (Arachis hypogaea) Yield

Boguslawski & Basedow 2001 Cost Pink bollworm (Pectinophora 
gossypiella) Africa Cotton (Gossypium sp.) Yield
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Bommarco et al. 2011 Cost Diamondback moth (Plutella xylostella) 
Central 
America/ 
Caribbean

Cabbage (Brassica 
oleracea) Profit

Bommarco et al. 2012 Benefit Various pollinator insects Europe Canola (Brassica napus) Profit
Bosch & Blas 1994 Benefit Bees (Osmia cornuta; Apis mellifera) Europe Almond (Prunus dulcis) Yield

Bosch et al. 2006 Benefit Bees (Osmia lignara; Apis mellifera) North 
America

Sweet cherry (Prunus 
avium) Yield

Brittain et al. 2013 Benefit Bees (Apis mellifera; non-apis bees) North 
America Almond (Prunus dulcis) Yield

Brown et al. 2004 Cost Flea beetle (Phyllotreta cruciferae) North 
America

Canola (Brassica napus; 
Brassica rapa); Mustard 
(Brassica juncea; Sinapis 
alba)

Yield

Brown et al. 2010 Cost
Plant bug (Lygus lineolaris); apple 
maggot (Rhagoletis pomonella); plum 
curculio (Conotrachelus nenuphar)

North 
America Apple (Malus spp.) Yield

Calzoni & Speranza 1998 Benefit Bees (Apis mellifera; Bombus terrestris; 
Osmia cornuta) Europe Japanese plum (Prunus 

salicina) Profit

Cameron et al. 2001 Cost Cotton bollworm (Helicoverpa armigera) Oceania Tomato (Solanum 
lycopersicum) Yield

Can-Alonzo et al. 2005 Benefit
Bees (Apis mellifera; Trigona nigra; 
Nanotrigona perilampoides); hoverfly 
(Ornidia obesa) 

Central 
America/ 
Caribbean

Acovado (Persea americana 
var. Americana) Yield

Cane & Schiffhauer 2003 Benefit
Bees (Bombus affinis; Megachile 
addenda; Megachile rotundata; Apis 
mellifera)

North 
America

Cranberry (Vaccinium 
macrocarpon) Yield

Cane et al. 2011 Benefit Squash bee (Peponapis pruinosa) North 
America

Summer squash (Cucurbita 
pepo) Yield

Cardinale et al. 2003 Both
Pea aphid (Acyrthosiphon pisum);  
(Harmonia axyridis; Aphidius ervi; Nabis 
sp.)

North 
America Alfalfa (Medicago sativa) Yield

Cardona et al. 2002 Cost Melon thrips (Thrips palmi) South Beans (Phaseolus vulgaris) Yield
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America

Carvalheiro et al. 2012 Benefit Various pollinator insects Africa Mango (Mangifera indica) Profit

Cavanagh et al. 2010 Cost Striped cucumber beetle (Acalymma 
vittatum)

North 
America

Winter squash (Cucurbita 
maxima; Cucurbita 
moschata)

Yield

Chacoff & Aizen 2007 Benefit Various pollinator insects South 
America

Red grapefruit (Citrus 
paradisi) Yield

Chaudhary & Kashyap 1992 Cost Shoot and fruit borer (Leucinodes 
orbinalis) South Asia Eggplant (Solanum 

melongena) Yield

Chauta-Mellizo et al. 2012 Benefit European honey bee (Apis mellifera) South 
America

Cape gooseberry (Physalis 
peruviana) Yield

Chavan et al. 2013 Both
Aphids; whitefly (Bemisia tabaci);  fruit 
borer (Helicoverpa armigera); leaf miner 
(Liriomyzi trifoli)

South Asia Tomato (Solanum 
lycopersicum) Profit

Chin et al. 2007 Cost Thrips; dimpling bug (Campylomma 
austrina) Oceania Mango (Mangifera indica) Yield

Choi et al. 2011 Cost Lepidopteran pests East Asia Apple (Malus spp.) Yield

Cohen & Yuval 2000 Cost Mediterranean fruit fly (Ceratitis 
capitata) South Asia Plum (Prunus sp.);  

Persimmon (Diospyros sp.) Yield

Cork et al. 2005 Both
Brinjal shoot borer (Leucinodes 
orbinalis); parasitoid (Trathala flavo-
orbitalis)

South Asia Eggplant (Solanum 
melongena) Yield

Cutler et al. 2012 Benefit Various pollinator insects North 
America

Lowbush bueberry 
(Vaccinium angustifolium) Yield

Dag & Gazit 2000 Benefit Various pollinator insects South Asia Mango (Mangifera indica) Yield

Dag & Stern 2001 Benefit European honey bee (Apis mellifera) South Asia Apple (Malus spp.) Yield

Davidson et al. 2010 Benefit Bees (Apis mellifera; Megachile 
rotundata) Oceania Carrot (Daucus carota) Yield

Day & Hoelmer 2012 Cost Tarnished plant bug (Lygus lineolaris) North 
America

Strawberry (Fragaria x 
ananassa) Yield
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De Marco & Coelho 2004 Benefit Various pollinator insects South 
America Coffee (Coffea arabica) Profit

de Santana et al. 2009 Cost Coconut mite (Aceria guerreronis); 
coconut moth (Atheloca subrufella)

South 
America Coconut (Cocos nucifera) Yield

Dedej & Delaplane 2004 Both Bees (Apis mellifera; Xylocopa virginica) North 
America

Rabbiteye blueberry 
(Vaccinium ashei) Yield

Dosdall et al. 2012 Cost Root maggots (Diptera: Anthomyiidae: 
Delia spp.)

North 
America Canola (Brassica napus) Profit

Dutcher 2002 Cost

Pecan nut casebearer (Acrobasis 
nuxvorella); hickory shuckworm (Cydia 
caryana); hickory nut curculio 
(Conatrachelis hicoriae)

North 
America Pecan (Carya illinoensis) Yield

Dwomoh et al. 2009 Both

Mosquito bug (Helopeltis schoutedeni); 
leaf-footed bug (Pseudothearptus 
devastans); coreid bug (Anoplocnemis 
curvipes); weaver ant (Oecophylla 
longinoda)

Africa Cashew (Anacardium 
occidentale) Yield

Eaton & Nams 2012 Benefit European honey bee (Apis mellifera) North 
America

Lowbush blueberry 
(Vaccinium angustifolium) Profit

Evans & Spivak 2006 Benefit European honey bee (Apis mellifera) North 
America

Cranberry (Vaccinium 
macrocarpon) Yield

Fairey et al. 1989 Benefit Leafcutter bee (Megachile rotundata) North 
America

Red clover (Trifolium 
pratense) Yield

Fay & DeFaveri 1990 Benefit
Red-shouldered leaf beetle (Monolepta 
australis); flower-feeding fly (Plecia 
amplipennis)

Oceania Avocado (Persea 
americana) Yield

Ferguson et al. 1997 Cost
Flea beetles (Apthona euphorbiae; 
Longitarsus parvulus); Thrips 
angusticeps; mirid bugs

Europe Linseed (Linum 
usitatissimum) Yield

Foshee et al. 2008 Cost
Plum curculio (Conotrachelus nenuphar); 
catfacing insects (Lygus lineolaris; 
Euschistus servus; Acrosternum hilare)

North 
America Peach (Prunus persica) Yield
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Freihat et al. 2008 Benefit
Bees (Apis mellifera; Anthophora 
albigena; Xylocopa violocea; Halictus 
quadricinctus)

South Asia Loquat (Eriobotrya 
japonica) Yield

Furlong et al. 2008 Cost Diamondback moth (Plutella xylostella); 
cabbage butterfly (Pieris rapae) East Asia Cabbage (Brassica 

oleracea) Yield

Gaoping et al. 2007 Cost Various pest caterpillars East Asia Chestnut (Castanea 
mollissima) Yield

Garcia et al. 2011 Cost Various pest arthropods
Central 
America/ 
Caribbean

Amaranth (Amaranthus 
hypocondriacus) Profit

Garratt et al. 2014 Benefit Various pollinator insects Europe Apple (Malus spp.) Profit

Gebreamlak & Kiros 2014 Benefit
Various pollinators (Hymenoptera spp.; 
Diptera spp.; Coleoptera spp.; 
Lepidoptera spp.)

Africa Onion (Allium cepa) Yield

Gemmill-Herren & Ochieng 2008 Benefit Bees (Xylocopa caffra; Macronomia 
rufipes) Africa Eggplant (Solanum 

melongena) Yield

Ghosheh & Al-Shannag 2000 Cost Onion thrips (Thrips tabaci) South Asia Onion (Allium cepa) Yield

Gillespie et al. 2014 Benefit European honey bee (Apis mellifera) North 
America Onion (Allium cepa) Yield

Gonzalez et al. 1998 Benefit Various pollinator insects Europe Kiwifruit (Actinidia 
deliciosa) Yield

Greenleaf & Kremen 2006 Benefit Bees (33 species) North 
America

Sunflower (Helianthus 
annus) Profit

Greenleaf & Kremen 2006 Benefit
Bees (Bombus vosnosenskii; Anthophora 
urbana; Lasioglossum sp.; Halictus sp.; 
Apis sp.)

North 
America

Tomato (Solanum 
lycopersicum) Yield

Grundy & Maelzer 2000 Benefit Assassin bug (Pristhesancus 
plagipennis); bollworm (Helicoverpa sp.) Oceania Cotton (Gossypium sp.) Yield

Gursoy et al. 2012 Cost Sunn pest (Eurygaster spp.) South Asia Wheat (Triticum sativum) Yield

Hegazi et al. 2007 Cost Jasmine moth (Palpita unionalis) Africa Olive (Olea europaea) Yield



234 

Holland & Thomas 1997 Cost Cereal aphids Europe Wheat (Triticum aestivum) Profit

Holzschuh et al. 2012 Benefit Various wild bees Europe Sweet cherry (Prunus 
avium) Yield

Howlett 2012 Benefit
European blowfly (Calliphora vicina); 
European honey bee (Apis mellifera); 
other large insects

Oceania Carrot (Daucus carota) Yield

Howpage et al. 2001 Benefit European honey bee (Apis mellifera) Oceania Kiwifruit (Actinidia 
deliciosa) Yield

Hughes et al. 2013 Cost Tarnished plant bug (Lygus lineolaris) North 
America

Strawberry (Fragaria x 
ananassa) Yield

Il'ichev et al. 2006 Cost Oriental fruit moth (Grapholita molesta) Oceania Peach (Prunus persica); 
Pear (Pyrus sp.) Yield

Inclan et al. 2008 Cost Pineapple fruit borer (Strymon megarus)
Central 
America/ 
Caribbean

Pineapple (Ananus comosus) Profit

Isaacs & Kirk 2010 Benefit
Bees (Apis mellifera; Bombus sp.; 
Xylocopa virginica; Andrena sp.; 
Halictids) 

North 
America

Highbush blueberry 
(Vaccinium corymbosum) Yield

Jauker & Wolters 2008 Benefit Hoverfly (Episyrphus balteatus) Europe Canola (Brassica napus) Yield

Jauker et al. 2012 Benefit
Hoverflies (Eristalis tenax; Episyrphus 
balteatus); bees (Osmia rufa; Apis 
mellifera)

Europe Canola (Brassica napus) Yield

Jefferies et al. 1982 Benefit Various pollinator insects Europe Gooseberry (Ribes uva-
crispa) Yield

Jess & Schweizer 2009 Both Sciarid fly (Lycoriella ingenua); mite 
(Hypoaspis miles) Europe Common mushroom 

(Agaricus bisporus) Yield

Jimenez-Soto et al. 2013 Both
Coffee berry borer (Hypothenemus 
hampei); predatory ants (Azteca 
instabilis; Pheidole synanthropica)

Central 
America/ 
Caribbean

Coffee (Coffea sp.) Yield

Jones & Caprio 1994 Cost Southern green stink bug (Nezara 
viridula)

Pacific 
Ocean

Macadamia (Macadamia 
integrifolia) Yield
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Kain & Agnello 2013 Cost Mirid bugs (Campylomma verbasci; 
Atractatomus mali)

North 
America Apple (Malus spp.) Yield

Kant et al. 2013 Cost Chalcid wasp (Systole albipennis) South Asia Coriander (Coriandrum 
sativum) Yield

Klatt et al. 2014 Benefit Bees (Apis mellifera; Osmia bicornis) Europe Strawberry (Fragaria x 
ananassa) Profit

Klein et al. 2003 Benefit Bees (15 species) South-East 
Asia

Coffee (Coffea arabica; 
Coffea canephora) Yield

Klein et al. 2003 Benefit Bees (15 species) South-East 
Asia Coffee (Coffea canephora) Yield

Knodel et al. 2011 Cost
Seed maggot (Neotephritis finalis); 
sunflower bud moth (Suleima 
helianthana)

North 
America

Sunflower (Helianthus 
annus) Yield

Krishnan et al. 2012 Benefit Bees (16 species) South Asia Coffee (Coffea canephora) Yield

Kuhar et al. 2004 Both European corn borer (Ostrinia nubilalis); 
parasitoid (Trichogramma ostriniae)

North 
America

Sweet corn (Zea mays); 
sweet pepper (Capsicum 
annuum); broccoli (Brassica 
oleracea var. italic); snap 
bean (Phaseolus vulgaris)

Yield

Lamien et al. 2008 Cost Pyralid moth (Salebria sp.) Africa Shea (Vitellaria paradoxa) Yield

Landis et al. 2008 Benefit Various natural enemy arthropods North 
America Soybean (Glycine max) Profit

Langridge & Goodman 1979 Benefit European honey bee (Apis mellifera) Oceania Peach (Prunus persica) Yield

Langridge & Goodman 1985a Benefit European honey bee (Apis mellifera) Oceania Lupins (Lupinus albus) Yield

Langridge & Goodman 1985b Benefit European honey bee (Apis mellifera) Oceania Loganberry (Rubus 
loganobaccus) Profit

Langridge & Goodman 1985c Benefit European honey bee (Apis mellifera) Oceania Japanese plum (Prunus 
salicina) Yield

Lassen et al. 2012 Benefit Various pollinator insects Africa Locust bean (Parkia 
biglobosa) Yield
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Leite et al. 2014 Cost
Tomato fruit borers (Tuta absoluta; 
Neoleucinodes elegantalis; Helicoverpa 
zea)

South 
America

Tomato (Solanum 
lycopersicum) Profit

Letourneau & Goldstein 2001 Cost Various pest arthropods North 
America

Tomato (Solanum 
lycopersicum) Yield

Litsinger et al. 2011 Cost

Whorl maggot (Hydrellia philippina); 
green semi-looper (Naranga aenescens); 
green hairy caterpillar (Rivula atimeta); 
yellow stemborer (Scirpophaga 
incertulas); leaffolder (Cnaphalocrocis 
medinalis)

South-East 
Asia Rice (Oryza sativa) Yield

Liu 2000 Cost Silverleaf whitefly (Bemisia argentifolii) North 
America

Collards (Brassica oleracea 
var. Acephala) Yield

Lo et al. 2013 Cost Codling moth (Cydia pomonella);  light 
brown apple moth (Epiphyas postvittana) Oceania Apple (Malus spp.) Profit

Lombardini et al. 2005 Cost Pecan nut casebearer (Acrobasis 
nuxvorella)

North 
America Pecan (Carya illinoensis) Yield

Low & Pistillo 1986 Benefit Various pollinator insects Oceania Sunflower (Helianthus 
annus) Yield

Lundin et al. 2013 Both Bumblebee (Bombus terrestris); weevil 
seed predator (Apion sp.) Europe Red clover (Trifolium 

pratense, var. SW Sara) Yield

Maccagnani et al. 2003 Benefit Bee (Osmia cornuta) Europe Pear (Pyrus sp.) Yield

Macfadyen et al. 2014 Both Various pest arthropods Oceania Canola (Brassica sp.); 
Wheat (Triticum sp.) Profit

Macias-Macias et al. 2009 Benefit Bees (Apis mellifera; Exomalopsis sp.; 
Augochloropsis sp.)

Central 
America/ 
Caribbean

Tomato (Solanum 
lycopersicum); Habanero 
pepper (Capsicum chinense)

Yield

Magalhaes & Freitas 2013 Benefit Oil-collecting bee (Centris analis) South 
America

Acerola (Malphigia 
emarginata) Profit

Malagodi-Braga & Kleinert 2004 Benefit Bee (Tetragonisca angustula) South 
America

Strawberry (Fragaria x 
ananassa) Yield
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Manrakhan et al. 2008 Cost Litchi moth (Cryptophlebia peltastica) Indian 
Ocean Litchi (Litchi chinensis) Yield

Martinez-Ferrer et al. 2012 Cost Mediterranean fruit fly (Ceratitis 
capitata) Europe Clementine (Citrus x 

clementina) Yield

Martins & Johnson 2009 Benefit Hawkmoths (Hippotion celerio; Nephele 
comma; Agrius convolvuli) Africa Papaya (Carica papaya) Yield

McKenna et al. 2009 Cost Various pest arthropods Oceania Kiwifruit (Actinidia arguta) Yield

McPherson et al. 2008 Cost
Velvetbean caterpillar (Anticarsia 
gemmatalis); green stink bug (Nezara 
viridula); other pest arthropods

North 
America Soybean (Glycine max) Yield

Melendez-Ramirez et al. 2004 Benefit Various pollinator insects
Central 
America/ 
Caribbean

Coconut (Cocos nucifera) Yield

Mensah et al. 2012 Cost Various pest arthropods Africa Cotton (Gossypium sp.) Profit

Michaud et al. 2007 Cost Longhorn beetle (Dectes texanus) North 
America

Sunflower (Helianthus 
annus) Yield

Mohan et al. 2010 Cost Leaf-eating caterpillar (Opisina 
arenosella) South Asia Coconut (Cocos nucifera) Yield

Montes-Molina et al. 2008 Cost Various pest arthropods
Central 
America/ 
Caribbean

Maize (Zea mays) Yield

Monzon et al. 2005 Benefit Bees (Osmia cornuta; Apis mellifera) Europe Pear (Pyrus sp.) Yield

Moreau et al. 2006 Cost Colorado potato beetle (Leptinotarsa 
decemlineata)

North 
America Potato (Solanum tuberosum) Yield

Muegge & Knutson 2012 Cost Pecan nut casebearer (Acrobasis 
nuxvorella)

North 
America Pecan (Carya illinoensis) Yield

Nagarkatti et al. 2003 Both Grape berry moth (Endopiza piteana); 
parasitoid wasp (Trichogramma minutum)

North 
America Grape (Vitis spp.) Yield

Naranjo et al. 2011 Cost Mirid bugs (Lygus spp.) North 
America

Lesquerella (Physaria 
fendleri) Yield
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Nault & Speese 2002 Cost Various pest arthropods North 
America

Tomato (Solanum 
lycopersicon) Profit

Navarro-Llopis et al. 2011 Cost Mediterranean fruit fly (Ceratitis 
capitata) Europe

Mandarin (Citrus 
reticulata); persimmon 
(Diospyros kaki); stonefruit 
(Prunus spp.)

Profit

Nedic et al. 2013 Benefit European honey bee (Apis mellifera) Europe Canola (Brassica napus) Yield

Nielsen & Hamilton 2009 Cost Stink bug (Halyomorpha halys) North 
America

Apple (Malus sp.); Pear 
(Pyrus sp.) Yield

Nwanze & Sivakumar 1990 Cost Earhead caterpillar (Raghuva 
albipunctella) Africa Pearl millet (Pennisetum 

glaucum) Yield

Nwilene et al. 2008 Cost Termites (Microterms spp.; 
Ancistrotermes spp.; Odontotermes spp.) Africa Rice (Oryza sativa) Yield

Olotu et al. 2013 Both
Mirid bugs (Helopeltis spp.); coreid bug 
(Pseudotheraptus wayi); weaver ant 
(Oecophylla longinoda)

Africa Cashew (Anacardium 
occidentale) Yield

Olschewski et al. 2006 Benefit Various pollinator insects
South-East 
Asia; South 
America

Coffee (Coffea arabica) Profit

Ostman et al. 2003 Benefit Bird cherry-oat aphid (Rhopalosiphum 
padi); various natural enemy arthropods Europe Barley (Hordeum vulgare) Profit

Otieno et al. 2011 Benefit Various insect pollinators Africa Pigeonpea (Cajanus cajan) Yield

Ozberk et al. 2005 Cost Wheat stem sawfly (Cephus pygmaeus) South Asia Wheat (Triticum spp.) Profit

Pando et al. 2011 Benefit Carpenter bee (Xylocopa calens) Africa Runner bean (Phaseolus 
coccineus) Yield

Parsons et al. 2007 Cost Cabbage maggot (Delia radicum) North 
America

Cauliflower (Brassica 
oleracea var. Botrytis) Profit

Paula-Moraes et al. 2013 Cost Western bean cutworm (Striacosta 
albicosta)

North 
America Corn (Zea mays) Yield
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Peng & Christian 2005 Both Mango leafhopper (Idioscopus nitidulus); 
weaver ant (Oecophylla smaragdina) Oceania Mango (Mangifera indica) Yield

Peng & Christian 2005 Benefit Various arthropod pests; weaver ant 
(Oecophylla smaragdina) Oceania Mango (Mangifera indica) Profit

Peng & Christian 2007 Both
Mango seed weevil (Sternochetus 
mangiferae); weaver ant (Oecophylla 
smaragdina)

Oceania Mango (Mangifera indica) Yield

Peng & Christian 2008 Both Dimpling bug (Campylomma austrina); 
weaver ant (Oecophylla smaragdina) Oceania Mango (Mangifera indica) Yield

Philpott et al. 2006 Benefit Various pollinator insects
Central 
America/ 
Caribbean

Coffee (Coffea arabica) Yield

Pitan & Ekoja 2011 Cost Flea beetle (Podagrica uniforma) Africa Okra (Abelmoschus 
esculentus) Yield

Pitan & Esan 2013 Cost
Cucumber beetle (Epilachna 
chrysomelina); fruit flies (Dacus ciliatus; 
Batrocera invadens)

Africa Cucumber (Cucumus 
sativus) Yield

Pitan & Olatunde 2006 Cost

Flea beetles (Podagrica spp.); pod-
sucking bugs (Clavigralla 
tomentosicollis; Riptortus dentipes; 
Anoplocnemis curvipes; Nezara viridula) 

Africa
Okra (Abelmoschus 
esculentus); cowpea (Vigna 
unguiculata)

Yield

Pulakkatu-Thodi et al. 2014 Cost Stink bugs (Pentatomidae spp.) North 
America Cotton (Gossypium sp.) Yield

Ramalho et al. 2012 Cost Fennel aphid (Hyadaphis foeniculi) South 
America

Fennel (Foeniculum 
vulgare) Yield

Rao & Stephen 2009 Benefit Bees (Bombus vosnesenskii; Apis 
mellifera)

North 
America

Red clover (Trifolium 
pratense) Yield

Reay-Jones et al. 2010 Cost Stink bugs (Pentatomidae spp.) North 
America

Cotton (Gossypium 
hirsutum) Yield

Reddy & Tangtrakulwanich 2013 Cost
Tomato fruitworm (Helicoverpa 
armigera); red spider mite (Tetranychus 
marianae)

Pacific 
Ocean

Tomato (Solanum 
lycopersicon) Yield
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Reddy 2011 Cost Various pest arthropods Pacific 
Ocean Cabbage (Brassica spp.) Profit

Reddy et al. 2014 Cost Crucifer leaf beetle (Phyllotreta 
cruciferae)

North 
America Canola (Brassica napus) Yield

Reeves et al. 2010 Cost Stink bugs (Pentatomidae spp.) North 
America

Cotton (Gossypium 
hirsutum) Yield

Rekika et al. 2008 Cost Carrot weevil (Listronotus oregonensis) North 
America Carrot (Daucus carota) Yield

Richards 2003 Benefit Leafcutter bee (Megachile rotundata) North 
America

Sweet clover (Melilotus 
officianalis) Yield

Ricketts et al. 2004 Benefit Bees (Apis mellifera; meliponine bees)
Central 
America/ 
Caribbean

Coffee (Coffea arabica, var. 
Caturra) Profit

Rogers et al. 2013 Benefit
Bees (Apis mellifera; Bombus spp.; 
Habropoda laboriosa; Xylocopa 
virginica)

North 
America

Highbush blueberry 
(Vaccinium corymbosum) Yield

Rogers et al. 2014 Benefit Various bees North 
America

Highbush blueberry 
(Vaccinium corymbosum) Profit

Romero & Quezada-Euan 2013 Benefit Bees (Freisomellita nigra; Apis mellifera)
Central 
America/ 
Caribbean

Jatropha (Jatropha curcas) Yield

Rukazambuga et al. 2002 Cost Banana weevil (Cosmopolites sordidus) Africa Highland cooking banana 
(Musa sp.) Yield

Rusch et al. 2013 Cost Pollen beetle (Meligethes sp.) Europe Canola (Brassica sp.) Yield
Sajjad et al. 2008 Benefit Various pollinator insects South Asia Onion (Allium cepa) Yield

Sampson et al. 2004 Both Bees (Xylocopa virginica; Apis mellifera; 
Habropoda laboriosa)

North 
America

Rabbiteye blueberry 
(Vaccinium ashei) Yield

Samra et al. 2014 Benefit Ant (Pheidole pallidula); bee (Apis 
mellifera) South Asia Jatropha (Jatropha curcas) Yield

Sauphanor et al. 2012 Cost Codling moth (Cydia pomonella) Europe Apple (Malus sp.) Yield

Schader et al. 2005 Cost Pink bollworm (Pectinophora 
gossypiella) Africa Cotton (Gossypium 

barbadense) Profit
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Schoeman & Mohlala 2013 Cost Coconut bug (Pseudotheraptus wayi) Africa Litchi (Litchi chinensis) Yield

Selvaraj et al. 2012 Cost Various pest arthropods South Asia Rice (Oryza sativa) Yield

Shabozoi et al. 2011 Both
Natural enemies (Chrysoperla carnea; 
Trichogramma chilonis); Various pest 
arthropods

South Asia Okra (Abelmoschus 
esculentus) Profit

Silva & Ramalho 2013 Cost Boll weevil (Anthonomus grandis) South 
America

Cotton (Gossypium 
hirsutum) Yield

Singh & Sachan 1992 Cost Various pest arthropods South Asia Peanut (Arachis hypogaea) Yield
Singh & Sachan 1997 Cost Mustard aphid (Lipaphis erysimi) South Asia Mustard (Brassica juncea) Profit

Somerville 1999 Benefit Bee (Apis mellifera) Oceania Faba veab (Vicia faba) Yield

Stanghellini et al. 1998 Benefit Bees (Bombus impatiens; Apis mellifera) North 
America

Cucumber (Cucumis 
sativus); watermelon 
(Citrullus lanatus)

Yield

Stanley et al. 2013 Benefit Various pollinator insects Europe Canola (Brassica napus) Profit

Strong 2006 Cost Western conifer seed bug (Leptoglossus 
occidentalis)

North 
America

Lodgepole pine (Pinus 
contorta) Yield

Sykes & Possingham 1992 Benefit Various pollinator insects Oceania Mandarin (Citrus reticulata) Yield

Taki et al. 2009 Benefit Various pollinator insects East Asia Buckwheat (Fagopyrum 
esculentum) Yield

Tolman et al. 2004 Cost Various pest arthropods North 
America

Tomato (Solanum 
lycopersicon); Cabbage 
(Brassica oleracea)

Profit

Tuell & Isaacs 2010 Benefit Bees (Apis mellifera; Bombus impatiens) North 
America

Highbush blueberry 
(Vaccinium corymbosum) Yield

Vaissiere et al. 1996 Benefit Bee (Apis mellifera) Europe Kiwifruit (Actinidia arguta) Yield

Vayssieres et al. 2008 Cost Fruit flies (Tephritidae spp.) Africa Mango (Mangifera indica) Profit

Veddeler et al. 2008 Benefit Bees (29 morphospecies) South 
America Coffee (Coffea arabica) Yield
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Vergara & Badano 2009 Benefit Various insect pollinators
Central 
America/ 
Caribbean

Coffee (Coffea arabica) Yield

Vicens & Bosch 2000 Benefit Bees (Osmia cornuta; Apis mellifera) Europe Apple (Malus sp.) Yield

Waldstein & Reissig 2001 Cost Obliquebanded leafroller (Choristoneura 
rosaceana)

North 
America Apple (Malus sp.) Yield

Walker et al. 2009 Benefit Various insect pollinators Oceania Pak choi (Brassica rapa var. 
Chinensis) Yield

Walker et al. 2011 Cost
Leafrollers (Epiphyas postvittana; 
Plantortrix octo; Ctenopseustis 
obliquana)

Oceania Apple (Malus sp.) Yield

Walker et al. 2011 Benefit Various insect pollinators Oceania Onion (Allium cepa) Yield

Wallace et al. 1996 Benefit Various insect pollinators Oceania Macadamia (Macadamia 
integrifolia) Yield

Walters & Taylor 2006 Benefit Bees (Apis mellifera; Bombus spp.; 
Xylocopa spp.; Peponapis pruinosa)

North 
America

Pumpkin (Cucurbita pepo; 
C. Maxima; C. moschata) Profit

Walters 2005 Benefit Bees (Apis mellifera) North 
America

Watermelon (Citrullus 
lanatus) Yield

Wielgoss et al. 2012 Cost Mirid bug (Helopeltis sulawesi); pod-
boring moth (Conopomorpha cramerella)

South-East 
Asia Cocoa (Theobroma cacao) Yield

Wright 1986 Cost Australian plague locust (Chortoicetes 
terminifera) Oceania Multiple Profit
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Appendix 2.2 

Citations for reviewed studies. 

Author Year Title Journal Volume Pages

Abdelgadir, HA; Johnson, 
SD; van Staden, SJ 2009
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Science and Biotechnology 84 319-324
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Appendix 2.3  

Geographical location of studies. 

Geographical region Countries included

Africa Benin

Burkina Faso

Cameroon

Chad 

Egypt

Ethiopia

Ghana

Kenya

Mali

Niger

Nigeria

Senegal

South Africa

Tanzania

The Gambia

Uganda

Zambia

Oceania Australia

New Zealand

Central America/Caribbean Costa Rica

Guatemala

Jamaica

Nicaragua

Panama

Puerto Rico

East Asia China

Japan

Korea

Republic of Korea

Indian Ocean Mauritius

South Asia India

Bangladesh
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Israel

Jordan

Pakistan

Turkey

North America Canada

Mexico

USA

Pacific Ocean Guam/Mariana Is

Hawaii

South America Argentina

Brazil

Colombia

Ecuador

Peru

South-East Asia Indonesia 

Malaysia

Philippines

Europe Estonia

France

Germany

Ireland

Italy

Netherlands

Poland 

Serbia

Spain

Sweden 

United Kingdom
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Appendix 2.4 

The number of times each species was identified in cost only, benefit only or cost and benefit studies. 

Region Species Cost only studies Benefit only 
studies

Cost and benefit 
studies

Africa Black-cheeked lovebird (Agapornis nigrigenis) *
Black-headed weaver (Ploceus melanocephalus) *
Glossy starling (Sturnidae) *
Golden sparrow (Passer luteus) *
Weaver (Ploceus spp.) *
Red bishop (Euplectes orix) **
Red-billed quelea (Quelea quelea) ***
Red-headed quelea (Quelea erythrops) *
Red-headed weaver (Anaplectes rubriceps) *
Village weaver (Ploceus cucullatus) *
Yellow-crowned bishop (Euplectes afer) **
Unkown spp. *

Central 
America/Caribbean American Redstart (Setophaga ruticilla) *

Arrow-headed warbler (Dendroica pharetra) *
Banaquit (Coereba flaveola) *
Black and white warbler (Mniotilta varia) *

Blackbird (Icteridae) *
Black-throated blue warbler (Dendroica caerulescens) *
Black-whiskered vireo (Vireo altiloquus) *
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Blue mountain vireo (Vireo osburni) *
Buff-throated foliage-gleaner (Automolus ochrolaemus) *
Chestnut sided warbler (Dendroica pensylvanica) *
Common yellowthroat (Geothylpis trichas) *
Jamaican Tody (Todus todus) *
Jamaican Vireo (Vireo modestus) *
Northern Parula (Parula americana) *
Ovenbird (Seiurus aurocapillus) *
Palm Warbler (Dendroica palmarum) *
Prairie warbler (Dendroica discolor) *
Rufous-breasted wren (Pheugope diurutilus) *
Rufous-capped warbler (Basileuterus rufifrons) *
Swainson’s warbler (Limnothlypis swainsonii) *
Tennessee warbler (Vermivora peregrina) *
White-tailed emerald (Elvira chionura) *
Yellow warbler (Setophaga petechial) *
Yellow-rumped warbler (Setophaga coronata) *
Unkown spp. ** *

East Asia Chinese bulbul (Pycnonotus sinensis) *
White-eye (Zosterops japonicus) *
Unkown spp. *

Europe Bullfinch (Pyrrhula pyrrhula) *
Dark-bellied brent goose (Branta b. bernicla) *
Great bustard (Otis tarda) *
Great tits (Parus major) **
Greater flamingo (Phoenicopterus roseus) *
Woodpigeon (Columba palumbus) **
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North America American crow (Corvus brachyrhynchos) *** *
American goldfinch (Carduelis tristis) ***** *
American robin (Turdus migratorius) ******* *
Baltimore oriole (Icterus galbula) **
Blackbird (Icteridae) ****
Blue grosbeak (Guiraca caerulea) *
Blue jay (Cyanocitta cristata) ***
Boat-tailed grackle (Quiscalus major) * *
Brewer’s blackbird (Euphagus cyanocephalus) ****
Brown thrasher (Toxostoma rufum) **
Brown-headed cowbird (Molothrus ater) ** *
California quail (Lophortyx californicus) **
Canada goose (Branta canadensis) *
Cardinal (Richmondena cardinalis) **
Cassin sparrow (Aimophila cassinii) *
Catbird (Dumetella carolinensis) **
Cedar waxwing (Bombycilla cedrorum) *****
Chipping sparrow (Spizella passerina) *
Common grackle (Quiscalus quiscula)  ******** *
Dark-eyed junco (Junco hyemalis) *
Eastern kingbird (Tyrannus tyrannus) *
European starling (Sturnus vulgaris) *************** *
Feral pigeon (Columba livia domestica) *
Goldfinch (several spp.) *
Grackle (unknown spp.) *
Great-tailed grackle (Quiscalus mexicanus) *
Ground dove (Columbina passerina) *
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House finch (Carpodacus mexicanus) **********
House sparrow (Passer domesticus) ******
Indigo bunting (Passerina cyanea) *
Killdeer (Charadrius vociferus) *
Magpie (Pica nuttalli) *
Mallard duck (Anas platyrhynchos) * *
Northern mockingbird (Mimus polyglottos) **
Monk parakeet (Myiopsitta monachus) *
Mourning dove (Zenaida macroura) *** *
Northern oriole (Icterus galbula) *
Palm warbler (Dendroica palmarum) *
Raven (Corvus corax) *
Red-bellied woodpecker (Melanerpes carolinus) *
Red-winged blackbird (Agelaius phoeniceus) *************** **
Ring-billed gull (Larus delawarensis) *
Rose-breasted grosbeak (Pheucticus ludovicianus) *
Scrub jay (Aphelocoma coerulescenis) **
Song sparrow (Melospiza melodia) *
Sparrow (unknown spp.) *
Warbler (unknown spp.) *
Western bluebird (Sialia mexicana) *
Wood duck (Aix sponsa) *
Yellow-headed blackbird (Xanthocephalus xanthocephalus) ***
Yellow-shafted flicker (Colaptes auratus) **
Unkown spp. *****

Oceania Australian raven (Corvus coronoides) * *
Australian ringneck (Barnardius zonarius) *
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Blue bonnet (Northiella haematogaster) *
Eastern rosella (Playtcercus eximius) *
European blackbird (Turdus merula) * *
Galah (Eolophus roseicapillus) * *
Goldfinch (Carduelis carduelis britannica) *
Indian myna (Acridotheres tristis) *
Little corella (Cacatua sanguinea) * *
Little raven (Corvus mellori) * *
Long-billed corella (Cacatua tenuirostris) * *
Mulga parrot (Psephotus varius) *
New Zealand Falcon (Falco novaeseelandiae) *
Red-rumped parrot (Psephotus haematonotus) *
Regent parrot (Polytelis anthopeplus) * *
Silvereye (Zosterops lateralis) **
Parrot spp. *
Song Thrush (Turdus philomelos) **
European starling (Sturnus vulgaris) **
Sulphur-crested cockatoo (Cacatua galerita) * *
Yellow rosella (Platycercus elegans flaveolus) *

South America Macaw (Ara spp.) *
South Asia Black drongo (Dicrurus adsimilis) *

Golden oriole (Oriolus oriolus) *
House crow (Corvus splendens) *
House sparrow (Passer domesticus) * *
Indian myna (Acridotheres tristis) *
Indian sarus crane (Grus antigone antigone) *
Jungle crow (Corvus macrorhynchos) *
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Rose-ringed parakeet (Psitticula krameri) **
South-East Asia Black-crowned white-eye (Zosterops atrifrons) *

European tree sparrow (Passer montanus) **
Grey-sided flowerpecker (Dicaeum celebicum) *
Lemon-bellied white-eye (Zosterops chloris) *
Munia (Lonchura spp.) *
Yellow-bellied sunbird (Nectarinia jugularis) *
Yellow-sided flowerpecker (Diceaum aureolimbatum) *
Unkown spp. *






