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Summary 

Worldwide, approximately 500 of 13,500 vascular plant genera have members pollinated by 

vertebrates, with at least 920 bird species, 300 mammals (bats, marsupials, rodents, and 

primates), and 37 lizard species known to pollinate flowers. While there are similarities in 

the optimal foraging behaviour typically displayed by insect floral visitors, pollination by 

vertebrates can have unique consequences for the plants they visit. The aggressive and 

territorial behaviour of some bird-pollinators can disrupt foraging bouts, while low 

grooming rates are likely to result in higher levels of pollen carryover. This may promote 

wider outcrossing, more random patterns of pollen dispersal, and higher levels of multiple 

paternity than insect pollination. Plants considered to be vertebrate pollinated are also often 

visited by native and introduced insects foraging for nectar and pollen. Altered pollen 

dispersal patterns, and mismatches in body size and foraging techniques can result in these 

insects committing floral larceny, lowering fruit and seed production. There are clear gaps 

in our knowledge of the interactions between birds, the plants they pollinate, and the impact 

of introduced pollinator species.  

Vertebrate pollination is particularly prevalent in Australia. The Southwest Australian 

Floristic Region (SWAFR) of Australia is not only an international biodiversity hotspot, but 

also has the highest incidence of vertebrate-pollination in the world, with 15% of its 

flowering plants pollinated by birds and/or mammals. This includes a disproportionate 40% 

of plant species currently threatened with extinction. Western Australia’s floral emblem, the 

Red and Green Kangaroo Paw, Anigozanthos manglesii, is a SWAFR endemic wildflower 

characterised by its large, showy, red and green inflorescences on stems up to 120cm tall. 

The large red and green semi-tubular flowers are visited by native nectar-feeding birds and 

the introduced European honeybee, Apis mellifera.  

In this thesis the consequences of pollination by native birds and the introduced honeybee 

on Anigozanthos manglesii was investigated using hand-pollination, observations, camera 

traps, pollinator exclusion experiments together with genetic analysis of pollen dispersal, 

multiple paternity and population genetic structure. Experiments were carried out across 

three A. manglesii populations in an urban banksia woodland remnant, and two populations 

in a jarrah forest on the Swan Coastal Plain in Western Australia. This thesis 1) describes 

the first set of microsatellite markers for the Anigozanthos genus, 2) explores A. manglesii’s 

optimal outcrossing distance after single and multi-donor hand pollination, and the 

prevalence of within population optimal outcrossing in bird pollinated species 3) determines 

the relative importance of native nectar feeding birds and the introduced A.mellifera on A. 
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manglesii reproductive output, 4) investigates the genetic consequences of bird and A. 

mellifera pollination on A. manglesii, and 5) discusses the conservation status of bird-

pollinated plants, and the impact of the introduced European honeybee.  

 Contrary to expectations, both single- and multi-donor hand-pollination experiments 

indicated evidence for a near neighbour optimal outcrossing distance within a population of 

A. manglesii, with optimal seed set after crosses of 3-5 m. In all sites, the introduced A. 

mellifera was the most common flower visitor, only insect pollinator, and almost 

exclusively foraged on the pollen of A. manglesii instead of nectar. Bird visitation rates 

were lower than expected, with one bird pollination event per week captured on camera 

traps. Despite the high visitation rates by honeybees, plants produced 67% fewer fruits and 

81% fewer seeds when birds were excluded access to flowers. Low seed and fruit 

production after foraging by A. mellifera is likely due to low stigma contact rates (13% of 

visits), lower levels of pollen carryover, and increased self-pollination. Offspring from 

flowers pollinated by A. mellifera have a 20% percent reduction in allelic diversity, and 

86% reduction in effective number of pollen donors compared to offspring from flowers 

open to bird-pollination. Flowers visited by both birds and bees had high paternal diversity, 

with an average of 14 effective pollen donors per plant. These results both highlight the 

importance of native nectar feeding birds, and the negative consequences of A. mellifera 

foraging outside its native range. Understanding the complex interactions between plants 

adapted for vertebrate pollination, their native pollinators, and introduced floral visitors is 

essential for the conservation and management of plant populations.   
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Chapter One: General Introduction 

1.1 Importance of pollinators 

An estimated 87.5% of ca 308 000 flowering plant species rely on animals for their pollination 

(Ollerton et al. 2011). By facilitating sexual reproduction of flowering plants, pollinators 

underpin the function and sustainability of most terrestrial ecosystems, maintaining wild plant 

communities, ecosystem stability and food security (Ashman 2004; Aguilar et al. 2006; 

Robledo-Arnuncio et al. 2014). They also play a fundamental role in driving plant and floral 

evolution (Cronk and Ojeda 2008; Pierre-Olivier 2012).  

Worldwide most pollinators are invertebrates, with insects from the orders Hymenoptera 

(sawflies, wasps, ants and bees), Lepidoptera (butterflies and moths), Diptera (flies and 

mosquitoes) and Coleoptera (beetles and weevils) commonly visiting flowers (Abrol 2012). 

Although uncommon in some parts of the northern hemisphere (Ratto et al. 2018), globally 

around 500 of the 13,500 vascular plant genera have members pollinated by vertebrates 

(Sekercioglu 2006; Whelan et al. 2015). Three hundred mammal species (bats, marsupials, 

rodents, and primates) (Regan et al. 2015), 38 lizard species (Olesen and Valido 2003; Cozien 

et al. 2019) and at least 920 bird species (Whelan et al. 2008) are thought to be involved in 

pollination. 

1.2 Bird pollination  

Bird pollinated plants have evolved independently multiple times, mainly from bee-pollinated 

lineages (Cronk and Ojeda 2008). Common features of bird-pollinated plants include red-

colouration (though flowers of multiple colours are visited by birds), abundant production of 

dilute nectar, provision of secondary perches, changes in petal morphology- (with hanging 

flowers, brush flowers, curved flowers and/or long corolla tubes common amongst bird-

pollinated flowers) and a lack of scent (Cronk and Ojeda 2008). Bird pollination is thought to
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 be particularly common in tropical and subtropical regions where flowering plants are able 

to support populations of nectivorous birds all year, though the migratory hummingbirds in 

North America are an exception to this rule (Cronk and Ojeda 2008). Bird pollination may be 

correlated with low nutrient levels in the soil (Orians and Milewski 2007; Hopper 2009; 

Hopper et al. 2016), as bird-pollinators supplement their diet with invertebrates they can cope 

with the large amounts of relatively low nutrient nectar produced (Orians and Milewski 2007). 

The evolution of pollination by birds may also represent an adaptation to conserve genetic 

diversity through wider pollen dispersal in habitats with naturally patchy populations (the 

James Effect) (Hopper 2009; Sekercioglu 2011). This theory is supported by a recent review 

of the impact of fragmentation on plant progeny, with offspring from vertebrate pollinated 

plants showing no signs of decreased vigour after habitat fragmentation (Aguilar et al. 2019) 

1.3 Impact of pollinator behaviour on plant mating success 

The behaviour of animal pollinators has a profound impact on plant mating. Pollinators are 

predicted to conform to optimal foraging theory, favouring the foraging strategy that gains the 

most energy at the lowest cost (Pyke et al. 1977). For pollinators, energy can be conserved by 

moving between nearby flowers, likely resulting in most pollen being transferred between the 

same plant and near neighbours, with fewer pollen grains dispersed far away from the source 

(Pyke et al. 1977). This foraging strategy can have negative consequences on seed production 

via inbreeding depression (Charlesworth and Charlesworth 1987; Waser 1993; Dudash and 

Fenster 2001), as the sessile nature of plants means that neighbours are typically more closely 

related than more distant plants (Heywood 1991; Vekemans and Hardy 2004; Ellstrand 2014). 

At the opposite extreme, mating between genetically distant plants could result in outbreeding 

depression (Price and Waser 1979; Bateson 1980; Waser 1993; Schierup and Christiansen 

1996; Dudash and Fenster 2000; Edmands 2007). Between these two extremes is a theoretical 
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optimal outcrossing distance, which has been found after single-pollen donor experiments 

(Müller 1883; Bateson 1978; Price and Waser 1979), but not been tested after experimental 

multi-donor pollination, which simulates the pollen carryover experienced under natural 

conditions.  

While, like insect visitors, vertebrate pollinators typically conform to optimal foraging theory, 

pollination by birds can have unique genetic consequences for the plants they visit (Krauss et 

al. 2017). The aggressive and territorial behaviour displayed by many bird-pollinators will 

disrupt foraging bouts (Mac Nally and Timewell 2005; Phillips et al. 2014). Low grooming 

rates compared with some insects is likely to result in higher levels of pollen carryover on 

vertebrates (Muchhala and Thomson 2010), promoting wider outcrossing, non-leptokurtic 

patterns of pollen dispersal, and higher levels of multiple paternity than insect pollination 

(Krauss et al. 2017). However, this has only been tested in a small number of species (e.g. 

N=16 in Krauss et al. 2017). Pollination by nectar feeding birds may also facilitate gene flow 

between populations. For example, populations of Banksia menziesii up to 1.7km apart have 

been shown to be genetically connected by bird pollinators despite extensive habitat 

fragmentation (Ritchie et al 2019). 

Pollen carryover, where individual pollinators carrying pollen from multiple individuals on 

them at the same time, can have profound impacts on pollen dispersal patterns (Mitchell et al. 

2013). It will promote multiple paternity, allow for competition between pollen grains, and 

provide opportunities for female choice (Skogsmyr and Lankinen 2000, 2002; Winsor et al. 

2000; Pannell and Labouche 2013). Once pollen is deposited onto the stigma, there are pre- 

and post-zygotic barriers before seed production occurs. A pollen grain needs to germinate, 

develop a pollen tube that can reach the base of the style, enter the ovary, and then locate and 

enter an ovule. At any of these stages, a complex series of chemical and cellular interactions 
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between the pollen and stigma can lower or slow pollen germination, stunt or slow pollen tube 

growth (e.g. Silva and Goring 2001; Souto et al. 2002; Hiscock and Allen 2008). Once 

fertilisation has occurred, seeds may still be aborted, resulting in lower overall seed set or the 

production of non-viable seeds. Interestingly, there is considerable evidence for selective 

abortion of seeds based on paternal genotype (Bookman 1983; Lee 1984; Casper 1988; Rocha 

and Stephenson 1990; Niesenbaum 1999). Generally, the mechanisms for selective abortion 

are an expression of self-incompatibility or reproductive isolation (e.g. Lopez et al. 2000; 

Kirkbride et al. 2015; Swanson et al. 2016). 

1.4 Use of technology in pollination ecology 

The advent of highly polymorphic genetic markers allows for direct assessment of the 

consequences of pollinator behaviour- allowing for assessment of paternity, pollen dispersal, 

pollen carryover and mating system dynamics. While indirect methods of tracking pollination 

- pollinator observation, pollen dye and pollen traps (Richards 1986) - only show pollen 

movement onto a stigma, genetic markers such as AFLPs, microsatellites and SNPs allow for 

direct assessment of siring success. Siring success can be linked to traits relevant to pollination 

including flowering phenology (e.g. Austen and Weis 2015) floral display size/density (e.g. 

Harder and Barrett 1995; Karron and Mitchell 2012) and spatial genetic structure (e.g. Ramos 

et al. 2018). Direct paternity assignment allows for the experimental study of multiple 

paternity within fruits (Ashley 2010; Jones et al. 2010). Paternity assignment can also help in 

assessing pollen tube competition and female choice- though this is not often done (Broyles 

and Wyatt 1995; Hasegawa et al. 2009). The use of molecular markers to assess pollination 

success is becoming more common (Ashley 2010), however paternity assessment of bird-

pollinated plants is still rare (n=16 species; Krauss et al. 2017). In Australia, this research has 
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only included larger life-forms (e.g. Sampson et al. 1995; Coates et al. 2013; Bezemer et al. 

2016; Llorens et al. 2018), with no studies occurring on smaller, herbaceous species.  

The use of motion-triggered camera traps and digital recording devices is also a growing 

avenue of research in pollination biology (Krauss et al. 2018). Camera trapping is particularly 

effective at determining what vertebrate species are visiting flowers (Steenhuisen et al. 2015; 

Groffen et al. 2016; Cozien et al. 2019) and can provide an estimate of visitation rates and 

foraging behaviour. While traditional camera traps are not triggered by insect pollinators, 

digital video recorders such as GoPro’s (https://gopro.com) have also been used to assess 

visitors to flowering plants (Gilpin et al. 2017). Processing recordings from digital video 

recorders and camera traps is time intensive but can be reduced with the use of automatic 

image recognition software- though research in this area focuses on large bodied animals (e.g. 

Niedballa et al. 2016). While remote monitoring cannot replace human observations for 

assessment of foraging behaviour and patterns of movement within and between flowering 

plants, they do allow us to answer some basic questions including what species are foraging 

on flowers and when.  

1.5 Pollination in the Southwest Australian Floristic Region  

The Southwest Australian Floristic Region (SWAFR; Hopper & Gioia 2004) is recognised as 

one of the world's 25 global biodiversity hotspots (Myers et al. 2000). It was first recognised 

as a distinct floral region in 1814 by Brown and covers 302 627 km2 (Figure 1) (Brown 1814; 

Gioia and Hopper 2017). There are 7380 native vascular plant species present, with 49% (3938 

species) endemic (Hopper and Gioia 2004; Gioia and Hopper 2017). The SWAFR has a 

maritime climate, with winter rainfall ranging between 300 and 1500 mm yr−1 (Phillips et al. 

2010). The region has been unglaciated since the Permian and is dominated by OCBILs- old, 

climatically buffered infertile landscapes (Hopper 2009; Hopper et al. 2016).  
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The SWAFR has notable invertebrate plant-pollinator systems, including the pollination by 

the 93 species of native solitary bees present (Houston 2000; Phillips et al. 2010), and the 

presence of many orchid species that rely on sexual deception of male wasps for their 

pollination (Hopper and Brown 2007; Phillips et al. 2009). What makes the SWAFR 

exceptional, however, is its vertebrate pollination. It has the highest recorded level of 

vertebrate pollination in the world, with 15 percent of the flora pollinated by birds and 

mammals (Keighery 1980), though many species are also visited by invertebrate pollinators. 

The region also contains the only known non-flying mammal pollinator that feeds on a diet of 

pollen and nectar, the endemic honey possum, Tarsipes rostratus (Tarsipedidae) (Richardson 

et al. 1986). Bird-pollinators in the SWAFR include the Psittacidae (lorikeet/parrot) family 

(Higgins et al. 1999) and the Zosteropidae (White-eyes) family (Peter and Cowling 2007). 

However, the vast majority of bird-pollinators belong to the Meliphagidae, with 17 species of 

honeyeater (Figure 2) recorded breeding in the SWAFR (Higgins et al. 2001).  

Figure 1: The South West Australian Floristic Region, sourced from Gioia & Hopper 2017 
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1.6 Honeyeaters 

In Australia, the most species-rich group of nectar feeding birds is the honeyeaters 

(Meliphagidae), a large family of small to medium sized birds found across Australia, New 

Guinea, New Zealand and the Pacific islands (Higgins et al. 2001; Andersen et al. 2014). 

Australia contains around 50% of species in the family, with 70 recognised species across 21 

genera (Higgins et al. 2001). While most species have long, narrow curved beaks that allow 

nectar feeding, their reliance on nectar varies, with most species also feeding on insects and, 

in some species, fruits (Recher et al. 2016).  

Figure 2: Common nectar feeding birds from south-western Australia. Left to right, top to bottom. A) Red 

Wattlebird, Anthochaera carunculata (Photo J Karron), B) Brown honeyeater, Lichmera indistincta (Photo 

Chris Tate Photography), C) New Holland honeyeater, Phylidonyris novaehollandiae (Photo S. Hopper), 

D) Western Spinebill, Acanthorhychus superciliosus (Photo Chris Tate Photography).  
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While different taxonomic groups of nectarivorous birds share some similar traits (e.g. narrow 

beaks, long tongues) and tend to display similar foraging patterns (foraging on near-neighbour 

flowers within rich nectar stands (Phillips et al. 2014; Krauss et al. 2017), honeyeaters display 

some unusual characteristics. Although they vary in size and body weight (9-250g) (Craig and 

Macmillen 1985; Higgins et al. 2001), the family contains the largest nectivorous birds in the 

world. The Tasmanian yellow wattlebird (Anthochaera paradoxa) weights up to 250g, five 

times the weight of Asia’s largest sunbird, the 49g spectacled spiderhunter, Arachnothera 

flavigaster (Low 2014). While globally nectarivorous birds fight over flowers, many of 

Australia’s are highly aggressive (Higgins et al. 2001). In large nectar stands foraging bouts 

are frequently interrupted by aggressive interactions within and between species (Mac Nally 

and Timewell 2005) and honeyeaters have been seen fighting over territories as small as 14 

banksia heads (Low 2014). This has consequences on patterns of pollen dispersal, and 

ultimately, plant reproductive success.  

While honeyeaters are generalist pollinators, there is evidence that coexisting honeyeater 

species will partition resources, likely due to the high levels of interspecific competition (Ford 

and Paton 1976). For example, long beaked honeyeaters that forage on plants with long tubular 

flowers will co-occur with shorter beaked honeyeaters that forage primarily on open-faced 

flowers (e.g. Eucalyptus (Myrtaceae)) (Low 2014). Resource partitioning, along with 

honeyeater territoriality, can mean that plant species may still rely on a specific bird species 

for their pollination (e.g. van Der Kroft et al. 2019).  

1.7 Introduced European honeybee 

Both vertebrate- and invertebrate-pollinator species have been introduced to areas outside 

their native range. While sometimes this has occurred accidentally (e.g. black rats (Banks and 

Hughes 2012)), Apis mellifera has been deliberately spread across the globe for their 
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pollination services and for honey production (Han et al. 2012). Apis mellifera originated in 

Africa, Europe and Asia, but is now found in every continent except Antarctica (Michener 

1974; Han et al. 2012) and is known to visit at least 40,000 different plant species (Crane 

1990, Goulson 2003). 

Apis mellifera were first introduced to Australia in the 1820’s and are present across the 

country in both feral hives and managed colonies (Goulson 2003), visiting flowers of at least 

1000 Australian plant species spanning over 200 genera (Paton 1996). Historically, the 

presence of A. mellifera was viewed as beneficial or benign to native Australian plants 

(Goulson 2003). There is evidence that for some species this is true- for example increased 

seed set in the presence of honeybees in Banksia ornata (Paton 1999) and no evidence of 

reduced fruit production, seed production or seedling survival in Banksia ericifolia (Gilpin et 

al. 2016). However, there is also evidence that A. mellifera decreased fruit production and 

seed production in some species (e.g. Paton 1988, 1993; Taylor and Whelan 1988; Vaughton 

1996; Higham and McQuillan 2000; Celebrezze 2002; Celebrezze and Paton 2004). Likewise, 

A. mellifera have been shown to have adverse direct and indirect impacts on native pollinators 

(Pyke and Balzer 1985; Paini 2004), which will have flow-on effects on native plant 

reproduction (Spiesman and Gratton 2016; Geslin et al. 2017). Only two studies have assessed 

the genetic consequences of pollination by honeybees, and both indicate potential negative 

consequences (Celebrezze 2002; England et al. 2003). In Australia, studies of the impact of 

A. mellifera to date have focused on large tree and shrub species, with little attention paid to 

smaller herbaceous species.  

Apis mellifera may preferentially forage on vertebrate-pollinated flowers over invertebrate 

pollinated flowers, with a study of species visited by A. mellifera in a Western Australian 

reserve finding that 63% of bird- and mammal-pollinated plants were visited by Apis, 
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compared to 27% insect and 23% wind (Willis 1990). This could potentially have widespread 

consequences in the Southwest Australian Floristic Region, with its disproportionately high 

percentage of threatened vertebrate pollinated species (15% of flowering plants, by 40% of 

listed threatened plant species (Keighery 1980; Hopper and Gioia 2004; Hopper 2009)). The 

drivers of this increased risk of extinction are currently unknown.  

1.8 Kangaroo Paws and Catspaws  

Anigozanthos spp. (Kangaroo Paws and Catspaws) are some of the most iconic of the SWAFR 

endemic vertebrate-pollinated plants, universally 

recognised for their unusual floral structure (Abrams 

2015). The group contains eleven currently recognised 

species, which produce brightly coloured flowering 

scapes up to 3m high (Hopper 1993). A twelfth 

species, the Black Kangaroo Paw, Macropidia 

fuliginosa, shares some morphological similarities 

with Anigozanthos species but is classified as 

belonging to a genus of its own (Hopper and Campbell 

1977). Most Anigozanthos species typically grow in 

sandy or gravel soils, often near the coast (Figure 3) 

and flower in spring and summer (Hopper 1993). The timing of flowering, size, scape height, 

structure and colour of Kangaroo Paws and Catspaws varies between species, with flowers 

that are varying combinations of red, yellow or green. Some species will hybridise readily in 

nature, and many interspecific hybrids have been developed for horticulture (Figure 4). These 

hybrids can be found worldwide for both horticulture and the cut flower industry and are 

considered invasive in some parts of South Africa (Le Roux et al. 2010).  

Figure 3: Distribution of 

Anigozanthos. Showing recorded 

locations (red dots), the three 

botanical provinces of Western 

Australia (black lines) and the 26 

bioregions in Western Australia (light 

grey lines).  Modified from Source: 

Florabase 2019a.  
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Figure 4: Kangaroo paws and catspaws, left to right, top to bottom: A) Anigozanthos humilis, B) Anigozanthos flavidus 

x rufus hybrid C) Anigozanthos gabrieliae, D) Anigozanthos virdidis subsp. Cataby, E) Macropidia fuliginosa F) 

Anigozanthos “Pink surprise” (hybrid cultivar) 
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1.8.1 Anigozanthos manglesii  

Anigozanthos manglesii, the Red and Green Kangaroo Paw or 

Kurulbrang, grows throughout the SWAFR on patches of 

sandy or gravelly soils, often in burnt or disturbed areas 

(Figure 5). Anigozanthos manglesii is a perennial species that 

germinates in higher numbers post-fire but will still germinate 

in long-unburnt areas (Hopper 1993). While flowering times 

can be manipulated (Hagiladi 1983), in its natural habitat 

A. manglesii flowers between August and November 

(Hopper 1993), with seeds released from dried fruits in 

December/January (Figure 5). There are two recognised 

subspecies, the northern A. manglesii subsp. quadrans, 

and the southern A. manglesii subsp. manglesii. Both produce flowering stalks up to 1.2m 

high, with 5 to 30 large red and green tubular flowers with six large exserted anthers (Figure 

6). Anigozanthos manglesii subsp. quadrans produces branched flowering stems, while A. 

manglesii subsp. manglesii produces one flowering head per stalk. Although flowers are 

typically red and green, rare individuals with combinations of purple, pink, yellow, orange 

and green flowers are also found across the distribution of the species (Figure 7). 

There are no records of mammal pollination of A. manglesii, but flowers are readily pollinated 

by honeyeaters (Hopper and Burbidge 1978; Brown et al. 1997), fed on by bush crickets 

(Hopper 1993; Bailey and Lebel 1998), and known to be visited by ants (Hopper 1993) and 

A. mellifera (Hopper 1993)(Figure 8). Honeyeaters are thought to be the primary pollinator, 

with pollen deposited on the back or forehead of birds foraging for nectar (Figure 7). 

 

Figure 5: Distribution of Anigozanthos 

manglesii. Showing recorded locations 

(red dots), the three botanical provinces 

of Western Australia (black lines) and 

the 26 bioregions in Western Australia 

(light grey lines).  Modified from 

Source: Florabase 2019b 
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1.8.2 Pollination of Kangaroo Paws and Catspaws  

Kangaroo Paws and Catspaws are visited by nectar feeding birds, scansorial mammals, and 

some invertebrate species (Hopper 1993). The shape and structure of Anigozanthos flowers 

allows pollen to be deposited on the head of birds and scansorial mammals as they feed on 

nectar (Hopper 1993). Mammal pollination has only been assessed in two species of 

Anigozanthos, hampered by the current restricted  distribution of scansorial mammal 

pollinators in the SWAFR. Pollen swabs from honey possums (Tarsipes rostratus) captured 

in populations of Anigozanthos pulcherrimus contained Anigozanthos pollen, and the captive 

honey possums were willing to feed on A. pulcherimus flowers (Brown 1988). Alternatively, 

extensive camera trapping in a population of A. humilis found no evidence of foraging by the 

local honey possum population (van Der Kroft et al. 2019), despite them regularly visiting 

Banksia species in the same location (Krauss et al. 2018).  

Studies of bird-pollination have been undertaken in A. humilis, A. manglesii , A. pulcherimus, 

and A. flavidus, confirming regular visitation by honeyeaters- primarily Western Spinebills 

(Acanthorhychus superciliosus), Red Wattlebirds (Anthochaera carunculata), Brown 

Honeyeaters (Lichmera indistincta) and New Holland Honeyeaters (Phylidonyris 

novaehollandiae) (Hopper and Burbidge 1978; Phillips et al. 2014; van Der Kroft et al. 2019). 

Honeyeater visitation rates and behaviour are influenced  by the density of flowering plants. 

In A. flavidus, larger populations were visited by the behaviourally dominant New Holland 

Honeyeaters, while all populations were visited by Western Spinebills (Phillips et al. 2014).  
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Figure 6: Anigozanthos manglesii, left to right: A) typically flowers between August- November, B) forms fruits from 

late October, and C) between December to January the fruits dry out, crack open, and seeds are dispersed via gravity.  

Figure 8: Known insect visitors to Anigozanthos manglesii flowers, left to right: A) A bush cricket, Kawanaphila nartee 

B) Ants (species unknown) C) Apis mellifera  

Figure 7: Anigozanthos manglesii, left to right, A) being pollinated by a brown honeyeater Lichmera indisticta, B) After 

the first flower opened C) a rare purple and red variation  
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Visitation rates to A. humilis were significantly higher in a high density population of A. 

humilis and A. manglesii (Hopper and Burbidge 1978), than in lower density populations of 

A. humilis (van Der Kroft et al. 2019), ranging from multiple visits an hour (Hopper and 

Burbidge 1978) to one visit every ten days (van Der Kroft et al. 2019). 

Honeyeaters tend to following optimal foraging theory when foraging on large populations A. 

manglesii, A. humilis and A. flavidus, but his can be interrupted by aggressive, territorial 

behaviour- with up to 31% of foraging bounts interrupted in some populations of A. flavidus 

(Phillips et al. 2014). Even in populations with low bird-visitation rates, there is significant 

seed set (Phillips et al. 2014), suggesting that either bird-pollinators are highly efficient, or 

that insect species are capable pollinators.  

Insect pollination has not been studied in any detail in Anigozanthos genera. Bush crickets are 

known to feed on the anthers of A. manglesii, usually eating all anthers and emasculating the 

flowers (Hopper 1993; Bailey and Lebel 1998). Introduced honeybees have been observed 

visiting two species of Anigozanthos- A. manglesii and A. puchemerimus. In both, they were 

recorded foraging near exclusively on nectar. In A. manglesii, this means honeybees rarely 

contact the anthers or stigmas (Hopper 1993). Honeybees are likely to be contributuing to 

pollination in A. pulcherimus- as to reach the nectaries in the the closed tubular flowers they 

have to brush past the anther and stigmas (Brown 1988). However, Brown (1988) notes that 

honeybees also frequently acted as nectar theives, using slits in the base of the flowers to feed 

on nectar. These slits were likely created by silvereyes (Zosterops lateralis) - who create slits 

in other Anigozanthos species (Figure 9). The ecolgical and genetics consequences of foraging 

by A. mellifera on Anigozanthos have not been assessed.  
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1.9 This study 

The core aim of this thesis was to assess the unique genetic and ecological consequences of 

bird-pollination, using the Red and Green Kangaroo Paw (Anigozanthos manglesii) as a model 

system. Bird pollination is predicted to have unique genetic consequences on the plants they 

visit- with increased rates of outcrossing, multiple paternity and genetic diversity than 

pollination by insects or wind (Krauss et al. 2017). Although species considered adapted for 

bird pollination are often visited by insects foraging for nectar and pollen, vertebrate 

pollinated plants are also predicted to be heavily reliant on their relationship with vertebrate 

pollinators (Ratto et al. 2018). Understanding this relationship is particularly important in the 

SWAFR, due to the high prevalence of threatened vertebrate pollinated species (Keighery 

1980; Hopper and Gioia 2004; Hopper 2009).  

In this thesis I aimed to:  

1. Create the first set of molecular markers for the genus Anigozanthos (Chapter Two) 

Although a relatively common technique, microsatellite markers have not been 

produced for Anigozanthos genera in the past. Fifteen microsatellite markers were 

Figure 9: A) Camera trap image of a Silvereye, Zosterops lateralis, creating a slit in the base of an Anigozanthos manglesii 

flower, and B) Apis mellifera using a slit to feed on nectar. 
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created explicitly for Anigozanthos manglesii and tested across 80% of the genus. 

These markers were then used in Chapters Three and Five to assess paternity, genetic 

diversity and spatial genetic structure of populations.  

2. Explore optimal outcrossing distances in A. manglesii after single and multi-donor hand 

pollination, and assess the prevalence of within population optimal outcrossing in bird 

pollinated species (Chapter Three) 

While the idea underpinning optimal outcrossing were first proposed in 1883 (Müller 

1883; Bateson 1978; Price and Waser 1979), they have not been assessed in a wide 

range of species, and experimental studies to date have relied on the use of geographic 

distance as a proxy of relatedness. In this chapter, I assess the impact of geographic 

distance and relatedness on siring success using both single and multi-donor hand 

pollination (simulating pollen carryover). I also review the prevalence of within 

population optimal outcrossing in bird and insect pollinated species.  

3. Determine the relative importance and impact of native nectar feeding birds and the 

introduced European Honeybee, Apis mellifera, on reproductive output of A. manglesii 

(Chapter Four) 

Although the bird-pollination of A. manglesii has been studied in the past (Hopper and 

Burbidge 1978), this occurred in high density, post-fire/disturbance sites. In this 

chapter, I identify all animal species (including invertebrates) feeding on A. manglesii, 

in four, long-unburnt populations. Using camera traps and video recordings, I identify 

how often honeybees and nectar-feeding birds are committing floral larceny. I also 

assess the relative reproductive consequences of foraging by native nectar-feeding 

birds and the introduced honeybee, using pollinator exclusion experiments.  
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4. Determine the consequences of pollination by native nectar-feeding birds and A. mellifera 

on offspring genetic diversity, outcrossing rates and multiple paternity (Chapter Five) 

While there is a growing body of knowledge of the genetic consequences of bird-

pollination on tree and shrub species, little work has been done on smaller, herbaceous 

species like A. manglesii. Likewise, despite most vertebrate pollinated species also 

being visited by insects, there are very few experiments that have tried to separate the 

relative impact of bird and insect pollinators. In this chapter, I use the molecular 

markers created in Chapter Two, and seeds collected from the exclusion experiments 

run in Chapter Four, to assess the genetic consequences of both bird and honeybee 

pollinators. To my knowledge, this is only the third study to directly assess the genetic 

consequences of pollination by Apis mellifera outside its native range, and the first 

outside the Grevillea genus. 

5. Draw all the above together to make recommendations of future studies on vertebrate 

pollination, and highlight the importance of understanding the impact of introduced 

pollinators on native plants (General Discussion) 

This thesis contains a combination of papers that have been published (Chapters Two and 

Three), have been accepted for publication (Chapter Four), and prepared for publication 

(Chapter Five). As all data chapters are designed to be stand-alone pieces of research for 

publication in scientific journals, some repetition between chapters was unavoidable. 
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The following chapter details the development of microsatellite markers for Anigozanthos 

manglesii and was published in Application for Plant Sciences in August 2017. A copy of 

the formatted article can be found in Appendix One.  
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Chapter Two: Characterisation and transferability of microsatellites for 

the Kangaroo Paw, Anigozanthos manglesii (Haemodoraceae) 

 

Abstract: 

Premise of the study: Microsatellites were developed for the future assessment of population 

genetic structure, mating system, and dispersal of the perennial kangaroo paw, Anigozanthos 

manglesii (Haemodoraceae), and related species. 

Methods and Results: Using a Personal Genome Machine (PGM) semiconductor sequencer, 

ca. 4.03 million sequence reads were generated. QDD pipeline software was used to identify 

190,000 microsatellite-containing regions and priming sites. From these, 90 were chosen and 

screened using PCR, and 15 polymorphic markers identified. These sites amplified di-, tri-, 

and penta-nucleotide repeats with one to 20 alleles per locus. Primers were also amplified 

across congeners A. bicolor, A. flavidus, A. gabrielae, A. humilis, A. preissii, A. pulcherrimus, 

A. rufus, and A. viridis to assess cross-species transferability. 

Conclusions: These markers provide a resource for population genetic studies in A. manglesii 

and other species within the genus. 

Key words: Anigozanthos; Catspaw; Haemodoraceae; Kangaroo Paw; microsatellite 

primers. 
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Introduction:  

Anigozanthos manglesii D. Don (Haemodoraceae), the Red and Green Kangaroo Paw, is a 

perennial wildflower endemic to the Southwest Australian Floristic Region. Flowering occurs 

be- tween July and November, with large inflorescences of red and green tubular flowers on 

stems up to a meter tall. These flowers are visited by nectar-feeding birds and invertebrates 

seeking nectar and pollen (Hopper, 1993). Differences in the foraging behaviour of vertebrates 

and invertebrates are predicted to have a significant impact on pollen dispersal patterns, 

multiple paternity, genetic diversity, and fitness of offspring (Krauss et al. 2017). 

Manipulation of pollinator access to inflorescences and paternity assignment of the resulting 

seeds allows for the quantification of pollen dispersal patterns by specific pollinators. Here, 

we describe the development of microsatellite markers that will facilitate future research on 

the genetic consequences of pollen dispersal by bird and invertebrate pollinators of A. 

manglesii. In particular, we will use these markers for mating system and paternity assignment 

following pollinator manipulation studies to test hypotheses of high paternal diversity for 

plants pollinated by nectar-feeding birds (Krauss et al. 2017). The degree of congeneric cross-

transferability of the markers was also assessed in eight other species, covering over 80% of 

the genus. 

Methods and Results: 

DNA was extracted from a leaf sample collected in Kings Park, Perth, Western Australia 

(Appendix 1), using the extraction method of Carlson et al. (1991), modified with the addition 

of potassium acetate after lysis incubation, a 5 M NaCl step, and an additional ethanol 

precipitation after the isopropanol precipitation. One hundred grams of DNA was sheared to 

approximately 300–400 bp using an S2 sonicator (Covaris, Woburn, Massachusetts, USA), 

and a single barcoded library was prepared using a NEBNext Ultra DNA Library Prep Kit 
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(New England Biolabs, Ipswich, Massachusetts, USA). Inserts sized 330–360 bp were 

selected by gel excision (E-Gel, Invitrogen/Thermo Fisher Scientific, Waltham, 

Massachusetts, USA), and the libraries were produced, assessed, and quantified using a 

Bioanalyzer 2100 (Agilent Technologies, Santa Clara, California, USA). The final library was 

diluted to 9 pM using a OneTouch 2 Template 400 kit (Life Technologies, Carlsbad, 

California, USA) and enriched. A Personal Genome Machine (PGM) semiconductor 

sequencer (Life Technologies) using 850 flows on a 316 sequencing chip produced 

approximately 350–400 bp read lengths. Signal processing, base-calling, and quality trimming 

were conducted using the default settings on Torrent Suite 4.0 (Thermo Fisher Scientific), and 

library-specific FASTQ files were generated. This resulted in 4.03 million reads with a modal 

read length of 354 bp and 2.4 Gb of data (National Center for Biotechnology Information 

[NCBI] Sequence Read Archive Bioproject no. PRJNA390010). 

Using QDD 3.1 software, all reads were screened for microsatellite containing regions 

(Meglecz et al. 2014). A total of 190,000 were identified. Thirty primer pairs were chosen for 

screening at a time. Primers chosen were all categorized as design A (no homopolymers, no 

other target microsatellites in flanking region, no nanosatellite in primer or flanking regions, 

pure not compound microsatellites), temperatures to determine an appropriate annealing 

temperature. To test for polymorphism, eight individuals were amplified at the chosen best 

temperature and analysed using Precision Melt Analysis (Bio-Rad Laboratories). The forward 

primer of primer pairs that amplified consistently across all eight individuals were each tagged 

with a fluorescent label (6-FAM, NED, VIC, or PET) compatible with the ABI 3500 

sequencer (Life Technologies). This process was repeated three times, until 15 reliable primer 

pairs were produced. All other primer pairs failed to amplify consistently and/or cleanly (i.e., 
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they displayed stuttering and allelic patterns were difficult to distinguish) across different 

DNA samples. 

To amplify microsatellite regions, PCR was performed on a Veriti Thermo- cycler (Life 

Technologies), either individually or in multiplex. Individual microsatellite loci (Am1, Am2, 

Am8, Am23, Am28, Am56, Am60, and Am79) were amplified using 10–20 ng of DNA with 

2 μL of 5× buffer containing dNTPs (Fisher Biotec, Wembley, Western Australia, Australia), 

2 mM MgCl2, 0.16 μM of both reverse and fluorescently labelled forward primers, and 0.05 

μL of 5.5 units/μL Taq polymerase (Fisher Biotec) in a 10-μL reaction. The amplification 

cycle began with a 1-min denaturation at 95°C; followed by 35 cycles of denaturation at 95°C 

for 10 s, annealing (at variable temperatures, see Table 1) for 30 s, and extension at 72°C for 

45 s; and a final extension of 15 min at 72°C. The remaining seven primer pairs were amplified 

across two multiplex mixes (primer mix 1 contained Am11, Am13, Am20, and Am29, all at 

0.2 μM; primer mix 2 contained Am2 [0.1 μM], Am75 [0.4 μM], and Am82 [0.3 μM]). All 

multiplex reactions used 6 μL of 2× Multimix (QIAGEN, Hilden, Germany), 2 μL of 5× Q-

solution (QIAGEN), 1.25 μL of primer mix, and 2.75 μL of 10–20 ng DNA in a final 12-μL 

reaction. The amplification cycle began with 15-min denaturation at 95°C; followed by 30 

cycles of denaturation at 94°C for 30 s, annealing (at variable temperatures, see Table 1) for 

90 s, and extension at 72°C for 90 s; and a final extension of 30 min at 60°C. PCR products 

were separated by capillary electrophoresis on an ABI 3500 Genetic Analyzer (Life 

Technologies), and allele sizes scored using Geneious version 7.1 (Biomatters Ltd., Auckland, 

New Zealand; http://www.geneious.com/). 
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Table 1. Characteristics of 15 microsatellite loci developed for Anigozanthos manglesii.  

Locus Primer sequences (5’ to 3’) 
Fluorescent 

label 

Repeat 

motif 

Size 

(bp) 

Annealing 

Temperature 

(0C) 

GenBank 

accession 

no. 

AM1 
F: TACTGAGATCGAACCACTTCTTG 

R: GGGATGGAGGTAGGACTGTT 
VIC (AG)15 190 61.5 KY853194 

AM2 
F: GTTGTGTTGTACTCGCTGGG 

R: GTCCTTGCTCTAGCCACCAA 
VIC (AT)7 91 65.5 KY853195 

AM8 
F: AACATGACTTAAGCTTCACTTTCG 

R: ACTTAGCCTTTCTGGCAAATG 
6-FAM (ATC)15 140 56 KY853196 

AM11 
F: AGTCGGACTAACTTGGCAGC 

R: CCACAACGATGTTGTCTTGC 
6-FAM (AAT)8 290 57 KY853197 

AM13 
F: TTGAGTAACGATGGCAAACTT 

R: TGACTTACCTTCATTCGCCA 
PET (ACAT)8 241 57 KY853198 

AM20 
F: CAACTCAAGAACAAAGAAGGAAG 

R: TGGTTTCTCTATCTGAGTTTGGAT 
6-FAM (AGC)8 193 57 KY853199 

AM23 
F: CTCGCTCTCCACAATCCACT 

R: TGGAATTCTCCTGCCTTCAC 
VIC (AG)14 120 60 KY853200 

AM28 
F: TGGTTTATCAATGGAACAATATAAGA 

R: CAAATGATGATAAATGAATGAATAAGA 
NED (AG)9 94 56 KY853201 

AM29 
F: TCCACCATATCCTACCGTGA 

R: GCTGCATTCACATCCTCAGA 
PET (AGC)11 119 57 KY853202 

AM56 
F: GGAAGTTGAAGAGGAGCTGGT 

R: ACAAGACAGTCAATTATTCATTCATTA 
VIC (AG)24 120 55 KY853203 

AM60 
F: TTTCCGGAACTGAAGGAAAG 

R: CCTGGCGAGGTTATTAAGCA 
VIC (AT)10 176 55 KY853204 

AM71 
F: AATCCGGAGCAAAGTATCCA 

R: TTGGGAGAGGAGACGCTTTA 
PET (AAG)8 263 64.5 KY853205 

AM75 
F: CAATGCATGACAGAAGGTTCA 

R: TTCTGCATGATCAGGGTAGTTG 
NED (AAG)8 300 65.5 KY853206 

AM79 
F: AACAATCACGGCTCCCTTT 

R: GAGATTGTTCCTCTCGCTGC 
6-FAM (AAG)12 237 64.5 KY853207 

AM82 
F: CTTTCCCATTCCCTCCCAT 

R: AGCTCCTTGACCAAGCACTG 
PET (AAG)8 177 65.5 KY853208 

Note: Ta = annealing temperature. 
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Primers were tested on leaf samples collected from three populations of A. manglesii 

(Appendix 1, Table 2). All 15 markers were polymorphic in at least one population. Analysis 

for observed heterozygosity, expected heterozygosity, and Hardy–Weinberg equilibrium was 

completed with GenAlEx (Peakall and Smouse, 2006, 2012). Observed and expected 

heterozygosities ranged from 0.182 to 0.950 and 0.133 to 0.931, respectively. A significant 

departure from Hardy–Weinberg equilibrium was recorded in different loci across the three 

populations (Table 2). Micro-Checker (van Oosterhout et al. 2004) identified the possibility 

of null alleles in some loci, but not consistently across populations. No stuttering or large 

allele dropouts were identified.  

Table 2. Genetic properties of 15 microsatellite loci for three populations of Anigozanthos 

manglesii. 

 
Kattidj (n=20) Korung National Park (n=25) Lovekin (n=24) 

A HO He HWE A HO He HWE A HO He HWE 

AM1 4 0.342 0.745 * 6 0.539 0.799 ** 20 0.650 0.931 * 

AM2 18 0.389 0.767 ** 7 0.350 0.499 ns 9 0.636 0.809 * 

AM8 16 0.500 0.914 ** 18 0.773 0.914 ** 11 0.333 0.880 *** 

AM11 9 0.579 0.799 ns 9 0.864 0.825 ** 9 0.708 0.773 ns 

AM13 14 0.600 0.880 * 8 0.714 0.787 ns 9 0.556 0.778 ** 

AM20 8 0.313 0.783 *** 13 0.500 0.869 *** 8 0.286 0.810 *** 

AM23 1 0.000 0.000 n/a 1 0.000 0.000 n/a 15 0.318 0.916 *** 

AM28 6 0.375 0.727 *** 8 0.238 0.833 *** 6 0.833 0.842 * 

AM29 9 0.529 0.808 ns 7 0.545 0.705 * 10 0.522 0.817 * 

AM56 2 0.133 0.124 ns 2 0.200 0.180 ns 5 0.261 0.363 ns 

AM60 3 0.421 0.342 ns 10 0.696 0.593 ns 1 0.000 0.000 n/a 

AM71 12 0.579 0.856 *** 14 0.909 0.874 *** 8 0.739 0.772 ns 

AM75 15 0.333 0.895 *** 9 0.750 0.834 *** 18 0.591 0.862 * 

AM79 9 0.474 0.838 *** 7 0.391 0.797 *** 15 0.952 0.901 ns 

AM82 11 0.700 0.818 ns 6 0.182 0.419 *** 11 0.667 0.747 * 

Note: A = number of alleles sampled; He = expected heterozygosity; Ho = observed heterozygosity; n = 

number of individuals sampled. Voucher and locality information are provided in Appendix 1. Statistically 

significant deviation from Hardy–Weinberg equilibrium is indicated as *P < 0.05, **P < 0.01, ***P < 0.001; 

ns = not statistically significant. 
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Using the same extraction and amplification methods as above, the primers were tested on 

DNA extracted from five individuals from each of A. bicolor Endl., A. flavidus DC., A. 

gabrielae Domin, A. humilis Lindl., A. preissii Endl., A. pulcherrimus Hook., A. rufus Labill., 

and A. viridis Endl. Success varied, with four to eight markers successfully amplified across 

different species (Table 3).  

Table 3: Results of cross-amplification (allele size ranges) of microsatellite loci isolated in 

Anigozanthos manglesii and tested in five individuals across eight additional taxa. Unsuccessful 

amplification is indicated by “-”. A. manglesii is included for comparison.  

 
A. 

manglesii 

A. 

bicolor 

A.  

flavidus 

A. 

gabrielae 

A. 

humilis 

A.  

preissii 
A. 
pulcherrimus 

A.  

rufus 

A. 

viridis 

AM1 152-258 - - - - - - - - 

AM2 89-109 87-89 - 81-89 81-89 89 89 89 89 

AM8 84-195 - - - - - - - - 

AM11 209-320 295-307 294 307-309 301-357 294 302-307 294-304 306-311 

AM13 240-280 - 247 - 180 - 177 - - 

AM20 178-230 179-184 190-197 188 151-190 - - 185-194 177-194 

AM23 105-159 102-125 106-131 128-130 103-153 104-122 116-140 103-145 - 

AM28 84-115 - - - - - - - - 

AM29 82-132 117-126 114-117 120 112-132 117-126 117-129 123-126 106-129 

AM56 84-107 - - - - - - - - 

AM60 162-187 - - - - - - - - 

AM71 258-322 271-294 - 265-271 262-286 - 276-290 276-294 274-290 

AM75 295-362 - - - - - - 289 - 

AM79 215-260 - - - - - - - - 

AM82 174-302 179-189 180-194 - 179-182 - - - - 

Total  7 6 6 8 4 6 7 5 

 

Conclusions: 

Fifteen microsatellite markers have been developed for A. manglesii. Without changing any 

of the amplification conditions, between four and eight of these markers successfully 

amplified in each of eight congeneric species. This suggests that with further species-specific 

refinement, these markers will provide a valuable resource for population genetic studies of 

the genus. 
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Supplementary: 

Table 4: Voucher information for Anigozanthos species used in this study. Vouchers are stored in 

the Western Australian Herbarium (PERTH), Perth, Western Australia; the Kings Park and Botanic 

Gardens Herbarium (KPBG), Perth, Western Australia; and the Australian National Herbarium 

(CANB), Canberra, Australian Capital Territory.  

Species Voucher specimen 

succession number 

Collection Locality Geographic 

coordinates 

N 

A. manglesii D. Don PERTH 2027925 Kings Park and Botanic 

Gardens, Perth (Kattidj) 

−31.9602 

115.8323 

20 

A. manglesii PERTH 2028069 Canning Mills Rd., Perth 

Hills (Korung National 

Park) 

−32.06666 

116.03333 

25 

A. manglesii PERTH 2883961 Kings Park, Perth (Lovekin) −31.9697 

 115.8294 

24 

A. bicolor Endl. KPBG 20040828 Mogumber, 37.7 km N from 

turnoff from Bindoon to 

Moora 

−31.05555 

116.043889 

5 

A. flavidus DC. PERTH 4661192 Mount Barker −34.766570 

117.4454163 

5 

A. gabrielae Domin KPBG 20060052 Mount Arid, slopes ca. 1 km 

due SW of summit 

−34.273611 

115.269722 

5 

A. humilis Lindl. CANB 701.549.1 Muchea −31.48345 

115.9333 

5 

A. preissii Endl. KPBG 20120597 17.2 km S of the Mt. Barker 

to Denmark rd. 

−49.976667 

117.620833 

5 

A. pulcherrimus 

Hook. 

KPBG 20091116 1.1 km from the Cockleshell 

Gully, Dandaragan 

−30.1414722 

115.0975833 

5 

A. rufus Labill. PERTH 5746167 Mullet Lake Nature Reserve −33.47261 

121.5949.2 

5 

A. viridis Endl. KPBG 20000308 5 km S Brennans bridge 

Scott River National Park 

−34.273611  

115.269722 

5 

 

Note: N=number of individuals 
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The following chapter was published online in Annals of Botany in May 2019. A copy of the 

published article can be found in Appendix Two.  
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Chapter Three: Near-neighbour optimal outcrossing in the bird-

pollinated Anigozanthos manglesii  

Abstract: 

Background and aims: In plants, the spatial and genetic distance between mates can 

influence reproductive success and offspring fitness. Negative fitness consequences 

associated with the extremes of inbreeding and outbreeding suggest that there will be an 

intermediate optimal outcrossing distance (OOD), the scale and drivers of which remain 

poorly understood. In the bird-pollinated Anigozanthos manglesii (Haemodoraceae) we tested 

i) for the presence of within-population OOD, ii) over what scale it occurs, and iii) for OOD 

under biologically realistic scenarios of multi-donor deposition associated with pollination by 

nectar-feeding birds.  

Methods: We measured the impact of mate distance (spatial and genetic) on seed set, fruit 

size, seed mass, seed viability, and germination success following hand pollination from i) 

single donors across 0m (self), <1 m, 1-3 m, 7-15 m, and 50 m and ii) a mix of eight donors. 

Microsatellite loci were used to quantify spatial genetic structure and test for the presence of 

an OOD by paternity assignment after multi-donor deposition.  

Key results: Inter-mate distance had a significant impact on single donor reproductive 

success, with selfed and nearest neighbour (<1 m) pollination resulting in only ca. 50 

seeds/fruit, lower overall germination success, and slower germination. Seed set was greatest 

for inter-mate distance of 1-3 m (148 seeds/fruit) thereafter plateauing at approximately 100 

seeds/fruit. Lower seed set following nearest neighbour mating was associated with 

significant spatial genetic autocorrelation at this scale. Paternal success following pollination 

with multiple sires showed a significantly negative association with increasing distance 

between mates 
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Conclusions: Collectively, single- and multi-donor pollinations indicated evidence for a near 

neighbour OOD within A. manglesii. A survey of the literature suggests that within population 

OOD may be more characteristic of plants pollinated by birds than those pollinated by insects.  

Keywords: Optimal outcrossing, inbreeding, Anigozanthos manglesii, hand-pollination, bird-

pollination, fitness, OCBIL 

Introduction: 

The sessile nature of plants and the dispersal kernels of their seed and pollen mean that 

neighbours are typically more closely related than more distant plants (Heywood, 1991; 

Vekemans and Hardy, 2004; Ellstrand, 2014). This spatial genetic structure means pollination, 

even across moderate distances, can encompass a large range in genetic distances between 

mates (Waser and Price, 1989). At one extreme, inbreeding between neighbouring plants can 

result in inbreeding depression, with a reduction in components of fitness such as seed set, 

germination, seedling growth and survival (Charlesworth and Charlesworth, 1987; Waser, 

1993; Dudash and Fenster, 2001). At the other extreme, mating between genetically divergent 

plants can result in outbreeding depression, potentially arising from a breakdown of coadapted 

gene complexes due to maladaptation or genetic incompatibilities, or the disruption of 

environment specific adaptations (Price and Waser, 1979; Bateson, 1980; Waser, 1993; 

Schierup and Christiansen, 1996; Dudash and Fenster, 2000; Edmands, 2007). A logical 

consequence of these extremes in mating is that an optimal outcrossing distance (OOD) exists 

somewhere in between. At the OOD, reproductive success is maximized through a reduction 

in the detrimental effects of inbreeding and outbreeding depression, termed “Fritz Müller’s 

Law” (Müller, 1883; Bateson, 1978; Price and Waser, 1979).  

While outbreeding depression is often seen after mating between species, data in support of 

this phenomenon within or between populations of a taxon are less common (Frankham et al. 
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2011). Evidence for ODD has been found after single-donor hand pollination experiments 

between plants at large spatial scales (e.g. Montalvo & Ellstrand 2001; Galloway & Etterson 

2005; Pélabon et al. 2005), as well as at small spatial scales of only a few metres within 

populations (e.g. Price and Waser 1979; Waser and Price 1989, 1994; Quilichini et al. 2001; 

Grindeland 2008). An OOD of short to intermediate geographic distances is predicted to occur 

primarily in plant species with highly restricted pollen and/or seed dispersal (Price and Waser 

1979). Ultimately, the spatial scale across which this phenomenon might occur remains poorly 

understood, as does the role of pollination vector, seed dispersal strategy and general life-

history parameters.  

For an estimated 90% of plant species (Ollerton et al., 2011), pollen dispersal patterns are 

predominantly determined by the behaviour of animal pollinators. Typically, an animal will 

display an optimal foraging strategy that maximises energy gain relative to energy expended 

(Pyke et al. 1977). For pollinators, this is usually achieved by foraging between nearby 

flowers (Waser, 1982). For the plants they pollinate, such behaviour often results in self- 

and/or near-neighbour pollination. Therefore, pollen is typically dispersed in a leptokurtic 

pattern, with most pollen grains dispersed close to the pollen source, and fewer grains 

dispersed far away from the source (Levin and Kerster, 1974; Proctor et al., 1996). While both 

invertebrate and vertebrate pollinators tend to follow this near-neighbour foraging pattern, 

realised pollen dispersal may be influenced by other factors. Pollinator mobility inter- and 

intra-species interactions, may disrupt optimal foraging by pollinators (Ford et al., 1979; 

Orians and Milewski, 2007; Hasegawa et al., 2015; Krauss et al., 2017). Additionally, 

pollinator grooming can influence the extent of pollen carryover, altering pollen dispersal 

patterns (Holmquist et al., 2012). Due to pronounced variation in animal behaviour and 
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morphology, different groups of pollinators are predicted to display a range of pollen dispersal 

patterns (Krauss et al. 2017).  

Vertebrate pollination, especially by birds, is common in many parts of the Southern 

Hemisphere, often in old climatically buffered infertile landscapes, OCBILS (Hopper, 2009; 

Hopper et al., 2016; Krauss et al., 2017). In the temperate OCBILS of the Southern 

Hemisphere, bird-pollination is dominated by honeyeaters (Meliphagidae), sunbirds 

(Nectariniidae) and lorikeets (Psittaculidae, subfamily Loriinae). Honeyeaters and sunbirds 

tend to display aggressive territorial behaviours that interrupt foraging bouts (Wolf, 1978; 

Ford, 1979; Ford and Paton, 1982; Higgins et al., 2001; Padyšáková et al., 2017), often 

resulting in departure from near-neighbour mating (Krauss et al., 2009; Llorens et al., 2012; 

Frick et al., 2014). Further, pollen transport by birds can result in higher levels of pollen 

carryover than pollen transport by bees (Castellanos et al. 2003). Birds lack the extensive 

grooming behaviour of bees, which is thought to reduce the magnitude of pollen carryover 

(Robertson 1992; Castellanos et al. 2003; Holmquist et al. 2012; Krauss et al. 2017). In bird-

pollinated plants, both departure from predominantly near-neighbour pollination and higher 

levels of pollen carryover are likely to increase genetic diversity and conserve heterozygosity. 

This may be one reason bird-pollination is prevalent in older landscapes, where plant 

populations are often more naturally fragmented (the James Effect [Hopper 2009]). 

Multiple paternity within fruits usually results in high levels of genetic variation among 

offspring, (Karron et al., 2012; Rhodes et al., 2017) increasing the likelihood that some 

offspring will be adapted to a variable environment (Karron and Marshall 1990; 1993). High 

levels of pollen carryover can also increase competition amongst pollen grains (Winsor et al., 

2000; Skogsmyr and Lankinen, 2002), or provide greater opportunities for direct female 

choice (Skogsmyr and Lankinen, 2000; Pannell and Labouche, 2013). Conversely, pollen 
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carryover may also increase the likelihood of pollen being provided from individuals 

extremely closely related, or extremely distantly related (Price and Waser, 1979; Waser and 

Price, 1989, 1994; Waser et al., 2000), potentially realising the negative effects associated 

with inbreeding and outbreeding depression.  

Evidence for multiple paternity has been found in many plant species, and is thought to be 

widespread in outcrossing species (Campbell, 1998; Burkhardt et al., 2009; Pannell and 

Labouche, 2013). Despite this, to our knowledge, experimentation has not yet been used to 

investigate optimal outcrossing under more biologically realistic multi-donor pollination. 

Here, for the first time, we aimed to address this gap in knowledge by performing both single- 

and multi-donor hand pollination. Our experiments were undertaken with Anigozanthos 

manglesii (Haemodoraceae), a preferentially outcrossing bird-pollinated wildflower from the 

Southwest Australian Floristic Region (SWAFR). Plants of A. manglesii produce up to twenty 

flowers, with large floral features that can be easily manipulated for hand-pollination. Due to 

the gravity dependent seed dispersal of A. manglesii (Hopper 1993), we hypothesise that: 1) 

there will be strong fine scale spatial genetic structure, and 2) that inter-mate fitness will be 

associated with this spatial genetic structure, due to the effects of inbreeding depression after 

nearest-neighbour mating and outbreeding depression after mating between genetically distant 

mates. If hypotheses 1 and 2 are supported, we hypothesise: 3) the existence of a within-

population optimal outcrossing distance (OOD) after both single- and multi-donor hand 

pollination.  

Materials and Methods: 

Study Species and Site:  

Anigozanthos manglesii, the Red and Green Kangaroo Paw (Figure 1), is endemic to the 

Southwest Australian Floristic Region and characterised by large showy, red and green 
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inflorescences, on stems between 30-80cm tall (Hopper, 1993). There are two subspecies of 

A. manglesii, the southern A. manglesii subsp. manglesii and the northern A. manglesii subsp. 

quadrans (Hopper, 1987, 1993). Both species produce copious amounts of sugary nectar (up 

to 250 µL per flower per day (Hopper 1993). Flowers are visited primarily by nectar-feeding 

birds (Hopper and Burbidge, 1978), as well as by the introduced European honeybee (Apis 

mellifera), and potentially scansorial mammals. Up to twenty flowers open progressively over 

several days beginning from the bottom of the inflorescence. Seed set and germination success 

tend to be higher in basal fruits (Tieu et al., 2001). Dried fruits dehisce during early summer 

and the small, hard seeds drop through wind-shake or other agency directly below the maternal 

plant (Hopper, 1993). Populations separated by as little as 15 km have been shown to be 

genetically differentiated (Bussell et al., 2006).  

Experiments were conducted in a population of A. manglesii subsp. manglesii in the bushland 

area of Kings Park, ca 300 ha urban remnant within the Perth metropolitan area (31° 57' 

20.5''S, 115°, 50', 27.9''E). Although found naturally throughout bushland areas of the reserve, 

Figure 1: Anigozanthos manglesii flowering head with a New Holland Honeyeater. Photo SD Hopper 
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additional A. manglesii of unknown provenance were introduced into parts of the park through 

broadcast seeding, though this practice ended in the early 1990’s (Kings Park and Botanic 

Garden 1995, R Glowacki, Botanic Gardens and Parks Authority, pers. comm.).  

Spatial Genetic Structure: 

To determine the spatial genetic structure of the population, DNA was extracted from leaf 

samples taken from all maternal plants and their donors using a modified Carlson Extraction 

method (Ayre et al., 2017). Amplification of 10 microsatellite markers (Am1, Am2, Am8, 

Am11, Am13, Am20, Am29, Am71, Am75 and Am82) and genotyping on an ABI 3500 

Genetic Analyser (Life Technologies) proceeded as per Ayre et al. (2017). Scoring of 

microsatellite alleles was undertaken in Geneious version 7.1 (Biomatters). Spatial genetic 

structure was assessed by a Mantel test of correlation between genetic and spatial distances, 

as well as Spatial Autocorrelation Analysis (SAA) in Genlaex 6.5 (Peakall and Smouse, 2006, 

2012). Spatial Autocorrelation Analysis was investigated using the ‘Single Pop’ function. 

Distance classes were chosen to correlate with the hand pollination treatments described 

below, and repeated at 1 m, 2 m, and 5 m intervals. We used 9999 permutations with a 

bootstrap re-sampling procedure run 10000 times to estimate the 95% confidence interval.  

Single Donor Hand Pollination 

To test for the reproductive consequences of intra-population mate distance, we enclosed 72 

inflorescences in a fine mesh and wire cage that prevented access by all potential pollinators. 

In Spring 2015 (23rd September-20th October) and 2016 (7th September-4th October) all open 

flowers across 36 experimental plants (nine per treatment) were emasculated and donor pollen 

applied by hand. In 2015, single donor pollen was applied from either the same plant (Self-

pollination), or a donor plant from 1-3 m (Neighbour), or between 20-55 m (Distant). After 

preliminary analysis, distance classes were refined to include three extra pollen treatments in 
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2016: No Pollen (flowers emasculated), <1 m (Nearest Neighbour) and 7-15 m (Intermediate). 

The 20-55 m (Distant) was repeated to control for year to year variation. In all cases, stigmas 

were coated with pollen grains harvested from respective donor plants in the previous 30 

minutes. Anthers were removed with tweezers and stored in 1.5ml Eppendorf tubes between 

collection and pollination, and pollen provided to stigmas directly off the collected anther. An 

average of 6.7 flowers per experimental plant were pollinated, <1 m = 60 flowers across 9 

plants; 1-3 m = 52 flowers, 9 plants; 7-15 m = 70 flowers, 9 plants; 20-55 m = 36 flowers, 7 

plants (two lost via predation) and 62 flowers, 9 plants in 2015 and 2016 respectively. A total 

of 105 flowers across 9 plants were self-pollinated. 

Multiple Donor Hand Pollination 

To assess the influence of mate distance on reproductive success under the more realistic 

scenario of multiple pollen donor deposition, pollen mixes were provided to the stigmas of 

100 flowers across nine maternal plants. In 2015, eight donor plants located between 0.6 and 

60m from experimental maternal plants were chosen from within the study population 

(Supplementary Figure 1). While all the distance classes used in the single-donor experiments 

are represented, the majority (63%) of pollen donors in the mixed pollen treatment occurred 

between 20-50 m away from maternal plants.  

Pollen mixes were created by combining one anther from each donor plant in an Eppendorf 

tube. A toothpick was used to dislodge pollen from anthers. Maternal flowers were 

emasculated, and donor pollen applied until the stigmas were visibly covered in pollen. Each 

flower received a single application of pollen from all eight donors. A total of 100 flowers 

were pollinated across the nine maternal plants.  
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Data Collection and Analysis 

The location of all experimental plants was mapped each year using a differential Global 

Positioning System (dGPS), and a spatial distance matrix for pollen donors and recipients 

created. Fruits were harvested between late December and early January each year. Fruit size 

was measured (length and width), and the number of seeds per fruit counted. Due to the high 

number of seeds produced (total of 35 441 seeds across the entire experiment), all seeds in the 

self-pollination treatment, and ten percent of seeds from all other experimental plants were x-

rayed (Faxitron MX-20 X-ray cabinet, Tucson, AZ, U.S.A.) to assess viability. Seeds with a 

visible endosperm were considered viable, and those without a visible endosperm as inviable 

(e.g. Kamra 1964; Gagliardi and Marcos-Filho 2011). Viable seeds were grouped by fruit and 

weighed, and the average individual seed mass calculated for each fruit. Fifteen viable seeds, 

from three fruits per plant, were heat shocked at 100°C for 3 hours in an oven to break 

dormancy (Tieu et al., 2001). To induce germination, seeds were plated on 5% agar, and 

placed in a 15°C incubator, with 12hrs of light and 12hrs of dark. Germination success and 

vigour (overall percent germinated and time to 50% germination respectively) were scored 

over four weeks. Seeds were considered to have germinated when the radical was observed to 

be a third of the length of the seed itself. 

The fitness consequences of mate distance were assessed using fruit volume (fruit length ×

π(
widest width

2
)2), the number of seeds per fruit, seed mass, seed viability, and germination 

success. As all data sets violated the assumption of normality, and could not be transformed 

to fit a normal distribution, the impacts of treatments were determined using the non-

parametric Kruskal-Wallis rank sum test, followed by a post-hoc Dunn test (Dinno, 2017; R 

Development Core Team, 2019).  
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Seedling paternity analysis:  

Seedlings were genotyped with the previously described 10 microsatellite markers to (i) 

confirm the paternity of seeds following self-pollination, and (ii) determine the individual 

siring success of donor plants after mixed pollination. Paternity was assessed for 45 putatively 

selfed and 270 multi-donor seedlings (ten per fruit, three fruits per plant) using CERVUS 

(Kalinowski et al., 2007). The simulation parameters for CERVUS to assign paternity to the 

most-likely sire with a known level of statistical confidence were: 10,000 cycles of simulation, 

8 candidate fathers, 1.0 as the proportion of the population sampled and 0.01 as the proportion 

of mistyped loci. Confidence levels calculated using the LOD score (the natural log of the 

overall likelihood ratio) were 80% for relaxed confidence and 95% for strict confidence of 

assignment of paternity to offspring. The percentage of seeds fathered by each paternal donor 

per maternal plant was calculated. A pairwise test of proportions was used to test if there was 

variation in the proportion of seeds fathered by different pollen donors using RVAideMemorie 

(Herve 2018).  

Results: 

Spatial Genetic Structure:  

The Mantel Test showed no overall significant relationship between genetic and spatial 

distance within the study population (p=0.260). However, Spatial Autocorrelation Analysis 

detected significant spatial genetic structure in the smallest distance class of 0-1 m (r = 0.189, 

p = 0.006), with a stabilising profile for distances up to ca. 2.5 m (Figure 2). At all distances 

exceeding 2.5 m, there was no significant autocorrelation between pairwise multilocus 

genotypes.  
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Effect of inter-mate distance: single donors  

Year of pollination had no effect on the number of seeds per fruit, seed viability, overall 

germination success and time to fifty percent germination, as assessed for the 20-55m 

treatment (Figure 3). However, fruit volume (χ² = 71.78, p = 0.007) and seed mass (χ² = 46.59, 

p = 0.005) were both significantly lower in 2015 than 2016.  

Only 26% of self-pollinated flowers produced fruit containing seed. Fruits originating from 

self-pollination were the smallest and contained the lowest number of seeds (Figure 3). 

Paternity assignment with CERVUS confirmed that all seeds collected from selfed treatments 

were the product of self-pollination, with no non-maternal alleles expressed in any of the 

progeny. 

Although there was no overall significant correlation between the average number of seeds 

produced and the spatial distance between mates (r = 0.05, p = 0.78), there was a significant 

difference between distance classes (p<2.2e-16). Nearest neighbour pollination produced an 

average of 50 seeds per fruit, followed by maximum seed production (148 seeds/fruit) at 1-3 

m, and all further distances plateauing at ~100 seeds/fruit (Figure 3B). All outcrossed flowers 
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Figure 2: Correlogram showing the genetic correlation coefficient r as a function of distance, for distance class 

sizes of 1m, 5m, 15m and 50m. Red lines show the 95% confidence interval around the null hypothesis of a random 

distribution of genotypes. Error bars indicate the 95% confidence of r as determined by bootstrapping 
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produced fruit with seed, and >97% of seed were viable for all treatments (Figure 3D). Inter-

mate distance had an overall negative effect on seed mass (Figure 3C), (p = 8.77e-11, r = -

0.416). The number of seeds produced per fruit and fruit size were positively correlated 

(p<2.2e-16, r = 0.685).  

The seed of nearest neighbour mating (<1 m) had significantly lower germination success than 

all other non-selfed distances (Figure 3E). Nearest neighbour and selfed crosses also had a 

longer time to 50% germination than all other crosses (Figure 3F), with seeds from self-

pollinated flowers taking on average two extra days, and those of nearest neighbour crosses 

an extra day.  

By combining the fitness metrics described above, an estimate of the number of germinating 

seeds per fruit can be produced. Comparing this new metric to the best performing mate 

distance (1-3 m), shows a reduction in germinating seeds per fruit. After self-pollination, 

flowers produced 3% of the optimum seed per fruit, nearest neighbour (<1 m) was 29%, while 

intermediate (7-15 m), distant (20-55 m) and mixed were 65-69% of the optimum.  

Effect of inter-mate distance: multiple donors  

A. Fruit, seed set and germination success  

After mixed donor crosses, flowers produced an average of 98 seeds per fruit, significantly 

less than the optimal 148 seeds per fruit (p = 3.492e-05) for the near-neighbour (1-3 m) 

treatment, and similar to the ca. 100 seeds per fruit of intermediate and distant crosses (Figure 

3). 
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Figure 3 Tukey’s boxplots showing the effect of distance between mates after single and multi-donor hand 

pollination on Anigozanthos manglesii. i) Fruit Size, ii) Number of viable seeds per fruit, iii) Mass (mg) of viable 

seeds, iv): Percent viability, v) Total germination success and vi) Days to fifty percent germination. 

A B 

C D 

E F



Chapter Three: Near-neighbour optimal outcrossing 

58 

B. Paternal success:  

Out of 270 progeny, paternity was successfully assigned to all but twelve seeds. Within each 

fruit, between six to eight sires were identified, with individual paternal donors siring 6%-

20% of all offspring within a fruit (Figure 4). In general, donor success was strongly correlated 

to the average pairwise genetic distance between parents (Figure 4), excluding donor number 

six (p = 0.0032, r2 = 0.85). If we include donor number six, there was a non-significant trend 

(p = 0.065, r2 = 0.46). There was significant variation between donor plant siring success (chi-

squared = 18.6443, df = 7, p = 1.58e-0.3). Donors six, one and two had the highest success 

(siring 19%, 20% and 17% of seedlings respectively), while donors seven and eight had the 

lowest success (6% and 7% respectively).  
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Figure 4 Percent of Anigozanthos manglesii offspring fathered by each paternal donor after pollen from 8 

donors was provided simultaneously. Paternal donors are ordered based on the average genetic distance 

between the donor and maternal plants, reported in the arrow bellow the graph. Error bars indicate standard 

error, and letters grouping by Dunn test significance (p<0.05). 
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Paternal success of individual donors decreased with increasing spatial distance between 

mates (Figure 5), with a significant weak negative correlation between spatial distance and 

paternity success (r2 = -0.28, p = 0.026) (Figure 5i), and genetic distance and paternity success 

(r2 = -0.303, p = 0.023) (Figure 5ii). However, the majority of pollen used in the mixed 

treatment (63.3%) was transferred 20 to 50 m between donor and maternal plant. When 

comparing pollen donor success to the distance categories used in single-donor pollination, 

there was no difference between siring success and the number of crosses at that distance. 

Two percent of pollen was transferred <1 m, and 2.1% of all seed were sired by plants within 

this distance class. Likewise, 5% of pollen was moved <3 m (5.8% sires, p = 0.7), 23% <15 

m (28.7% sires, p = 0.075) and 64% at <50 m (63.3% sires, p = 0.64).  

Discussion: 

Inter-mate distance had a significant effect on reproductive fitness in an Anigozanthos 

manglesii population, with an optimum detected at 1-3m following controlled hand-

pollinations. Reduced fitness for mates within 1m likely reflects inbreeding depression 

associated with significant spatial genetic autocorrelation at this scale. The strength of this 

inbreeding depression was substantial, with seed set following mating between nearest 

neighbours 30% that of the OOD. Beyond an inter-mate distance of 3m, seed set following 

single-donor pollination was ca 65% of the optimum. However, single-donor pollination is 

probably unrepresentative of pollination in wild populations. Under such conditions, there is 

likely to be extensive pollen carryover due to the behaviour of the highly mobile nectar-

feeding birds that pollinate A. manglesii, leading to multi-donor pollen deposition onto 

stigmas. Under the more realistic scenario of hand pollination with multiple donors, siring 

success declined with increasing inter-mate distance (both geographic and genetic).  
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Figure 5. Effect of i) spatial distance (r=0.28, p= 0.026) , and ii) genetic distance (r=-0.30, p= 

0.023) between parents on the percentage of Anigozanthos manglesii seeds fathered by each pollen 

donor after pollen from 8 donors was provided simultaneously (r=-0.30, p= 0.023).  
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Consequently, multi-donor pollinations support the conclusion from single-donor pollinations 

that an OOD exists for near neighbours. It also highlights the role of competitive interactions 

within the pistil, that appear to drive the negative association between reproductive success 

and inter-mate distance at a surprisingly fine spatial scale. 

Within-population optimal outcrossing after multi-donor pollination  

To our knowledge, very few studies have tested for an association between inter-mate genetic 

or spatial distance and reproductive success following multi-donor pollination. In Persoonia 

mollis (Proteaceae), applying a fifteen-donor pollen mix to the flowers of the same fifteen 

plants revealed that the most successful mate pairs had an intermediate genetic dissimilarity, 

suggesting a fine-scale intermediate OOD (Krauss, 2000). However, further assessment of 

results found that the individual fitness of pollen donors was more important in determining 

siring success than the distance between mates (Krauss 2000). Here, for A. manglesii, we 

propose that the genetic and spatial distance between mate-pairs is the primary driver behind 

the success of pollen donors. Siring success decreased with increasing spatial and genetic 

distance between mates, suggesting that near-neighbour mating gives a paternal donor a 

competitive advantage compared to more distant crosses. This is likely being driven by female 

choice, interactions between pollen and the pistil, and competitive interactions between pollen 

grains from multiple donors.  

Mechanisms that allow the pistil of a flower to recognise and reject pollen from closely related 

genetic individuals are widespread across plant species (Hiscock and Allen, 2008). The 

rejection of pollen can occur pre-fertilisation, where it is driven by a complex series of 

chemical and cellular interactions between pollen and stigma, resulting in reduced pollen grain 

germination, or pollen tube growth (e.g. Silva and Goring 2001; Souto et al. 2002; Hiscock 

and Allen 2008). We know this can be influenced by distance between parents- with 10m 
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crosses of Delphinium nelsonii resulting in 20% more pollen tubes than any other pollen cross 

(Waser and Price 1993). There are no pre-fertilisation barriers in A. manglesii after self-pollen 

deposition, with pollen tubes from self-pollen grains successfully reaching the ovules 

(Sukhvibul, 1991). Instead, self-incompatibility occurs post-fertilization, with most self-

fertilized ovules aborted (Sukhvibul, 1991). In seed plants generally, abortion of inbred 

embryos occurs during early seed development with considerable evidence indicating that 

plants abort seeds selectively (Bookman, 1983; Lee, 1984; Casper, 1988; Rocha and 

Stephenson, 1990; Niesenbaum, 1999). Here, both pre- and post-fertilization barriers may also 

be reducing seed production after crosses >3m. Due to maternal epigenetic factors and 

paternal gene expression, mating between distantly related individuals can lead to lower or 

slower pollen germination, stunted or slower pollen tube growth, and non-random seed 

abortion, though these effects are typically seen between taxa as a form of reproductive 

isolation (e.g. Lopez et al. 2000; Kirkbride et al. 2015; Swanson et al. 2016).  

Lower overall seed set after multi-donor pollination compared to OOD single-donor 

pollination appears to be a result of non-random seed abortion of sub-optimal mates 

(associated with distance), with multi-donor pollination resulting in 35% less seeds per fruit 

than the observed maximum. Selective abortion has been quantified in other species using 

supplemental hand pollination and anther removal, where the application of outcross pollen 

with self-pollen results in lower seed set than seed set following pollination with only outcross 

pollen (Marshall 1988; Waser and Price 1991; Aizen and Harder 2007). The removal of 

anthers from immature flowers can also raise overall seed set per fruit (de Jong et al. 1992). 

Abortion rates can be influenced by the timing of pollen application, with simultaneous 

application of self and outcross pollen sometimes lowering set (Waser and Price 1991). In 

some species, self-pollen appears to influence seed set only if applied before outcross pollen, 
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suggesting that when they are provided together outcross pollen is outcompeting self-pollen 

(Galen et al., 1989).  

Although the genetic distance between mates was associated with individual siring success, 

there was a secondary effect of the siring success of individual paternal donors (for example, 

see donor six in Figure 4). These differences between paternal donors could be partly 

explained by variation in the absolute number of pollen grains present on an anther and hence 

applied to a stigma (as we applied one anther from each pollen donor to our mix) or differences 

in pollen grain viability and vigour. Most A. manglesii anthers produce > 95% viable pollen, 

although individuals with <80% viable have been documented (Hopper 1977). Anigozanthos 

manglesii have long styles up to 4cm, providing ample opportunity for pollen competition as 

pollen tubes race towards ovules (Lankinen and Skogsmyr, 2001). This may allow individuals 

with faster pollen tube growth and/or greater compatibility with the maternal tissue to father 

a greater percentage of offspring. Pollen tube growth rate has been correlated with the number 

of seeds sired by individual plants (Snow and Spira, 1991; Lankinen and Skogsmyr, 2001), 

but is yet to be investigated in detail in A. manglesii. Multiple fertilized ovules (up to 280) 

within the fruit of A. manglesii provides a further opportunity for mate-mate competition and 

differential pollen donor success through selective abortion of developing embryos. 

Within-population optimal outcrossing after single-donor pollination 

The clear pattern of within population optimal outcrossing after single donor hand pollination 

was associated with spatial genetic structure within this population, where mate pairs <2.5m 

apart were genetically more related than mate pairs >2.5m apart. This fine scale genetic 

structure suggests that the historical introduction of A. manglesii seeds up until the 1990s into 

parts of the Kings Park bushland (R Glowacki, Botanic Gardens and Parks Authority, pers. 

comm) has no impact on natural population structure at our study site. Instead, it likely reflects 
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the natural patterns of seed dispersal via gravity, while beyond 2.5m the spatial genetic 

structure is being eroded by the highly mobile behaviour of bird pollinators, a situation also 

surmised for other populations of bird-pollinated plants (Williams and Waser, 1999; Krauss 

et al., 2009). 

The spatial genetic structure evident in A. manglesii, coupled with reduced seed set and 

germination success in self- and nearest-neighbour pollinated flowers, indicates that genetic 

factors are responsible for decreased progeny performance following inbreeding. Lower total 

germination and germination vigour (measured as time to 50% germination) was seen after 

mating among nearest neighbours (< 1m), despite all sown seeds having a visible endosperm 

and being heat shocked to break dormancy. No difference in germination success or seedling 

vigour was seen after crosses greater than 1m, showing that while outbreeding depression only 

influences seed production, the impact of inbreeding depression extends to early stage 

seedling performance. These impacts may extend into later growth stages, with earlier 

germinants sometimes showing a competitive advantage over later germinants, though this 

has been primarily tested between species (Seiwa, 1997; Weitbrecht et al., 2011; Baskin and 

Baskin, 2015; Vaughn and Young, 2015). Nevertheless, germination success has been found 

to be negatively correlated with mating between closely related individuals in other species 

(Baskin and Baskin, 2015).  

While there was a ca 35% reduction in the number of seeds per fruit after single-donor crosses 

of > 3m, this reduction is not as severe as the ca 70% reduction after mating between nearest 

neighbours. Consequently, for seed set in A. manglesii, the strength of inbreeding depression 

is at least twice that of outbreeding depression (relative to the OOD). All crosses between 

mates > 3m apart produced ca 100 seeds per fruit, a similar amount to that found following 

single-donor interpopulation crosses of up to 400km (Hopper, 1980). This suggests that at a 
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landscape-scale there is a negligible impact of inter-mate distance on reproductive success in 

A. manglesii, at least following single-donor pollination. Given the high seed set after 

pollination at any distance >1m, high levels of multiple paternity after mixed pollen deposition 

and uniformly high germination success, frequent mating beyond the OOD are unlikely to 

have an overall negative fitness impact on A. manglesii persistence.  

Strategies favouring outcrossing are predicted to be common in the flora of the Southwest 

Australian Floristic Region, where old climatically buffered infertile landscapes (OCBIL) are 

common (Hopper and Gioia, 2004; Hopper, 2009) and plant populations are naturally patchy 

within the landscape. Hypotheses as to why outcrossing is favoured focus on the James Effect 

(Hopper 2009) - natural selection for genetic, cytogenetic or phenotypic adaptations (such as 

floral traits that encourage bird visitation and hence pollination) leading to frequent 

outcrossing and pollen movement across long distances to conserve (and even enhance) 

heterozygosity in the face of inbreeding due to small population size (Hopper and Burbidge, 

1986; Krauss et al., 2017). This heterosis has been demonstrated in another bird-pollinated 

South West Australian species, Banksia ilicifolia, where seed set after crossing between plants 

20km apart was greater than that following local crossing (Heliyanto et al., 2005). Pollination 

is expected to be especially important in achieving outbreeding as many OCBIL species lack 

the ability to disperse seeds widely (Hopper, 2009). 

Pollinator strategy and optimal outcrossing 

Of the twenty-two species we are aware of where tests have been undertaken for within 

population optimal outcrossing, eight are predominately bird-pollinated, thirteen are insect-

pollinated, one wind-pollinated, and one self-pollinated (Table 1). Among these studies, 5 of 

8 (62.5%) of primarily bird-pollinated species exhibited within population optimal 

outcrossing compared to 4 of 13 (30.8%) primarily insect-pollinated species. Like A. 
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manglesii, most of the species investigated are herbs with limited seed dispersal, suggesting 

that life form is not contributing to the difference. Instead, pollination strategy could play an 

important role in the prevalence of within population optimal outcrossing. Of the other bird-

pollinated studies, two hummingbird pollinated species showed an OOD distance of between 

1-10m (Price and Waser, 1979; Waser and Price, 1989), the honeyeater pollinated Grevillea 

mucronulata showed an OOD at 30-55m (Forrest et al. 2011), while Grevillea repens showed 

decreasing fruit and seed set with increasing pollination distances in multiple populations, and 

the opposite in another (Holmes et al. 2008). The conflicting results between populations for 

G. repens was attributed to the impact of population genetic structure, with the population that 

showed evidence of inbreeding depression benefiting from wide 

outcrossing, highlighting the importance of understanding within population genetic variation 

and its spatial structure (Holmes et al., 2008).While the fine scale genetic structure of bird-

pollinated species is often not reported, two North American bird-pollinated species display 

similar spatial genetic structure to A. manglesii. The hummingbird pollinated Ipomopis 

aggregata (Table 1) displays significant spatial autocorrelation at <5m (Campbell and 

Dooley, 1992), while the insect and hummingbird pollinated, Delphinium nuttallianum 

displays structure at <10 m (Williams and Waser 1999). The presence of fine scale genetic 

structuring and small genetic neighbourhoods may partially explain the presence of within 

population OOD.  
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Table 1. Species where within-population optimal outcrossing has been assessed after experimental single-donor hand pollination. 

OOD= Optimal Outcrossing Distance, SI= Self-incompatible, SC= Self-incompatible 

Species Life form 
Seed 

dispersal 
Scale assessed Fitness assessed 

Within-Population 

OOD 
Pollinators Reference 

Delphinium 

nelsonii 

Herb 

SC 

Within 1 m Self,1,3,10,30, 

100,1000 m 

Seed set per flower 

Seedling survival, 

growth rate 

3-10 m  

Highest seed set, highest 

survival and faster 

production of flowers 

Hummingbirds 

Bumblebees 

Price and 

Waser 1979; 

Waser and 

Price 1994 

Castilleja 

miniata 

Herb 

SI 

Unreported Self, 0.5,2,10,30 

m (1979) and 

self, 0.5,1,5,10, 

30 m (1980) 

Seeds per pod 2 m (1979 & combined) 

Seeds per pod (no OOD 

detected in 1980) 
Hummingbird 

Lertzman 

1981 

Blandfordia 

nobilis 

Herb 

SI 

Unreported 0-5, 10, 50,  

200 m 

Seed set per 

unparasitized carpel 

Not detected 

No difference between 

treatments 

Honeyeaters 

Zimmerman 

and Pyke 

1988 

Espeletia 

schultzii 

Shrub 

SI 

Within 2m 1,3,6,10,15, 

20,50, 150, 

500 m, 10km, 

78km (variation 

between sites and 

years) 

Proportion of filled 

achenes, proportion of 

aborted seeds, seedling 

survivorship 

Not detected 

Lower success after 

near-neighbour crosses 

Hummingbirds  

Bumblebees  

(Berry and Calvo, 

1989) 

Sobrevila 

1988 
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Ipomopsis 

aggregata 

Herb 

SI 

Within 1m 0,1,10,100 m Seed set, seedling 

survival, flowering 

time,  

10 m  

Higher seed set, higher 

seedling survival, greater 

chance of 

flowering/earlier 

flowering  

Hummingbirds 
Waser and 

Price 1989 

Impatiens 

capensis 

Herb 

SC 

Ballistically; 

within 20cm 

2,10,50 m Seed mass, seed 

maturation, emergence, 

seedling height 

29 m (estimate)  

Height of offspring at 1 

month 

Hummingbirds  

Bumblebees  

(Travers et al., 

2003) 

McCall et 

al. 1991 

Anchusa crispa Herb 

SC 

Ants;  

Within 75 cm 

(Quilichini 

and 

Debussche, 

2000) 

Self, 5-10,  

10-20, 20-30 m 

Achenes per fruit, 

germination, survival, 

cymes per plant, 

flowers per cyme  

Not detected 

Selfed-pollinated plants 

have lower number of 

achenes per fruit and 

germination but higher 

survival, cymes per plant 

and flowers per cyme 

Hummingbirds 

Insects 

Quilichini et 

al. 2001 

Grevillea 

mucronulata 

Shrub 

SI 

Gravity Self, 1-4 m, 30-

50 m, 5 km 

Initiation, seed set, seed 

size, seed mass, 

germination time, 

seedling height, leaf 

area, number of leaves 

30-50 m  

Highest seed set, seed 

size, germination, leaf 

area, number of leaves 

Honeyeaters  
Forrest et al. 

2011 
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Picea glauca Tree <200 m 0-3200 m 

(including self 

and nearest 

neighbour) 

Seed set, germination, 

seedling growth,  

Not detected 

Lower viability and 

seedling height after self-

pollination 

Wind-pollinated 
Coles and 

Fowler 1976 

Scleranthus 

annuus 

Herb 

SC 

Gravity Self, 6,12,25,50, 

100 m 

Seedling stamen 

arrangements and 

fertility  

6-12 m 

Highest number of 

stamens, more 

staminodes developing 

into fertile stamens 

Self  

(occasionally ants) 

Svensson 

1988 

Polemonium 

viscosum 

Herb 

 SI 

Unreported Randomly paired 

up to 60 m 

Number of seeds, seed 

mass 

Not detected 

Distance has no impact 
Bumblebees 

Newport 

1989 

Costus allenii Herb 

SC 

Unreported mean 

interparental 

distances of 60, 

200, 264 and 

 318 m- included 

multiple pollen 

donors 

Seed production, seed 

weight, percent 

germination, vegetative 

growth 

Average 264 m 

Highest seed production 

and percent germination  
Euglossine bees 

(Schemske 1981) 

Schemske 

and Pautler 

1984 

Phlox 

drummondii 

Herb 

SI 

Explosive 

force of fruit 

Self, random up 

to 35 m 

Seed abortion Not detected 

Self-pollination increases 

seed abortion 

Lepidopterans Levin 1984 
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Amianthium 

muscaetoxicum 

Herb 

near SI 

Unreported 5,15,60 m Fruit production, seeds 

per fruit, seeds per 

plant, seed mass 

Not detected 

Lower fruit production & 

seeds per fruit after near-

neighbour crosses in two 

of three populations  

Beetles (Travis 

1984) 

Redmond et 

al. 1989 

Gentiana 

pneumonanthe 

Herb 

SC 

 

Wind; 

within a few 

meters  

Self, 1-50 cm, 50-

100 cm, 

1-2 m, 2-5 m, 5-

10 m, 10-20 m, 

>20 m and 800 m 

Seed set and seed mass, 

germination, seedling 

mass, adult mass, total 

relative fitness 

Not detected 

 

Lower fitness after self-

pollination 

Bumblebees 
Oostermeijer 

et al. 1995 

Agave schottii Shrub 

SC 

Within a few 

meters 

1,10,100,2500 m Fruit set, seed set, seed 

mass, germination, 

combined relative 

fitness  

10 m 

Seed set combined 

relative fitness 

Bumblebees & 

Spinx moths 

(Schaffer and 

Schaffer, 1977) 

Trame et al. 

1995 

 

Gentianella 

germanica 

Herb 

SC 

Wind; 

less than 

130cm 

(Verkaar et 

al., 1983) 

 

 

 

Self,1 m, 10 m, 

25 km 

Seeds per fruit, seed 

mass, germination rate, 

number of leaves, 

rosette diameter, 

cumulative leaf length, 

surviving plants (over 

175 days) 

10 m 

Faster germination, 

larger number of leaves, 

rosette size Diptera & small 

bees 

Fischer and 

Matthies 

1997 
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Trillium 

erectum 

Herb 

SC 

Ant dispersal; 

0.02-10m 

1,10,100,1500 m Fruit and seed 

production, seed: ovule 

ratio 

Not detected 

Lower seed production 

after self-pollination  

Insect Irwin 2001 

Trillium 

grandiflorum 

Herb 

SC 

Ant dispersal; 

0.02-10m 

1,10,100,1500 m Fruit and seed 

production, seed: ovule 

ratio 

Not detected 

Lower seed production 

after self-pollination 

Insect Irwin 2001 

Alstroemeria 

aurea 

Herb 

SC 

Within a few 

meters 

1,10,100 m Germinated pollen 

grains, number of 

pollen tubes,  

Not detected 

Pollen tube number 

increases with distance 

Bumblebees 
Souto et al. 

2002 

Digitalis 

purpurea 

Herb 

SC 

Ballistically; 

within a few 

meters 

Self,1,6,30 m Seed set, seed mass, 

germination, seedling 

survival, seedling 

growth, time to 

flowering, flower 

number 

6 m 

Highest cumulative 

fitness (seed 

germination, juvenile 

survival, flower number) 

Bumblebees 
Grindeland 

2008 

Grevillea 

sphacelata 

Shrub 

SI 

Unreported <5 m, 200 m, 3-4 

km away 

Fruit development, fruit 

set, seeds per fruit, seed 

mass, germination 

success, seedling 

survival, seeding 

growth, seedling 

photosynthesis 

Not detected 

Distance had negligible 

impact  
Insect (primarily 

Apis mellifera)  

Ayre and 

O’Brien 

2013 
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Phlox hirsuta Herb 

SI 

Gravity; 

within 1m 

1, 10, 100 m, 

6740 m 

Seed set, seed abortion, 

seed mass, emergence, 

radical length, 

cotyledon emergence, 

number of leaves, 

number of flowers  

Not detected 

No impact-within 

population, shorter 

radicles and less 

cotyledon emergence 

after between population 

crosses 

Insects 
Ruane et al. 

2015 
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A higher prevalence of within population OOD in bird-pollinated species is unexpected. Inbreeding 

depression in most of the reported species can be explained by short-distance seed dispersal leading to 

fine scale spatial genetic structuring and bi-parental inbreeding. Outbreeding depression at the small 

scales observed is much harder to explain, particularly in bird-pollinated species, with pollination by 

birds often leading to extensive pollen dispersal within and sometimes between plant populations 

(Krauss et al., 2009; Llorens et al., 2012; Frick et al., 2014; Bezemer et al., 2016), which erodes fine 

scale spatial genetic structure (Krauss et al., 2009). The apparent prevalence of both outbreeding and 

inbreeding depression may both be partially explained by short distance seed dispersal, with 

overlapping genetic neighbourhoods increasing the chance of mating between highly unrelated 

individuals occurring after crosses over short distances.  

While more studies are needed to test the generality of our observations, and the mechanisms behind 

it, an explanation of higher prevalence of OOD in bird-pollinated species could be that high pollen 

carryover and therefore mixed donor pollination creates more opportunities for pollen competition and 

female choice (both pre- and post-fertilisation) within the long styles that are typical for bird pollinated 

plants (Hanley et al. 2009). This may give bird-pollinated species a greater capacity for competitive 

interactions among pollen donors and between pollen donors and the maternal plant. More studies that 

combine hand-pollination with an understanding of fine-scale spatial genetic structure may show that 

optimal outcrossing within populations is more common in species with a combination of restricted 

seed dispersal, wide pollen dispersal, deposition of pollen from multiple donors on stigmas, and long 

styles. Implementing more realistic scenarios of multi-donor pollination is critical to reveal more details 

of the complex relationship between inter-mate distance and fitness in plant populations.  
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Chapter Four: Effectiveness of native nectar-feeding birds and the 

introduced Apis mellifera as pollinators of the kangaroo paw, 

Anigozanthos manglesii (Haemodoraceae).  

Abstract: 

Plants pollinated by vertebrates are often visited by native and exotic insects foraging for 

pollen and nectar. We compared flower visitation rates, foraging behaviour, and the 

contribution to reproduction of nectar-feeding birds and the introduced honeybee Apis 

mellifera in four populations of the bird-pollinated Anigozanthos manglesii (Haemodoraceae). 

The behaviour of floral visitors was quantified with direct observations, motion-triggered and 

hand-held cameras. Pollinator access to flowers was manipulated by enclosure in netting to 

either exclude all visitors or to exclude vertebrate visitors only. Apis mellifera was the only 

insect observed visiting flowers, and the most frequent flower visitor, but primarily acted as 

a pollen thief. While birds visited A. manglesii plants only once per week on average, they 

were 3.5 times more likely to contact the anther and/or stigma as foraging honeybees. 

Exclusion of birds resulted in 67% fewer fruits and 81% fewer seeds than flowers left open 

and unmanipulated. Unnetted flowers that are open to bird and insect pollinators showed 

pollen-limitation and a large variation in reproductive output within and between sites. 

Although honeybees are able to successfully pollinate other Australian plants, compared to 

birds, they are highly inefficient pollinators of A. manglesii. 

 Key words: Pollinator exclusion, bird-pollination, Apis mellifera, honeybee, pollen 

limitation, pollen-thief  
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Introduction: 

Worldwide, approximately 500 of 13,500 vascular plant genera have members pollinated by 

birds (Sekercioglu 2006; Whelan et al. 2015). While some plants are pollinated by one or a 

few bird species, most nectarivorous birds, including those with highly specialised beak 

morphology, feed on a range of plant species (Johnson 2010; Abrahamczyk et al. 2014). A 

diverse range of bird families are involved, but hummingbirds, sunbirds and honeyeaters are 

the groups of pollinators richest in species (Krauss et al. 2017). Unlike some other pollen 

vectors, birds often display aggressive territorial behaviour (Stiles 1975; Hopper 1980a; 

Temeles and Kress 2010) and are likely to move further within and between populations than 

many of their insect counterparts (Stiles 1975; Phillips et al. 2014; Krauss et al. 2017). Bird-

pollination is more prevalent in the tropics and in the Southern Hemisphere (Krauss et al. 

2017), and a feature of plant communities on old, climatically buffered, infertile landscapes 

(OCBILS) (Hopper 2009; Hopper et al. 2016). One explanation for this trend is the James 

Effect (Hopper 2009) - the selection for adaptations that conserve heterozygosity in small 

populations. Indeed, there is evidence that, compared with insects, birds facilitate 

comparatively wide outcrossing, high paternal diversity, and connect fragmented plant 

populations (Breed et al. 2014; Krauss et al. 2017), most likely through carrying large, 

genetically diverse pollen loads over greater distances.  

In many cases, bird-pollinated flowers are also visited by other pollinator groups, particularly 

non-flying mammals and bees (Goldingay 1990; Anderson et al. 2016). However, the 

morphological features that promote bird-pollination may show a mismatch with the 

morphology and foraging behaviour of insect visitors, meaning that they are comparatively 

ineffective at removing and/or depositing pollen (Castellanos et al. 2004; Hargreaves et al. 

2009; Stang et al. 2009; Hargreaves et al. 2012). Insect visitors may act as nectar and/or pollen 
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‘thieves’, visiting flowers but not contacting stigmas, or contacting the stigmas but only 

depositing poor-quality pollen (heterospecific, self), or no pollen at all (Hargreaves et al. 

2009). They may also act as ‘robbers’ if they damage the flowers while committing floral 

larceny (Maloof and Inouye 2000). Most animals that thieve pollen or nectar are legitimate 

pollinators of other plant species, suggesting that in many cases the pollination efficacy of a 

particular animal taxon for a given plant is driven primarily by floral traits, rather than the 

foraging behaviour of the pollinator (Hargreaves et al. 2009).  

One of the most common insect visitors to flowering plants is Apis mellifera, the European 

Honeybee (Han et al. 2012). Although its native range encompasses Europe, Africa and the 

Middle East, it is now found across all continents except Antarctica (Han et al. 2012). In 

Australia, the European honeybee was introduced in the 1820’s, with feral and managed 

colonies now spread across the continent (Pyke 1999). They visit flowers of at least 1000 

Australian plant species spanning over 200 genera (Paton 1996). While they are able to 

successfully pollinate some native Australian species (e.g. Vaughton 1992; Paton 1993; Gilpin 

et al. 2016), they are also known to disrupt the foraging of native insects (e.g. Paini 2004; 

Gross 2001) and vertebrate pollinators (e.g. Paton 1993; Vaughton 1996). There is some 

evidence that the presence of A. mellifera reduces seed production and/or rates of pollination 

for some predominantly bird-pollinated plants (Taylor and Whelan 1988; Vaughton 1996). 

The efficacy of A. mellifera at transferring pollen can depend on whether they are foraging on 

nectar or collecting pollen, with pollen foraging leading to more frequent contact with the 

stigma in primarily vertebrate pollinated plants (e.g. Paton and Turner 1985; Ramsey 1988; 

Vaughton 1992; Paton 1993).  

Plants with floral traits indicative of vertebrate pollination may be reliant on the presence of 

vertebrate pollinators to maintain reproduction (Ratto et al. 2018). While bird pollination is 
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often associated with vivid red tubular flowers, little detectable floral scent, and copious 

amounts of diluted nectar (Johnson and Wester 2017), flowers in a diverse range of other 

colours and shapes are visited by nectar-foraging birds (Cronk and Ojeda 2008; Shrestha et 

al. 2013). A recent meta-analysis of 126 studies (Ratto et al. 2018) identified that the exclusion 

of all vertebrate pollinators from plants resulted in an average 63% reduction in fruit and seed 

production, with exclusion of birds resulting in an average of 43% fewer fruits and seeds. 

Many species of vertebrates that visit flowers (birds, bats, scansorial mammals, primates and 

lizards) are in decline, with an average of 2.5 of these species per year moving one category 

closer to extinction on the IUCN Red List of Threatened Species (Regan et al. 2015). While 

there are few studies assessing the long-term impacts of reduced vertebrate pollinator 

abundance, there is some evidence for an association between a reduction in bird-pollinators 

and plant population decline (Carpenter 1976; Rathcke 2008; Anderson et al. 2011; Sakai et 

al. 2002).  

The Southwest Australian Floristic Region (SWAFR) has the highest incidence of bird-

pollination in the world, with 15% of flowering plant species pollinated by birds and/or 

mammals including 40% of threatened flora (Keighery 1980; Hopper and Gioia 2004; Hopper 

2009). It is not known if this apparent increased extinction threat is caused by a tendency for 

rare species to evolve bird pollination or is driven by the characteristics of bird-pollinated 

species (Phillips et al. 2010). However, we have observed an overall reduction in nectar 

feeding bird and small-mammal abundance and diversity throughout the SWAFR over the last 

sixty years, including the local extinction of species (Recher and Servety 1991; Garavanta 

1997; How and Dell 2000; Davis et al. 2013). Here, we aim to determine the contribution of 

nectar feeding birds and A. mellifera to the pollination of Anigozanthos manglesii 

(Haemodoraceae), a wildflower endemic to south-western Australia. Anigozanthos manglesii 
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has long, tubular flowers that are foraged on by nectar feeding honeyeaters (Hopper and 

Burbidge 1978) and has no known native insect pollinators. While there are few records of 

visitation by A. mellifera (Hopper 1993), their impact on the pollination of A. manglesii is 

unknown, and their high abundance in the study region and generalist foraging behaviour may 

mean that their visitation rates are underestimated. We hypothesise that, for A. manglesii 1) 

nectar feeding birds will be more frequent visitors to flowers than insects, 2) Apis mellifera 

will be the most common insect visitor, 3) the mismatch between floral structure and 

pollinator body size will cause honeybees to primarily act as nectar robbers and thieves, 4) as 

a result of this mismatch, flowers that are excluded from nectar-feeding birds will set less seed 

and fruit than flowers open to all potential pollinators.  

Methods:  

Study species and sites 

Anigozanthos manglesii is a perennial wildflower characterised by large showy, red and green 

inflorescences (Figure 1), on stems between 30-110cm tall (Hopper 1993). There are two 

subspecies recognised, the northern A. manglesii subsp. quadrans, and the southern A. 

manglesii subsp. manglesii. An individual inflorescence produces between 5 to 30 red and 

green tubular flowers that open in stages over successive days from the base upwards, with 

higher seed set and greater germination success seen in basal fruits of wild pollinated flowers 

(Tieu et al. 2001). The flowers of both subspecies have six anthers between 5-12mm, a long 

stigma of up to 4cm, and produce up to 250µl of nectar per day (Hopper and Burbidge 1978). 

While flowers are typically red and green, rare individuals with combinations of purple, pink, 

yellow, orange and green flowers are also found across the species distribution. It is 

preferentially outcrossing (Hopper 1980b), with lower seed set and germination success after 
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self-pollination or bi-parental inbreeding. After hand pollination, outcrossing results in an 

average of 100 seeds per fruit, with a maximum of 300 seeds per fruit (Ayre et al. 2019). 

Anigozanthos manglesii flowers are pollinated by nectar-feeding birds (Hopper and Burbidge 

1978; Hopper 1993), with documented visits by Western Spinebill (Acanthorhynchus 

superciliosus), Red Wattlebird (Anthochaera carunculata), Brown Honeyeater (Lichmera 

indistincta), Singing Honeyeater (Lichenostomus virescens), Tawny-crowned Honeyeater 

(Phylidonyris melanops), White-cheeked Honeyeater (Phylidonyris nigra), and New-Holland 

Honeyeater (Phylidonyris novaehollandiae). The Red-capped Parrot (Purpureicephalus 

spiurius) and Silvereye (Zoterops lateralis) are also known to visit A. manglesii (Brown et al. 

1997), but are likely to rob nectar or consume flowers (Hopper 1993). In parts of its 

geographic range, A. manglesii is potentially pollinated by small non-flying mammals, such 

as the pygmy possum and honey possum, but this has not been confirmed (Brown 1988; 

Hopper 1993). Insects have not been recorded pollinating A. manglesii flowers, though bush 

crickets (Zaprochilinae sp.) have been seen feeding on pollen grains of open and unopened 

flowers (Bailey and Lebel 1998), while ants (species unreported) and A. mellifera have been 

observed occasionally thieving nectar (Hopper 1993).  

Pollinator surveys and experimentation were conducted in four populations of A. manglesii 

subsp. manglesii. There were two study populations in Kings Park bushland (KP1 at 31.966°E, 

115.830°S and KP2 at 31.962°E, 115.829°S), an urban reserve of 300ha within the Perth 

metropolitan area, and two in Korung National Park (KN1 at 32.081°E, 116.091°S and KN2 

at 31.962°E, 115.829°S), a 6000ha National Park south-east of Perth. The overstory of Kings 

Park bushland is dominated by the bird-pollinated Banksia menziesii and B. attenuata and the 

wind-pollinated Allocasuarina fraseriana (Recher 1997), with scattered trees of the 

predominantly insect-pollinated marri (Corymbia calophylla), tuart (Eucalyptus 
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gomphocephala) and jarrah (Eucalyptus marginata) (Yates et al. 2005). Korung National Park 

is an open jarrah forest, with widespread Banksia sessilis, a species commonly visited by 

nectar feeding honeyeaters (Collins 1985). In Kings Park bushland, the community of nectar 

feeding birds consists of Brown Honeyeaters, Red Wattlebirds, Western Wattlebirds 

(Anthochaera lunulata), Singing Honeyeaters, Western Spinebills, White-cheeked 

Honeyeaters (Phylidonyris nigra), New Holland Honeyeaters (Phylidonyris 

novaehollandiae), Silvereyes (Z. lateralis) and the introduced Rainbow Lorikeet 

(Trichoglossus moluccanus) (Recher and Servety 1991, Recher 1997; Davis and Wilcox 2013, 

Atlas of Living Australia 2019). Within Korung National Park, there are scattered recorded 

sightings of Gilbert’s Honeyeater (Melithreptus chloropsis) and the above nectar feeding birds 

(Atlas of Living Australia 2018). Although historically abundant, mammal pollinators are now 

thought to be locally extinct at both sites. 

Flower visitors 

To determine the abundance and pollination effectiveness of animal visitors to A. manglesii, 

we observed visitors to flowers in all four populations in both 2015 and 2016. Observations 

of birds were undertaken between dawn and dusk for twelve days in Spring 2015 and Spring 

2016, during the peak flowering time of A. manglesii. Direct observations were only made in 

clear weather, whilst motion triggered cameras recorded data in all weather conditions. In both 

2015 and 2016, patches of A. manglesii at each site were observed between dawn to dusk, 

with 45x 20-30-minute surveys undertaken, and any bird visits recorded.  

In 2016, ten camera traps (Reconyx HC 500) were placed out for four weeks across September 

and October at the site KP1. Cameras were attached to wooden stakes with cable ties, 

positioned between 50cm to 1m away from the flower, level with the respective flowering 

height of each plant. They were set at high sensitivity, rapid-fire picture interval, and to take 
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ten photos over 9 second each time the camera was triggered. Each camera was active for 660 

hours. For each series of images with animal visitation, the animal species was identified, the 

number of flowers probed and instances of contact with anthers and/or stigma recorded. 

Visitation rates are estimates, due to known imperfections with camera traps accurately 

detecting all bird foraging events (e.g. Krauss et al. 2018). 

 In this study camera traps were unable to detect insect visitation. Instead, direct observations 

of visiting insects were undertaken during days when bird-observations were conducted, as 

well as during weekly visits to field sites to ensure the integrity of the enclosures used to 

manipulate pollinator visitation (refer below). In addition, 40 honeybee foraging events were 

videoed (NIKON D3300) over ten hours in 2017. The number of flowers probed and contact 

with anthers, nectaries and/or stigma were logged.  

Exclusion Experiment 

In both 2015 and 2016, the contribution of bird and insect visitors to pollination was assessed 

by manipulating access to plants with wire or mesh constructs (Figure 1). Each year, across 

each of the four populations, three treatments were applied, with nine replicate plants per 

treatment (different plants in each year): 1) total exclusion, with plants enclosed in a fine mesh 

(<1mm) to exclude all insect and vertebrate foragers, 2) vertebrate excluded plants, with plants 

enclosed in a wire mesh (1cm) to allow insect visitors but exclude vertebrates (A. mellifera 

were observed moving in and out of cages to visit flowers) and 3) no exclusion, with plants 

left open for both vertebrate and insect visitors. Following flowering, mature fruit (capsules) 

were collected just prior to dehiscence, between late December and early January. 
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Fruits were stored in paper envelopes for a minimum of eight weeks, before fruit size (length 

and width) was measured and the number of seeds within each fruit counted. Seeds were x-

rayed (Faxitron MX-20 X-ray cabinet, Tucson, AZ, U.S.A.) as an indicator of viability. Seeds 

with a visible endosperm were considered viable, and those without a visible endosperm as 

inviable (e.g. Kamra 1964; Gagliardi and Marcos-Filho 2011). Viable seeds were grouped by 

fruit and weighed, and the average individual seed mass calculated for each fruit. Ten viable 

seeds, from three fruits per plant, were heat shocked at 100°C for 3 hours in an oven to break 

dormancy (Tieu et al. 2001), before being germinated on filter paper in a 15°C incubator, with 

12hrs of light and 12hrs of darkness. Seeds were considered germinated when the radical was 

a third of the length of the seed. Germination success was assessed daily over 30 days 

Data Analysis  

The location of flowering plants within each population was mapped each year using a 

differential Global Positioning System (dGPS), and the density of each population determined 

by dividing the number of flowering plants by the size of the population. As all data sets 

violated normality assumptions and could not be transformed to fit a normal distribution, 

Figure 1A) 1mm netting providing total pollinator exclusion and b) 1cm chicken wire excluding vertebrate pollinators 

from Anigozanthos manglesii. Photos B Ayre. 
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differences within and between years, sites and treatments were determined using the non-

parametric Kruskal-Wallis rank sum test, followed by a post-hoc Dunn test (R Development 

Core Team 2016; Dinno 2017).  

Results:  

Flower Visitors: 

A. Birds and mammals 

During 100 hours of direct observation in Kings Park, the only vertebrate visitors seen 

foraging on A. manglesii was a pair of Singing Honeyeater (L. virescens). In Korung National 

Park nine birds were seen foraging over eighty hours of direct observation; six Brown 

Honeyeaters, a Singing Honeyeater, a Western Spinebill and a White-cheeked Honeyeater.  

Camera traps in Kings Park recorded 22 visits by Brown Honeyeater, one by a Singing 

Honeyeater and one by a Silvereye (Figure 2). The timing of visits ranged from 4.45am to 

2.38pm, with 75% of visits occurring between 8am and 11am. Of the 22 Brown Honeyeaters 

captured by camera traps, 94% foraged on flowers. Multiple flowers on the same plant were 

probed during 45% of recorded foraging visits, and an individual flower was probed twice on 

16% of recorded visits (mean +/- SE; 2.13 flowers ± 0.20). Anthers and stigmas were 

contacted during 47.1% and 45.1% of probes respectively (Figure 3). Only one visit from a 

Singing Honeyeater was recorded, and no flowers were probed (Figure 2C). One Silvereye 

foraging event was captured, where the bird created slits in two flowers through which to 

consume nectar, and no contact was made with either the anther or stigma (Figure 2D). Despite 

the proven efficacy of Reconyx HC 500 camera traps at recording visitation by nocturnal 

nectarivorous vertebrates in the study region (Krauss et al. 2018), none were detected in this 

study. 
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Figure 2: Camera trap images and video stills of nectar-feeding birds and Apis mellifera visiting Anigozanthos 

manglesii. From L-R, Top to bottom: A) Brown Honeyeater feeding on nectar while contacting anther and stigma, 

B) A Brown Honeyeater stealing nectar C) Singing Honeyeater perched on A. manglesii stem, D) Silvereye 

creating slits in the base of A. manglesii flowers, E) A. mellifera foraging for nectar and F) A. mellifera foraging 

for pollen.  
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B.  Insects 

Four species of bush cricket (Hemisaga denticulata, an Elephantodeta nobilis nymph, 

Kawanaplila natree and a juvenile Phasomodes ranatriormis) were all observed either 

consuming pollen from unopened and opened flowers or found on flowers that showed signs 

of recent pollen predation. Ants (species unknown) were observed consuming nectar, but 

without contacting the plant’s reproductive structures. Apis mellifera were observed foraging 

on flowers throughout the day (~8am to 6:30pm), with flowering plants visited an average (± 

SE) of 4.25 ± 1.07 times per hour. Across the forty flower visits by A. mellifera recorded by 

video, 97.5% of visits involved foraging on pollen (Figure 2F), with only one attempt at nectar 

foraging recorded (Figure 2E). 

When foraging for pollen, A. mellifera contacted the stigma 12.8% of the time (Figure 3). An 

average of 1.9 ± 0.06 flowers within the focal area were visited per foraging event, with 8.8% 

of flowers visited twice and 2.9% visited three times. Apis mellifera were observed gathering 

from all anthers and removing vast quantities of pollen every visit. 

0% 20% 40% 60% 80% 100%

Nectary

Anther

Stigma
Apis mellifera

Honyeaters

Figure 3: The percentage of time honeyeaters and the introduced Apis mellifera 

contacted the anther, stigma and nectaries while foraging on Anigozanthos manglesii. 

Error bars are standard errors.  



Chapter Four: The birds and the bees 

101 

Pollinator Exclusion:  

A. Fruit Set 

Fruit set varied significantly amongst all treatments. Open flowers produced more fruits (70% 

± 3%) than plants from which vertebrates were excluded (26 ± 2%; χ2 = 142.69, P < 0.001) 

and all pollinators were excluded (18 ± 2%; χ2 = 115.01, P < 0.001). Plants from which 

vertebrates were excluded produced more fruits than those from which all pollinators were 

excluded (χ2 = 52.393, P < 0.001). Comparing within sites and years (Figure 4), seed set does 

not differ between total pollinator excluded flowers and vertebrate excluded flowers except in 

KP2 in 2016 (17 ± 6% cf. 47 ± 6%; χ2 = 46.77, P < 0.001).  

A. Seed Set 

Flowers that were open to all potential pollinators produced more seeds per fruit (Figure 5) 

than flowers from the treatments with exclusion of vertebrate pollinators and total pollinator 

exclusion (χ2 = 488.39, P < 0.001). There was one exception, KP1 in 2015, where open 

pollinated flowers produced an average of 22.6 ± 2.3 seeds per fruit, compared to 9.4 ± 1.2 

seeds per fruit in vertebrate excluded flowers (χ2 = 25.81, P = 0.29).  

In most sites and years there was no significant difference in the numbers of seeds per fruit 

between the vertebrate exclusion and complete pollinator exclusion treatments (Figure 5). 

However, in KP2 in 2016 vertebrate exclusion resulted in 8.3 ± 0.7 seeds/fruit, compared to 

2.7 ± 3.0 seeds/fruit produced in the complete pollinator exclusion treatment (χ2 = 135.81, P 

< 0.001).  
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Figure 4:Tukey’s boxplots showing fruit set following pollinator exclusion treatments on Anigozanthos 

manglesii flowers across four sites and two years. Total Exclusion = Flowers excluded from all pollinators, Bird-

Exclusion = Flowers excluded from all bird pollinators and No exclusion = Flowers that were left open and 

unmanipulated. Squares represent the mean, thick horizontal lines the median, and black dots outliers. Letters 

indicate significance groupings with a p <0.05 threshold. KN1 = Korung National Park Site 1; KN2= Korung 

National Park Site 2; KP1 = Kings Park Site 1; KP2 = Kings Park Site 2.  
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There was great variation across sites and years in numbers of seeds per fruit produced 

following open pollination. In 2015, plants in Korung National Park produced a greater 

number of seeds per fruit than plants in Kings Park (χ2 = 167.89, P < 0.001), with 64.0 ± 4.2 

seeds per fruit compared to 29.1 ± 1.9 in Kings Park. The reverse of this pattern was seen in 

2016, with Korung National Park plants producing fewer seeds per fruit than plants in Kings 

Park (34.4 ± 2.8 cf. 46.2 ± 2.8 seeds per fruit, respectively a 53.7% decrease, χ2 = 217.32 , P 

< 0.01, and 63.1% increase, χ2 =344.47 , P < 0.01, in production from the preceding year). 

The total number of seeds per fruit following total exclusion of pollinators was equivalent 

across sites and years (χ2 = 567.03, P > 0.05). 

B. Fruit volume 

There was no consistent effect of year, site, plant, or exclusion treatment on fruit volume 

(Supplementary Figure 1), with no overall site, treatment or year showing significantly higher 

fruit volume than any other (P > 0.05). Fruit volume and number of seeds per fruit were found 

to be weakly correlated (r2 = 0.38, P < 0.001), with fruit volume increasing with increasing 

numbers of seeds per fruit. 

C. Seed mass 

There was no clear effect of site, year, or exclusion treatment on seed mass (χ2 = 585.0, P = 

0.52). Seed mass and the number of seeds per fruit were not correlated (r2 = -0.087, P = 0.068). 

Seed mass ranged from 0.03 mg to 1.8 mg per seed, highlighting great variation in seed mass 

for each treatment (Supplementary figure 2). 
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Figure 5: Tukey’s boxplots showing seeds per fruit after pollinator exclusion treatments on Anigozanthos manglesii 

flowers across four sites and two years. Total Exclusion = Flowers excluded from all pollinators, Bird-Exclusion = 

Flowers excluded from all bird pollinators and No exclusion = Flowers that were left open and unmanipulated. Squares 

represent the mean, thick horizontal lines the median, and black dots outliers. Letters indicate significance groupings 

with a p <0.05 threshold KN1 = Korung National Park Site 1; KN2= Korung National Park Site 2; KP1 = Kings Park 

Site 1; KP2 = Kings Park Site 2.  
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D. Seed viability 

There was no overall difference in seed viability between treatments, sites or years (χ2 = 3.69, 

P = 0.16; Supplementary figure 3). Within sites and exclusion treatments there is some 

variation between years (Supplementary Table 1). In KP2, seed viability was greater in 2016 

(99 ± 0%) compared to 2015 (96 ± 1%; χ2 = 33.0, P < 0.0001), while in KN1 seed viability 

increased from 82 ± 4% in 2015 to 86 ± 0% in 2016 (χ2 = 16.05 , P = 0.01). There was no 

difference between years in KP1 (χ2 = 75, P = 0.42) and KN2 (χ2 = 1.39, P = 0.33).  

E. Germination 

There was no difference in germination success (Figure 6) between seeds collected from 

flowers that had all pollinators excluded (mean of 72 ± 4%) and those that had vertebrate 

pollinators excluded (mean of 77 ± 2%) within any site or year (χ2 = 34.41 , P > 0.05). 

Germination success of flowers open to all pollinators varied between sites and years. KN2 

flowers that had vertebrates excluded had particularly high germination success in 2015, with 

88 ± 6% germination success compared to 63 ± 8% of seeds from open flowers (χ2 = 5.95, P 

< 0.01). In 2016, this decreased to 71 ± 5% (χ2 = 10.22, P < 0.01). No site, treatment or year 

had consistently faster germination (time to fifty percent germination) than another 

(Supplementary Figure 4).  

A. Population density 

The density of flowering plants varied between sites and years, being highest in KN2 in 2015, 

with 1.78 plants per m2, and lowest in KP2 in 2016, with only 0.018 plants per m2. 
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Figure 6: Tukey’s boxplots showing germination success after pollinator exclusion treatments on Anigozanthos 

manglesii flowers across four sites and two years. Total Exclusion = Flowers excluded from all pollinators, Bird-

Exclusion = Flowers excluded from all bird pollinators and No exclusion = Flowers that were left open and 

unmanipulated. Squares represent the mean, thick horizontal lines the median, and black dots outliers. Letters indicate 

significance groupings with a p <0.05 threshold. KN1 = Korung National Park Site 1; KN2 = Korung National Park Site 

2; KP1 = Kings Park Site 1; KP2 = Kings Park Site 2.  
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Discussion:  

Exclusion of bird pollinators had a negative impact on the reproductive output of 

Anigozanthos manglesii. Despite possessing floral traits that suggest regular pollination by 

birds (Hopper 1993), Apis mellifera was the most frequent visitor to A. manglesii flowers 

across all populations and years. Exclusion of bird visitors resulted in 67% fewer fruits and 

80% fewer seeds than flowers left open and unmanipulated. The floral structure of A. 

manglesii appears to compromise the effectiveness of A. mellifera as a potential pollinator, 

with seed production in plants from which vertebrates were excluded equal to those from 

which all pollinators were excluded. This is partially due to the size and behaviour of 

honeybees, with the frequency of honeybee stigma contact one-third of that observed for 

native nectarivorous birds. Consequently, effective pollination of A. manglesii is primarily 

reliant on nectar-feeding birds.  

Flower visitation 

A. Introduced European Honeybee  

Contrary to expectations, A. mellifera was the most common flower visitor, the primary insect 

pollinator, and almost exclusively foraged on pollen instead of nectar. While there is a record 

of A. mellifera foraging on A. manglesii, it was considered to be an occasional occurrence 

focused on nectar foraging, and unlikely to result in pollination due to the distance between 

nectaries and stigmas (Hopper 1993). In contrast, we found that when A. mellifera foraged on 

A. manglesii they focused on pollen collection, with honeybees visibly removing most of the 

pollen from anthers in a foraging bout. In some other Australian plant species, pollination 

success appears to be influenced by the resource A. mellifera is foraging on. Higher levels of 

pollination occur if pollen is being collected rather than nectar (Ramsey 1988; Vaughton 

1992). A high stigma contact rate was not seen here when A. mellifera was foraging for pollen- 

with the stigma only contacted during 13% of flower visits. If contact was made, it typically 
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occurred in the middle of a foraging event, increasing the chances of pollen from the same 

plant being deposited. Given the significantly lower fruit and seed production after exclusion 

of vertebrate pollinators, it appears that A. mellifera are ineffective pollinators of A. manglesii.  

While there are several Australian plant species that are successfully pollinated by A. mellifera 

(Vaughton 1992; Paton 1993; Gross 2001; Yates et al. 2005; Gilpin et al. 2016), many species 

appear to have fruit and/or seed production disrupted (e.g. Paton 1988, 1993; Taylor and 

Whelan 1988; Vaughton 1996; Higham and McQuillan 2000; Celebrezze 2002; Celebrezze 

and Paton 2004). This may be caused by A. mellifera displacing native pollinators. For 

example, an increase in the numbers of A. mellifera foraging on Callistemon spp. reduced the 

density of New Holland Honeyeaters (P. novaehollandiae) and their flower visitation rate 

(Paton 1993). Flowers may also be less attractive to bird pollinators due to a reduction in 

nectar (Paton 1993), while intense honeybee foraging can also essentially emasculate flowers 

thereby lowering the amount of pollen available (Hargreaves et al. 2009).  

Here, lower fruit and seed set after vertebrate exclusion appears to be driven primarily by the 

mismatch between the floral structure of A. manglesii and the body size and foraging 

techniques of A. mellifera. Honeybee foraging on small flowers or flowers with stigmas, 

anthers and nectaries in close proximity is predicted to lead to higher rates of pollination than 

occurs after foraging on larger flowers (Paton 1993). In Anigozanthos pulcherrimus, 

honeybees appear to be successful pollinators (Brown 1988), likely due to the differences in 

the floral structure of A. pulcherrimus, which, unlike A. manglesii, have a deeper enclosed 

perianth tube but considerably shorter flowers. Aside from occasional nectar robbing through 

slits in the base of the flower, this structure causes A. mellifera to unavoidably contact the 

anthers, and in most cases the stigma, when foraging on nectar or pollen of A. pulcherrimus 

(Brown 1988).  
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B. Native insects 

Native insects were not observed to be contributing to the pollination of A. manglesii in our 

study populations. While ants were observed collecting nectar from A. manglesii flowers, for 

most plants’ ants are primarily nectar and pollen thieves. Pollen does not readily adhere to ant 

bodies, and their small size means they rarely contact the anthers and stigmas when searching 

for nectar (Abrol 2012). Ants may also secrete antibacterial and antifungal antibiotics that are 

known to disrupt the development and germination of pollen grains (Beattie et al. 1984). If 

ants do spread viable A. manglesii pollen, this is likely to only occur within flowers on the 

same plant, perhaps enhancing levels of self-pollination (Abrol 2012). While there is limited 

evidence of pollination by crickets in plants in general (though see Micheneau et al. 2010), 

bush crickets are known to be pollen robbers of A. manglesii. Two of the bush cricket species 

we recorded, Phasmodes rantriformis and Kawanaphila nartee, have been observed to 

consumptively emasculate A. manglesii flowers by stripping all pollen from the anthers one 

at a time (Hopper 1993), and feeding on immature perianths (Bailey and Lebel 1998). To our 

knowledge, this was the first time the bush crickets Hemisaga denticulata and Elephantodeta 

nobilis were recorded visiting A. manglesii. During our sole sighting of Hemisaga denticulata 

it was feeding on immature perianths, while Elephantodeta nobilis was not observed feeding 

on A. manglesii and is thought to primarily use plants as camouflage (Wardhaugh 2015). The 

collective evidence suggests that during their infrequent visits to A. manglesii, native insects 

are primarily acting as nectar and pollen thieves.  

C. Nectar feeding birds 

The frequency of bird visitation to A. manglesii in Kings Park was low, with on average one 

visit every ten hours detected by motion-triggered cameras, and only one visit every 100 hours 

observed directly by an investigator. This is a much lower visitation rate than expected, with 
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the only other published study of A. manglesii pollination recording 115 Red Wattlebird (A. 

carunculata) feeding bouts over 42 hours (2.7 visits per hour of observation), including 

visitation to a total of 857 flowering plants (Hopper and Burbidge 1978). One reason for this 

difference is likely to be the density of A. manglesii plants at the study populations. Flowering 

plant density is known to impact visitation rates in Anigozanthos, with the number and 

diversity of nectar feeding birds visiting A. flavidus increasing with A. flavidus population size 

(Phillips et al. 2014). The population of A. manglesii at Gingin cemetery studied by Hopper 

and Burbidge (1978) was frequently slashed and burnt to promote a higher density of flowers, 

with ca. 480 plants per hectare reported. In our unmanipulated, long unburnt study sites the 

maximum population density was 2.64 plants per hectare, representing a 95.5% reduction 

compared with Gingin cemetery densities. The low density and number of flowers open on an 

individual A. manglesii inflorescence may mean that honeyeaters opt for other more profitable 

nectar sources. 

The presence of co-flowering Banksia species at all sites may reduce rates of honeyeater 

foraging on A. manglesii. If there are not enough pollinators in an area to utilise all available 

floral resources, then the pollinator visitation rate decreases per plant (Veddeler et al. 2006; 

Holzschuh et al. 2007; Jha and Vandermeer 2009; Schmid et al. 2016), and plants need to 

compete for a limited number of shared potential pollinators. Following optimal foraging 

theory (Pyke et al. 1977), pollinators may focus on plants rich in nectar or pollen within the 

plant community. Species that produce a lower number of flowers, or less nectar per plant, 

may have lower visitation rates (Schuett and Vamosi 2010; Schmid et al. 2016; Grab et al. 

2017). In Korung National Park, the main competitor for the attraction of nectar feeding birds 

is B. sessilis, which produces an average of 43.5ul of nectar per flower, and 47 flowers per 

plant (Collins and Briffa 1982). This represents four times the nectar content available 
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compared with an A. manglesii plant, where there is a maximum of 250ul of nectar per flower 

recorded and an average of two flowers per plant open at any given time. In Kings Park, B. 

attenuata overlaps with A. manglesii flowering in October and November and produces an 

estimated 300ul of nectar per plant (Collins and Briffa 1982) while B. menziesii flowering 

overlaps in August, producing c.a. 120 to 323mg of nectar per plant (Newland 1982). These 

banksias provide an alternative nectar-rich foraging options for honeyeaters, which may 

partially explain low visitation rates to A. manglesii.  

There may also be less bird pollinators present in our study sites, particularly Kings Park, due 

to habitat fragmentation, degradation and urbanisation. Urbanisation causes changes in 

vegetation structure and food resources and introduces new predators and competitors (Evans 

et al. 2009). Habitat fragmentation adds barriers for species dispersal and connectivity and 

often sees the introduction of weed species (Fernández-Juricic 2000; Stenhouse 2004; Evans 

et al. 2009). While bird-pollinators may be able to overcome barriers and disperse between 

fragmented reserves (Ritchie et al. 2019), the local abundance of pollinators may be impacted. 

The abundance and diversity of birds in the inner-city Kings Park has been monitored since 

1928 (Recher and Servety 1991). Between 1928 and 1986, nine species went locally extinct, 

14 species decreased in abundance, and 11 increased in abundance. This included a decrease 

in Western Spinebills and an increase in Singing Honeyeaters and Brown Honeyeaters 

(Recher and Servety 1991). We observed no Western Spinebills in our Kings Park study sites 

in 2015 and 2016. A lower abundance of pollinators will decrease the rate of flower visitation, 

as will a lower diversity of species. While many vertebrate pollinators tend to be considered 

generalist foragers (Collins and Briffa 1982; Saffer et al. 2000; Menz et al. 2011), there are 

locally important relationships between plants and specific pollinator taxa, which can vary 

between populations and years. Brown Honeyeaters were the main pollinator of A. manglesii 
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in our Kings Park sites, while in Korung National Park plants were visited by a greater 

diversity of bird pollinators. While local plant-pollinator relationships will be influenced by 

differences in the geographic ranges among pollinator species (Sánchez-Lafuente 2002, 

Ollerton et al. 2006), they are also impacted by differing species responses to habitat 

fragmentation and landscape alteration (Davis et al. 2013).  

Fruit and seed production without floral visitors 

When all pollinators were excluded from A. manglesii flowers, there was limited fruit and 

seed production, with an overall average of 18.2% of flowers developing into fruits, and fruits 

producing an average of only 5 seeds. Although preferentially outcrossing, A. manglesii will 

occasionally form fruits after self-pollination, producing low amounts of seeds (Ayre et al. 

2019). As the pollination exclusion cages were placed over multiple flowering stems, there is 

also the possibility that multiple individuals were present within the cages. As the stems of A. 

manglesii move around in the wind, low quantities of pollen could also have been transferred 

between individuals despite the absence of pollinators. This may explain the few instances of 

fruits that contain more than 10/seeds per fruit in the total exclusion treatment (Figure 5).  

Pollen Limitation 

Despite a higher reproductive output from flowers open to bird pollination, there still appears 

to be pollen limitation occurring, with an average of only 43 ± 1.6 seeds per fruit compared 

with 280-300 seeds per fruit following experimental addition of outcross pollen (Ayre et al. 

2019). While low levels of fruit set after foraging by A. mellifera can be partially explained 

by infrequent contact with the stigma, the quality and quantity of pollen deposited will impact 

on both fruit and seed production. Pollen limitation, where reproductive success is limited by 

pollen quantity or quality, is common across plant species and populations (Ashman et al. 

2004; Knight et al. 2005; Burd et al. 2009). In A. manglesii, pollen limitation could arise from 
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low quantities of pollen transfer either from low bird visitation rates, or pollen removal by A. 

mellifera. While data from the present study are insufficient to test the latter hypothesis, in the 

closely related bird pollinated Anigozanthos pulcherrimus comparisons between sites with 

and without A. mellifera found no significant difference in seed production (Brown 1988). 

The quantity of pollen being deposited by A. mellifera is also likely to be low as most pollen 

collected is groomed from honeybee bodies and deposited in corbiculae where it is not 

available for pollination (Hargreaves et al. 2009). Even with multiple visits to the same flower, 

it is unlikely that there is enough pollen deposited to ensure pollen limitation is not occurring. 

Floral structure also appears to impact on pollination success from bird visitation. Instead of 

a closed tube, with internal anthers and a stigma, mature A. manglesii flowers split open 

allowing birds to forage on nectar without contacting the anthers or stigma, up to 55% of the 

time. 

Sub-optimal seed set could also be driven by both honeyeater and honeybee foraging 

behaviour leading to the deposition of low-quality pollen. Anigozanthos manglesii is 

preferentially outcrossing, with selfed flowers producing fruits only 10% of the time, and 

pollination by nearest neighbours resulting in an average of 50 seeds per fruit, compared to 

280-300 seeds per fruit with wide outcrossing (Ayre et al. 2019). Multiple probes by birds on 

flowers on the same plant will increase the amount of self-pollen deposited. Birds foraging on 

groups of neighbouring plants (Pyke et al. 1977), will facilitate bi-parental inbreeding and 

lower A. manglesii reproductive output (Ayre et al. 2019). Likewise, A. mellifera move 

predominantly between flowers on the same plant or flowers of neighbouring plants, resulting 

in lower seed set due to pre- and post-zygotic barriers. Honeyeaters are likely to forage on 

multiple plant species within our study sites, increasing the chance of application of 

heterospecific pollen. This may clog the stigma and reduce conspecific pollen germination 



Chapter Four: The birds and the bees 

114 

(Brown and Mitchell 2001) but does not negatively impact all species (Eakin-Busher et al. 

2016). 

Although these populations of A.manglesii are pollen limited, with lower than optimal seed 

set, there is still a large amount of seed being produced in each population. In open pollinated 

plants, 70% percent of flowers produced seed, with an average of 43 seeds per fruit, while in 

bird-excluded plants 24% of flowers produce fruit, with an average of 7.6 seeds per fruit. With 

a greater than 60% germination success, this is likely a sufficient amount of seed production 

to ensure that these populations continue to persist.  

Despite lower than optimal seed set, and low visitation rates, A. manglesii stappear to have 

been historically dependent on nectar feeding birds for their pollination. Even with the 

introduction of A. mellifera, the absence of nectar-feeding birds dramatically lowers 

reproductive output. More work is needed to document the importance of vertebrate 

pollinators for plant reproduction, the consequences of their declining numbers on plant 

populations, and whether exotic pollinators lead to reduced plant reproduction, or can 

compensate to some extent for declining native pollinators. 
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Supplementary Figure 1: Tukey’s boxplots showing fruit volume following pollinator exclusion treatments on 

Anigozanthos manglesii flowers across four sites and two years. Total Exclusion = Flowers excluded from all pollinators, 

Bird-Exclusion = Flowers excluded from all bird pollinators and No exclusion = Flowers that were left open and 

unmanipulated. Squares represent the mean, thick horizontal lines the median, and black dots outliers. Letters indicate 

significance groupings with a p <0.05 threshold. KN1 = Korung National Park Site 1; KN2 = Korung National Park Site 

2; KP1 = Kings Park Site 1; KP2 = Kings Park Site 2. 
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Supplementary Figure 2: Tukey’s boxplots showing seed mass (mg) following pollinator exclusion treatments on 

Anigozanthos manglesii flowers across four sites and two years. Total Exclusion = Flowers excluded from all pollinators, 

Bird-Exclusion = Flowers excluded from all bird pollinators and No exclusion = Flowers that were left open and 

unmanipulated. Squares represent the mean, thick horizontal lines the median, and black dots outliers. Letters indicate 

significance groupings with a p <0.05 threshold. KN1 = Korung National Park Site 1; KN2 = Korung National Park Site 

2; KP1 = Kings Park Site 1; KP2 = Kings Park Site 2. 
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Supplementary Figure 3: Tukey’s boxplots showing seed viability following pollinator exclusion treatments on 

Anigozanthos manglesii flowers across four sites and two years. Total Exclusion = Flowers excluded from all 

pollinators, Bird-Exclusion = Flowers excluded from all bird pollinators and No exclusion = Flowers that were left 

open and unmanipulated. Squares represent the mean, thick horizontal lines the median, and black dots outliers. 

Letters indicate significance groupings with a p <0.05 threshold. KN1 = Korung National Park Site 1; KN2 = Korung 

National Park Site 2; KP1 = Kings Park Site 1; KP2 = Kings Park Site 2. 
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Supplementary Figure 4: Tukey’s boxplots showing time to 50% germination following pollinator exclusion treatments 

on Anigozanthos manglesii flowers across four sites and two years. Total Exclusion = Flowers excluded from all 

pollinators, Bird-Exclusion = Flowers excluded from all bird pollinators and No exclusion = Flowers that were left open 

and unmanipulated. Squares represent the mean, thick horizontal lines the median, and black dots outliers. Letters 

indicate significance groupings with a p <0.05 threshold. KN1 = Korung National Park Site 1; KN2 = Korung National 

Park Site 2; KP1 = Kings Park Site 1; KP2 = Kings Park Site 2.  
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Supplementary Table 1: Measures of reproductive output following pollinator exclusion treatments on Anigozanthos manglesii flowers across four sites and two 

years. 

 Means and standard errors reported. 

Site Treatment 
Year 

Total 

Seeds 

Total 

Fruits 

Flowers that 

produced fruit 

Seeds per fruit Fruit Volume 

(cm3) 

Seed mass 

(mg) 

Viability Percent 

germinated 

Time to fifty 

percent germination 

Kings Park 1 Total 

Exclusion 

2015 116 17 11.72 ± 4% 6.50 ± 2.70 0.26 ± 0.08 0.87 ± 0.06 84 ± 6% 82 ± 10% 19.60 ± 0.75 

2016 215 46 24.21 ± 6% 4.67 ± 0.63 0.34 ± 0.02 0.71 ± 0.02 84 ± 6% 73 ± 9% 19.00 ± 0.78 

Bird 

Exclusion 

2015 75 20 13.33 ± 3% 9.40 ± 1.21 0.51 ± 0.13 0.81 ± 0.06 95 ± 4% 87 ± 7% 17.9 ± 1.33 

2016 263 53 19.92 ± 6% 4.96 ± 0.98 0.24 ± 0.01 0.77 ± 0.04 95 ± 4% 74 ± 6% 15.69 ± 1.24 

Open 
2015 1194 26 61.29 ± 8% 22.58 ± 2.28 0.58 ± 0.03 0.85 ± 0.03 82 ± 4% 83 ± 7% 16.87 ± 0.74 

2016 7432 124 62.94 ± 7% 59.94 ± 5.37 0.45 ± 0.03 0.67 ± 0.04 86 ± 3% 87 ± 5% 19.07 ± 0.73 

Kings Park 2 Total 

Exclusion 

2015 10 2 1.39 ± 2% 5.00 ± 1.0 0.24 ± 0.01 0.86 ± 0.01 88 ± 12% 75 ± 25% 17.50 ± 0.5 

2016 62 23 11.33 ± 6% 2.70 ± 3.04 0.32 ± 0.02 0.83 ± 0.08 100 ± 0.0 66 ± 9% 17.29 ± 0.81 

Bird 

Exclusion 

2015 314 42 25.3 ± 8% 7.48 ± 2.25 0.33 ± 0.03 0.66 ± 0.04 90 ± 3% 83 ± 6% 18.92 ± 0.45 

2016 1334 159 43.88 ± 6% 8.39 ± 0.65 0.30 ± 0.02 0.77 ± 0.04 100 ± 0.0 85 ± 4% 17.00 ± 0.24 

Open 
2015 3412 113 71.52 ± 9% 30.19 ± 2.5 0.41 ± 0.02 0.82 ± 0.01 96 ± 1% 90 ± 2% 18.73 ± 1.0 

2016 8501 221 72.46 ± 5% 38.47 ± 3.04 0.82 ± 0.04 0.74 ± 0.03 99 ± 0.0 82 ± 5% 18.57 ± 0.42 

Korung National  

Park 1 

Total 

Exclusion 

2015 54 10 11.76 ± 3% 5.4 ± 2.3 0.23 ± 0.07 0.82 ± 0.13 83 ± 15% 78 ± 14% 18.50 ± 0.87 

2016 154 25 30.12 ± 9% 6.16 ± 1.34 0.36 ± 0.03 1.1 ± 0.03 75 ± 19% 74 ± 6% 18.75 ± 0.48 

Bird 

Exclusion 

2015 159 24 18.90 ± 5% 6.63 ± 2.65 0.14 ± 0.01 0.93 ± 0.06 80 ± 7% 63 ± 8% 19.82 ± 1.08 

2016 355 28 28.00 ± 4% 12.68 ± 4.35 0.36 ± 0.04 0.93 ± 0.06 82 ± 8% 75 ± 6% 17.08 ± 0.49 

Open 
2015 3797 57 68.67 ± 8% 66.61 ± 6.09 0.43 ± 0.06 0.97 ± 0.03 93 ± 2% 88 ± 6% 16.53 ± 0.47 

2016 3295 70 67.96 ± 7% 47.07 ± 5.05 0.45 ± 0.03 0.95 ± 0.06 100 ± 0.3% 71 ± 5% 17.29 ± 0.31 

Korung National 

 Park 2 

Total 

Exclusion 

2015 89 17 18.28 ± 7% 5.24 ± 1.11 0.13 ± 0.01 1.04 ± 0.08 94 ± 5% 59 ± 14% 19.75 ± 2.39 

2016 148 30 25.66 ± 5% 5.10 ± 1.02 0.33 ± 0.03 1.03 ± 0.08 75 ± 7% 72 ± 8% 16.00 ± 1.32 

Bird 

Exclusion 

2015 201 16 13.11 ± 6% 12.58 ± 5.61 0.33 ± 0.05 1.0 ± 0.11 85 ± 8% 81 ± 12% 17.29 ± 0.92 

2016 253 48 29.19 ± 5% 5.38 ± 1.02 0.30 ± 0.03 1.09 ± 0.2 83 ± 2% 72 ± 7% 18.62 ± 0.63 

Open 
2015 2933 52 80.00 ± 5% 57.49± 5.66 0.56 ± 0.05 0.85 ± 0.4 94 ± 1% 91 ± 5% 16.00 ± 0.28 

2016 2229 95 77.97 ± 8% 24.68 ± 2.78 0.42 ± 0.02 0.93 ±0.4 94 ± 5% 78 ± 7% 17.71 ± 0.82 
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Chapter Five: Pollination by introduced honeybees lowers genetic 

diversity of offspring in the bird-pollinated Kangaroo Paw, 

Anigozanthos manglesii  

Abstract: 

Pollinator behaviour has profound effects on patterns of pollen dispersal, and therefore the 

genetic diversity of plant populations. Here, we compared the genetic consequences of 

pollination by native nectar-feeding birds to pollination by the only insect pollinator, the 

introduced honeybee Apis mellifera, in four populations of the Kangaroo Paw, Anigozanthos 

manglesii (Haemodoraceae). Apis mellifera is known to visit plant species adapted to 

vertebrate pollination, potentially causing negative effects on plant fitness. Pollinator access 

to flowers was manipulated by enclosing plants in netting. Three treatments were applied 1) 

plants open to all potential pollinators 2) plants netted to exclude birds but allow visitation by 

A. mellifera, and 3) plants netted to exclude all potential pollinators. Adult plants and seed 

cohorts from each exclusion treatment were genotyped using microsatellite markers. Despite 

higher visitation rates of A. mellifera compared with birds, there was a 20% reduction in allelic 

richness and an 86% reduction in effective number of pollen donors when only A. mellifera 

was visiting flowers, suggesting that pollination by A. mellifera may have negative genetic 

consequences on A. manglesii. These results highlight the conservation concerns of negative 

genetic impacts following pollination by introduced honeybees, particularly on species 

adapted for vertebrate pollination.  

Key Words: Bird-pollination, Apis mellifera, pollen dispersal, outcrossing, multiple paternity 
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Introduction: 

The genetic distance between mates can have a major impact on the performance of progeny 

in sexually reproducing plants. Mating between closely related individuals (inbreeding) can 

lead to reduced seed quality and quantity, seed germination, seedling growth and survival 

(Charlesworth and Charlesworth, 1987; Dudash and Fenster, 2001). Likewise, mating 

between distant individuals (outbreeding) can have negative consequences, including the 

breakdown of local adaptation and co-adapted gene complexes (Price and Waser, 1979; 

Bateson, 1980; Waser, 1993; Schierup and Christiansen, 1996; Dudash and Fenster, 2000; 

Edmands, 2007).  

For the 87% (ca. 308 000) of all plant species that rely on animals for pollination (Potts et al., 

2010; Ollerton et al., 2011; Schiestl and Johnson, 2013), patterns of pollen dispersal are 

strongly influenced by pollinator behaviour. Generally, a pollinator’s behaviour is predicted 

to conform to optimal foraging theory, the foraging strategy that gains the most energy at the 

lowest cost (Pyke et al. 1977). For animals that consume floral resources, energy is conserved 

by moving between nearby flowers, often resulting in self- and/or near-neighbour pollination. 

This creates a leptokurtic pattern of pollen dispersal, with many pollen grains dispersed close 

to the pollen source, and fewer grains dispersed far away from the source (Pyke et al., 1977).  

Over 920 species of nectar-feeding birds are known to pollinate plants (Whelan et al., 2008), 

visiting ca. 500 of the 13500 vascular plant genera (Sekercioglu, 2006; Whelan et al., 2015). 

High mobility and aggressive interactions between nectar-feeding birds can lead to deviations 

from optimal foraging behaviour (Mac Nally and Timewell, 2005; Phillips et al., 2014), likely 

altering patterns of pollen dispersal. Sunbirds, hummingbirds and honeyeaters all display 

varying levels of territoriality, defending key nectar resources (Krauss et al., 2017). Paternity 

studies in bird-pollinated Australian plants suggest that departures from optimal foraging by 



Chapter Five: Genetic consequences 

133 

honeyeaters can lead to significant departures from near-neighbour mating, with wide 

outcrossing and very high levels of multiple paternity (e.g. Krauss et al., 2009; Llorens et al., 

2012; Frick et al., 2014; Bezemer et al., 2016). As well as aggressive interactions and high 

mobility, high levels of pollen carryover are likely to increase levels of multiple paternity 

within fruits and result in more medium and long-distance pollen dispersal (Krauss et al., 

2017).  

In many cases, bird-pollinated flowers are also visited by other pollinator groups, particularly 

non-flying mammals and bees (Goldingay, 1990; Anderson et al., 2016). One of the most 

common insect visitors to flowering plants in Australia is Apis mellifera, the European 

honeybee (Han et al., 2012). Native to Europe, Africa, and the Middle East, the European 

honeybee is now found in every continent except Antarctica (Goulson, 2003; Han et al., 2012). 

Apis mellifera was introduced to Australia in the 1820s, with feral and managed colonies now 

spread across the continent (Pyke, 1999). European honeybees have been recorded foraging 

on at least 1000 Australian plant species spanning over 200 genera (Paton, 1996), including 

numerous plants that are serviced by other pollinator functional groups.  

While A. mellifera can be effective pollinators (e.g. Paton, 1999; Gilpin et al., 2016), they can 

also act as pollen and nectar thieves (Hargreaves et al., 2009), and there is significant evidence 

that foraging by A. mellifera reduces seed production and/or rates of pollination for some 

predominantly bird-pollinated plants (e.g. Higham and McQuillan, 2000; Paton, 1993; Moritz 

and Härtl, 2005; Goulson, 2003). Apis mellifera have been seen foraging up to 9.5 km away 

from hives (Beekman and Ratnieks, 2000), but tend to conform to optimal foraging theory, 

moving between nearby flowers (Stabentheiner and Kovac, 2016). While studies of foraging 

behaviour and seed production have been used to indirectly infer the genetic consequences of 

pollination by honeybees (Vaughton, 1996; Dupont et al., 2004; Hingston et al., 2004), we 
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are only aware of two studies that have undertaken a direct test. In both instances there were 

negative genetic consequences, with reduced outcrossing rates (England et al., 2003) and 

smaller genetic neighbourhoods (Celebrezze, 2002) recorded.  

Australia, particularly the Southwest Australian Floristic Region (SWAFR), has an unusually 

high proportion of bird- and mammal-pollinated species (Phillips et al., 2010). In the SWAFR, 

at least 15% of the flora is vertebrate-pollinated, including approximately 40% of threatened 

flora (Hopper and Gioia, 2004). Anigozanthos manglesii (Haemodoraceae) is a bird-pollinated 

perennial wildflower endemic to the SWAFR. While historically pollinated by native nectar-

feeding birds, flowers are also now regularly visited by the introduced European honeybee, 

Apis mellifera (Chapter 4), which is in high abundance across the region (Yates et al., 2005). 

Although not as effective a pollinator as birds for A. manglesii, foraging for pollen by A. 

mellifera does result in seed set (Chapter 4). We predict that with exclusion of bird pollinators, 

pollination by A. mellifera alone will result in i) lower outcrossing rates, ii) lower levels of 

multiple paternity and iii) lower levels of genetic diversity amongst offspring than for flowers 

accessible to birds.  

Materials and Methods:  

Study Species and Sites 

Anigozanthos manglesii, the Red and Green Kangaroo Paw or Kurulbrang, is characterised by 

large showy, red and green inflorescences, on scapes between 30-80cm tall (Hopper, 1993). 

There are two subspecies of A. manglesii, the southern A. manglesii subsp. manglesii and the 

northern A. manglesii subsp. quadrans (Hopper, 1987, 1993). Anigozanthos manglesii flowers 

are pollinated by nectar-feeding birds; primarlily the Western Spinebill (Acanthorhychus 

superciliosus), Red Wattlebird (Anthochaera carunculata), Brown Honeyeater (Lichmera 

indistincta) and New Holland Honeyeater (Phylidonyris novaehollandiae)- as well as the 
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introduced European Honeybee Apis mellifera (Figure 1) (Hopper and Burbidge, 1978; 

Chapter 4). While no native insects are known to pollinate A. manglesii, katydids feed on the 

pollen grains of open and unopened flowers (Bailey and Lebel, 1998; Chapter 4), while ants 

(species unreported) have been observed occasionally thieving nectar (Hopper, 1993; Chapter 

4). While there is some evidence for pollination by small non-flying mammals in other 

Anigozanthos species (Brown, 1988; Hopper, 1993), this has not been observed in A. 

manglesii. Dried fruits split open during early summer and the small, hard seeds are shaken 

out by wind or other disturbance, releasing them into the immediate area directly below the 

maternal plant (Hopper, 1993). Anigozanthos manglesii is preferentially outcrossing, with low 

levels of self-compatibility (Hopper, 1980), and optimal seed set after pollination from near 

neighbours (Ayre et al., 2019; Chapter 3). 

The genetic consequences of bird and A. mellifera pollination was assessed in populations of 

A. manglesii in 2016 and 2017. Two sites were in Kings Park bushland (KP1 at 31.966°E, 

115.830°S and KP2 at 31.962°E, 115.829°S), an urban reserve of 300ha within the Perth 

metropolitan area, and two were in Korung National Park (KN1 at 32.081°E, 116.091°S and 

Figure 1: A Red Wattlebird (Anthochaera carunculata) and an introduced honeybee (Apis mellifera) foraging on 

Anigozanthos manglesii. Photos B Ayre.  
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KN2 at 31.962°E, 115.829°S), a 6000ha National Park south east of Perth. All four locations 

have large populations of A. manglesii at variable densities (Chapter 4). Across all sites, more 

than 100 hours of pollinator observations confirmed that the only insect visitor that pollinated 

flowers was A. mellifera (Chapter 4).  

 Mapping and leaf sampling of experimental plants 

To accurately assess population size and density, and estimate pollen dispersal distances, a 

differential GPS (Trimble GeoExplorer, Digital Mapping Solutions, Perth, WA, Australia) 

was used to record UTM coordinates of each plant within the four sites, to an accuracy of 

<80cm.  

Within each site in 2016 and 2017, eighteen plants were caged to manipulate pollinator access. 

A fine mesh was used to exclude all potential pollination on nine plants (total exclusion), 

while 1cm wire was used to exclude bird pollinators on an additional nine plants (bird 

exclusion). An additional nine unmanipulated plants per site each year were designated as 

experimental “open”, allowing for vertebrate and invertebrate pollination (open plants). Leaf 

samples for genotyping were collected from all experimental maternal plants in 2016 (n=108) 

and 2017 (n=108). 

Seed collection and germination  

Fruits were harvested from all experimental plants between late December and early January 

each year and stored in paper envelopes at room temperature for a minimum of eight weeks. 

Seeds were then removed from fruits, counted and x-rayed (Faxitron MX-20 X-ray cabinet, 

Tucson, AZ, U.S.A.) to assess viability. Seeds with a visible endosperm were considered 

viable, and those without a visible endosperm as inviable (e.g. Kamra 1964; Gagliardi and 

Marcos-Filho 2011). Ten viable seeds, from three fruits per plant, were heat shocked at 100°C 

for 3 hours in an oven to break dormancy (Tieu et al., 2001). Seeds were germinated on filter 
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paper soaked in sterilised water and kept in a 15°C incubator (Contherm Biosyn 600cp Growth 

Chamber) with 12hrs of light and 12hrs of darkness. Seedlings were harvested for genotyping 

when they were greater than 1cm long.  

Microsatellite genotyping  

DNA was extracted from ~25 maternal plants, and up to 150 seedlings per site each year using 

a modified Carlson Extraction method, amplified using 10 microsatellite markers developed 

specifically for A. manglesii (Ayre et al. 2017, Ayre et al. 2019, Chapters 2 and 3) and 

genotyped on an ABI 3500 Genetic Analyser (Life Technologies). Alleles (sized base pairs) 

were scored using Geneious 7.1.4 (https://www.geneious.com). The database was checked for 

typing errors by using GenAlEx V6.5 (Peakall and Smouse, 2006, 2012) and by double-

checking electropherogram profiles of rare alleles. Positive and negative controls were 

included in each batch of samples. Micro-checker (Van Oosterhout et al., 2004) was run to 

check for the presence of null alleles.  

Genetic diversity and mating system analysis 

To assess genetic diversity amongst maternal plants and their offspring, the number of alleles 

(N), effective number of alleles (Ne), expected heterozygosity (He), observed heterozygosity 

(Ho), frequency of alleles at each locus and fixation index (FST) were calculated using 

GenAlEx v6.502 (Peakall and Smouse, 2006, 2012). Due to uneven sample sizes, allelic 

richness (Rs) and private allelic richness (Rp) were calculated by a rarefaction method in HP-

Rare v.1.1 (Kalinowski, 2005), using the smallest sample size across all treatments (N = 23).  

 For each treatment, plants multilocus outcrossing rate (tm), single locus outcrossing rate (ts), 

biparental inbreeding (tm−ts), multilocus correlation of paternity (rp) effective number of 

pollen donors per plant (1/rp), and an estimated inbreeding coefficient (Fis) were assessed 

using MLTR (Ritland, 2002). MLTR analysis was undertaken at the population/group level, 
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resampling occurred within families using the default numerical method, and variance 

estimates were calculated based on 1000 bootstraps. MLTR results from each site and year 

were combined to assess the overall impact of each pollination exclusion treatment and 

analysed with a Kruskal-Wallis chi squared test and a post-hoc Dunn’s Test (Dinno, 2017; R 

Development Core Team, 2019).  

 Results: 

Genetic diversity  

Maternal genetic diversity varied between sites (Table 1). Kings Park Site 2 had the lowest 

allelic diversity (Na = 6.17 ± 1.67) (Figure 2). Observed heterozygosity was lower in the two 

Kings Park sites (Ho = 0.19-0.37) than the Korung National Park sites (Ho = 0.46-0.58) (Table 

1). Kings Park Site 1 had higher allelic diversity (Na = 13.5 ± 0.96), lower heterozygosity (Ho 

= 0.19 ± 0.02), and higher inbreeding coefficient (FIS = 0.72 ± 0.024) than all other sites 

(Figure 2). 

 

Table 1: Population genetic diversity of adult Anigozanthos manglesii plants. Mean and 

standard error reported. 

 Kings Park 

Site 1  

Kings Park 

Site 2 

Korung 

National 

Park Site 1  

Korung 

National 

Park Site 2  

Number of  

plants (N) 
52 48 49 50 

Number of  

alleles (Na) 

13.50 

(±0.96) 

6.17 

(±1.62) 

8.40 

(±1.67) 

10.50 

(±1.17) 

Effective number of alleles 

(Ne) 

3.19 

(±0.35) 

3.65 

(±1.13) 

2.70 

(±0.56) 

3.38 

(±0.42) 

Mean observed 

heterozygosity (Ho) 

0.19 

(±0.02) 

0.37 

(±0.11) 

0.46 

(±0.12) 

0.58 

(±0.12) 

Mean expected 

heterozygosity (He) 

0.66 

(±0.03) 

0.53 

(±0.15) 

0.53 

(±0.10) 

0.66 

(±0.05) 

Inbreeding  

Coefficient (Fis) 

0.72 

(±0.02) 

0.22 

(±0.11) 

0.17 

(±0.12) 

0.17 

(±0.14) 
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Overall, observed heterozygosity (Ho) was higher amongst offspring from open (0.84 ± 0.02;) 

and bird excluded (0.89 ± 0.01) flowers than those from total excluded flowers (0.65 ± 0.08), 

but this varied between sites (Table 2), with KP2 having consistently lower levels of HO than 

all other sites (Figure 3). Offspring from the total exclusion treatment in KP2 were not 

included in the analysis due to a combination of low seed set, germination and seedling 

survival reducing the sample size. 

Within each site, offspring from open flowers had higher allelic diversity (Ne) than those from 

bird exclusion or total exclusion treatments (Table 2). After rarefaction, to control for 

differences in sample sizes, allelic richness (Ar and Ap) was highest amongst open offspring 

in all sites except KN2 (Table 2, Figure 3). Moderate levels of inbreeding were detected in all 

sites and pollinator exclusion treatments (Figure 3, Table 2), but were highest in KP2 (Fis = 

0.52). Micro-Checker picked up excess homozygotes in six loci in KP1 and KN1, five loci in 

KN2 and one locus in KP2, suggesting the possibility of null alleles. There was no consistency 

in impacted loci across sites (Supplementary Table 1). 
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Figure 2: A) allelic diversity, B) observed heterozygosity and C) Inbreeding coefficient of adult plants in four populations 

of Anigozanthos manglesii. Error bars indicate standard error. 

KP1= Kings Park Site 1, KP2= Kings Park Site 2, KN1= Korung National Park Site 1, KN2= Korung National Park Site 2  
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Table 2: Impact of pollination exclusion treatments on the genetic diversity of Anigozanthos manglesii offspring. Mean and standard error reported.  

 Kings Park Site 1  Kings Park Site 2 Korung National Park Site 1  Korung National Park Site 2  

 TE BE OP TE BE OP TE BE OP TE BE OP 

Number of offspring (N) 36 73 131 3* 23 195 48 107 164 28 58 154 

Number of alleles (Na) 
6.50 

(±0.82) 

13.50 

(±2.00) 

20.30 

(±1.86) 
NA 

3.83 

(±0.54) 

8.67 

(±1.52) 

4.40 

(±0.98) 

9.50 

(±0.91) 

14.80 

(±1.24) 

4.20 

(±1.03) 

3.70 

(±0.84) 

5.60 

(±1.29) 

Effective number of alleles 

(Ne) 

4.22 

(±0.390) 

7.49 

(±1.15) 

9.48 

(±1.26) 
NA 

2.86 

(±0.37) 

5.44 

(±1.25) 

2.61 

(±0.57) 

4.43 

(±0.49) 

6.38 

(±0.74) 

2.69 

(±0.71) 

2.24 

(±0.53) 

3.51 

(±0.74) 

Mean observed 

heterozygosity (HO) 
0.60 

(±0.08) 

0.57 

(±0.07) 

0.60 

(±0.06) 
NA 

0.33 

(±0.14) 

0.42 

(±0.11) 

0.40 

(±0.09) 

0.52 

(±0.07) 

0.55 

(±0.06) 

0.36 

(±0.12) 

0.36 

(±0.11) 

0.53 

(±0.11) 

Mean expected 

heterozygosity (He) 

0.74 

(±0.03) 

0.83 

(±0.03) 

0.88 

(±0.01) 
NA 

0.62 

(±0.05) 

0.78 

(±0.06) 

0.52 

(±0.09) 

0.74 

(±0.04) 

0.83 

(±0.02) 

0.49 

(±0.11) 

0.43 

(±0.11) 

0.60 

(±0.10) 

Inbreeding coefficient (Fis) 
0.12 

(±0.16) 

0.31 

(±0.09) 

0.31 

(±0.07) 
NA 

0.52 

(±0.20) 

0.45 

(±0.12) 

0.25 

(±0.10) 

0.30 

(±0.09) 

0.34 

(±0.07) 

0.27 

(±0.14) 

0.26 

(±0.12) 

0.13 

(±0.10) 

Allelic richness (Ar) 
4.67 

(±0.71) 

8.82 

(±0.56) 

10.9 

(±0.78) 
NA 

3.83 

(±0.54) 

7.79 

(±1.28) 

4.85 

(±0.66) 

6.29 

(±0.57) 

8.15 

(±0.60) 

4.95 

(±0.56) 

3.21 

(±0.47) 

4.75 

(±0.62) 

Private allelic richness (Ap) 
1.44 

(±0.38) 

3.54 

(±0.50) 

5.22 

(±0.82) 
NA 

1.22 

(±0.47) 

5.17 

(±1.31) 

1.77 

(±0.50) 

1.70 

(±0.36) 

2.88 

(±0.43) 

1.81 

(±0.44) 

0.5 

(±0.13) 

1.55 

(±0.29) 

Note: TE= Flowers excluded from all potential pollinators, BE= flowers excluded from all bird pollinators, and OP= flowers left open and unmanipulated.  

*Due to low seed production, germination and survival of TE seedlings from Kings Park Site 2, no genetic analysis occurred in this treatment. 
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Figure 3: Impact of pollinator exclusion on mean A) Allelic richness (after rarefaction), B) observed 

heterozygosity and C) Inbreeding coefficient amongst Anigozanthos manglesii seedlings. Error bars indicate 

standard error.  

* Due to low seed production, germination, and survival of total exclusion seedlings from Kings Park Site 2, 

no genetic analysis occurred in this treatment 
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Figure 4: Impact of pollinator exclusion on the effective number of pollen donors per Anigozanthos 

manglesii plant, across four populations and two years. TE= Total exclusion, BE= Bird exclusion and OP= 

Open flowers. *Due to low seed production, germination, and survival of total exclusion seedlings from 

Kings Park Site 2, no genetic analysis occurred here 

Mating system estimates 

Multilocus outcrossing rates were highest amongst offspring from open flowers in five of 

eight replicates (four sites across two years; Supplementary Table 2. The average single locus 

outcrossing rate was significantly higher amongst offspring from open flowers (0.0833 ± 

0.059) than total exclusion flowers (0.0404 ± 0.167; p = 0.013). There were low levels of 

biparental inbreeding across all pollination treatments (0.117 < x̄ < 0.212).  

Estimates of correlated paternity (Table 3) were significantly lower for offspring from open 

flowers (rp = 0.098 ± 0.018) than from total exclusion (rp = 0.846 ± 0.092), or bird exclusion 

flowers (rp = 0.674 ± 0.109; p < 0.001). Negative correlated paternity values indicate that the 

corresponding paternal gametes are less related than the average in the sample (Robledo-

Arnuncio et al., 2007). Consequently, estimates of effective number of pollen donors (Figure 

4, Table 3) were higher for open pollination offspring (13.697 ± 3.043) than bird exclusion 

(1.879 ± 0.383) or total exclusion (1.273 ± 0.167; p < 0.001). Offspring from the total 

exclusion treatment had an estimated 1.00 to 1.76 effective pollen donors, while those from 

bird excluded flowers ranged from 1.001 to 4.15 (Supplementary Table 2), with no significant 

difference between the two treatment (p = 0.28) 
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Discussion:  

Direct assessment of the genetic consequences of pollination by the introduced honeybee, Apis 

mellifera, has rarely been undertaken. Here, we found that pollination by A. mellifera had 

negative genetic consequences on seed cohorts of the bird-pollinated Kangaroo Paw 

Anigozanthos manglesii. When birds were excluded from flowers, the seeds resulting from 

bee pollination had reduced allelic diversity, higher correlated paternity and lower paternal 

diversity compared to flowers also visited by bird-pollinators. The overall impact of A. 

mellifera on A. manglesii appears to be reduced by their low stigma contact, with high 

outcrossing and multiple paternity amongst flowers open to pollination by birds and 

honeybees.  

  

Table 3: Mating system parameter estimates for three pollination exclusion treatments of 

Anigozanthos manglesii, averaged over four populations and two years. Mean and standard 

deviation reported, along with results from a Kruskal-Wallis chi-squared test. N = 8.  

Pollination 

treatment 

Multilocus 

outcrossing 

rate (tm) 

Single locus 

outcrossing 

rate (ts) 

Biparental 

inbreeding 

(tm − ts) 

Correlated 

paternity 

(rp) 

Effective 

number of 

pollen donors 

Nep = (1/rp) 

Total 

Exclusion 

0.615 

(0.152) 

0.404 

(0.167) 

0.212 

(0.064) 

0.846 

(0.092) 

1.273 

(0.167) 

Bird 

Exclusion 

0.714 

(0.141) 

0.552 

(0.140) 

0.163 

(0.044) 

0.674 

(0.109) 

1.879 

(0.383) 

Open 

Flowers 

0.950 

(0.074) 

 0.833* 

(0.059) 

0.117 

(0.035) 

     0.098*** 

(0.018) 

      13.697*** 

(3.043) 

Chi squared 3.427 5.329 1.564 15.118 14.940 

P value 0.18 0.07 0.46 0.00 0.00 

Dunn’s test indicates that: 

    *Offspring from open flowers has significantly bigger ts than total exclusion, p=0.013,  

***Offspring from open flowers has significantly smaller rp and larger Nep than total exclusion or 

bird exclusion, p<0.001 
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Genetic consequences of pollination by honeybees  

There were higher levels or correlated paternity, and consequently, lower levels of multiple 

paternity, when birds were excluded from flowers. While this could be caused by increased 

self and near neighbour mating, levels of pollen carryover are likely the most important driver 

behind levels of multiple paternity (Holmquist et al., 2012). Apis mellifera likely has low 

levels of pollen carryover, likely due to their grooming behaviour. Apis mellifera groom pollen 

from the body and pack it into corbicula on the rear legs (Cornman et al., 2015). While we are 

not aware of any experimental studies on the impact of Apis grooming behaviour on pollen 

carryover, intensive grooming by Bombus has been shown to significantly increase the decay 

rate of pollen dispersal curves compared to hummingbirds, causing a substantial impact on 

pollen dispersal patterns and multiple paternity (Holmquist et al., 2012). Likewise, grooming 

by Gerbillurus paeba and Rhabdomys pumilio exponentially reduces the amount of pollen 

carried by these rodents (Johnson and Pauw 2014).   

There was also lower genetic diversity amongst offspring, measured by allelic richness, after 

pollination by A. mellifera in three of the four sites. Along with low levels of pollen carryover, 

this is likely influenced by increased self and near neighbour mating. Honeybees have been 

recorded repeatedly visiting individual A. manglesii flowers during foraging bouts, with 8.8% 

of A. manglesii flowers visited twice and 2.9% visited three times by the same honeybee 

(Chapter 4) with an average of 16 seconds (± 3.13) spent foraging on each flower (Chapter 

Four).  

Contrary to our expectations, there was no significant difference in multilocus outcrossing 

when either birds or all pollinators were excluded from flowers. In addition to honeyeaters, 

open flowers are visited by A. mellifera, which will reduce the overall outcrossing rate 

amongst open flower offspring and reduce the difference between the two treatments. Similar 
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multilocus outcrossing rates may be partially explained by strong inbreeding depression and 

partial self-incompatibility, with only 10 seeds per fruit produced after self-pollination, 

compared to the optimal 150 seed/fruit after hand-pollination with outcross pollen (Ayre et 

al. 2019; Chapter 3). Therefore, if self-pollination is occurring after foraging by A. mellifera, 

the majority of those seeds are likely being aborted (Sukhvibul, 1991).  

Abortion of self-incompatible seeds may be partially driving the low seed set seen after bird 

exclusion, with an 81% reduction in the number of seeds per fruit produced compared to open 

flowers (Chapter 4). A combination of lower seed production and lower allelic and paternal 

diversity amongst the seeds that are produced after pollination by A. mellifera could have long 

term consequences for A. manglesii. While the overall impact is currently being mitigated by 

bird-pollinators, declining population of nectar-feeding birds, particularly in the urban Kings 

Park (Recher and Servety 1991; Davis et al. 2013) may exacerbate the impact of A. mellifera 

in the future.  

To our knowledge, globally there have only been two previous studies that have directly 

assessed the genetic consequences of pollination by A. mellifera outside its native range, both 

of which were undertaken in Australia. In Grevillea macleanyana, flowers are now visited 

predominantly by A. mellifera (visitation rates were not quantified), and offspring from bird-

excluded flowers had a significantly lower outcrossing rate than open flowers, though overall 

tm was low (<0.25) (England et al., 2003). A study on Grevillea acanthifolia found that A. 

mellifera was the only pollinating insect foraging on flowers and that outcrossing rates were 

similar amongst open and bird excluded flowers. However, the author concluded that 

behavioural differences were driving a decrease in the size of genetic neighbourhoods 

(Celebrezze 2002). In some studies, patterns of pollinator foraging and reproductive outputs 

have been used to infer genetic consequences for plants (e.g. Vaughton, 1996; Dupont et al., 
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2004). For example, lower rates of seed production were seen in Eucalyptus globulus after 

visitation by A. mellifera and Bombus terrestris compared to visitation by the Swift parrot, 

Athamus discolour, which the authors attributed to increased rates of inbreeding (Hingston et 

al., 2004). 

Reduced outcrossing rates, genetic diversity, and multiple paternity amongst the offspring of 

flowers pollinated by introduced bees over multiple generations may erode genetic diversity 

of plant populations. Lower genetic diversity has the potential to negatively affect the 

productivity, growth and stability of populations (Hughes et al., 2008)- including reducing 

their fitness (Reed and Frankham, 2003; Johnson et al., 2006) and resilience to disturbance or 

diseases (Hughes and Stachowicz, 2004; Crawford et al., 2007). However, while we show 

negative genetic consequences of pollination by A. mellifera, the overall population effect (as 

seen in our open flowers) is mitigated by their low stigma contact rate (13% of visits) and low 

seed set after honeybee foraging (Chapter Four). There may be more severe genetic 

consequences on species where foraging A. mellifera regularly contact the stigma. Likewise, 

the impact of honeybee pollination will be exacerbated if native pollinators are in decline, or 

if honeybees exclude native pollinators from foraging on that species. With many species of 

vertebrate pollinators in decline (Potts et al., 2010), the negative impacts of altered pollen 

dispersal patterns by introduced insect pollinators may increase in the future.  

Genetic consequences of bird pollination 

As there is no simple way to run an exclusion experiment that excludes invertebrates but 

allows birds, our measures of genetic success in open flowers are a combination of the impact 

of birds and A. mellifera. Open flowers also had a very low visitation rate (one bird per week 

detected by camera traps). Despite this, offspring from open flowers had high levels of 
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multiple paternity and outcrossing rates, that were consistent with global studies on bird-

pollinated species (Krauss et al., 2017).  

While outcrossing rates typically vary among populations within species (Whitehead et al., 

2018), bird pollinated species in Australia tend to be highly outcrossing (i.e. tm > 0.8) (e.g. 

Sampson et al., 1995; Coates et al., 2007; Yates et al., 2007; Bezemer et al., 2016), but with 

some exceptions (see Ayre et al. 1994). Here, we estimated an overall outcrossing rate of tm 

= 0.95 (se = 0.07) for A. manglesii, likely a consequence of preferential outcrossing and the 

selective abortion of selfed seeds (Sukhvibul, 1991) causing very low fruit and seed 

production after self-pollination (Ayre et al., 2019; Chapter 3). Likewise, despite variation 

between sites and years, our overall average estimate of paternal diversity for populations of 

A. manglesii (Nep = 13.70; n=8), is consistent with the global average estimated for bird-

pollinated plants (Nep = 12.37; n = 16) (Krauss et al., 2017).  

As the bird visitation rate to A. manglesii was low across all sites and years (estimated one 

visits per plant per week; Chapter Four) the high levels of outcrossing and multiple paternity 

are likely being caused by high levels of pollen carryover of birds, instead of multiple 

visitations to individual flowers. Due to a less efficient grooming of pollen, pollen carryover 

is predicted to be higher amongst bird pollinators. This was successfully measured 

experimentally after single probes from hummingbirds (Mitchell et al., 2013) and through 

single pollen grain genotyping- with pollinators swabbed, and the number of sires represented 

identified through genotyping (Isagi and Suyama, 2011). Outcrossing and multiple paternity 

are also likely to be promoted by the staggered flower development displayed by 

Anigozanthos species, with one to two flowers open at any given time. As pollinators are 

likely to visit more than one flower on a plant during a single foraging event, as seen in the 

related Anigoznathos flavidus (Phillips et al. 2014), having fewer open flowers reduces the 
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opportunity for within-plant pollen transfer (Karron and Mitchell, 2012; Mitchell et al., 2013). 

Multiple paternity in A. manglesii is also influenced by interactions between pollen tubes and 

the maternal plant- with higher siring success amongst pollen grains closer to the maternal 

plant, and selective abortion of selfed seeds (Chapter Three).  

While bird pollination generally results in higher levels of genetic diversity and multiple 

paternity amongst offspring compared with pollination by insects (Krauss et al., 2017), 

globally very few studies have combined pollinator exclusion experiments with genetic 

assessment to determine the relative importance of bird pollinators from insects’ pollinators. 

While we found reduced genetic diversity in bird-excluded treatments, this is not always true 

for all species. There were lower outcrossing rates when birds were excluded in Grevillea 

macleayana (England et al., 2003) and statistically similar outcrossing rates after vertebrates 

were excluded from Protea caffra (Steenhuisen et al., 2012). This could mean, from a genetic 

standpoint, that we are overestimating the importance of bird pollinators in some species.  

Variation between sites 

Genetic diversity varied among the four sites used in this study, with KP1 displaying lower 

heterozygosity (Ho = 0.19 ± 0.02), and a higher inbreeding coefficient (FIS = 0.72 ± 0.024) 

than all other sites (Figure 2). Surprisingly, KP1 also had the highest allelic diversity (Na = 

13.5 ± 0.96). The unusual genetic characteristics of KP1 may be due to the past introduction 

of A. manglesii seed from unknown sources into Kings Park as part of “beautification” 

practices that ended by the 1990’s (R Glowacki, Botanic Gardens and Parks Authority, pers. 

comm). This could have artificially increased allelic diversity in the site, while low bird-

visitation rates (Chapter Four) may be promoting self- and near neighbour crosses (driving 

the high levels of homozygosity and inbreeding coefficient). Micro-checker also detected high 
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levels of homozygosity at six alleles in KP1. This could be an artefact of increased inbreeding, 

but likely indicates that there are null alleles present.  

There were also lower levels of allelic diversity amongst offspring from open flowers in KN2 

than expected (Na= 5.6 ± 1.29, Ar= 4.75 ± 0.62). This is roughly half the maternal plant allelic 

diversity (Na= 10.5 ± 1.17), and the only site where allelic richness is not highest amongst 

offspring from open plants (Figure 3). The drivers of this lower diversity are unknown but 

could be due to the higher density of flowering plants in KN2 (highest recorded at 2.6 plants 

per hectare; Chapter Four), increasing the opportunity for mating between closely related 

individuals.  

Global impact of introduced honeybees on plant reproduction 

Apis mellifera is now found on every continent except Antarctica (Han et al., 2012), with 

introduced populations in the Americas, central/Eastern Asia, Australia and New Zealand 

(Moritz and Härtl, 2005). They are often present in great numbers, are highly generalist 

pollinators (Goulson, 2003), and the active introduction of A. mellifera hives is still occurring 

with often little consideration for the consequences (Morales et al., 2017). To our knowledge, 

there have been no studies on the genetic consequences of foraging by introduced honeybees 

outside of Australia. There is, however, evidence for foraging by honeybees causing negative 

plant reproductive consequences globally- including in Australia, New Zealand, South 

America, Mauritius and the Canary Islands (Morales et al., 2017; Kenis et al., 2009). The 

impact may be greater in areas with a high incidence of vertebrate pollinated plants, with A. 

mellifera seemingly more likely to forage on vertebrate pollinated plants than insect and wind 

species (Willis, 1990). The potentially negative short- and long-term genetic consequences of 

pollination by introduced A. mellifera deserves greater attention.  
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Supplementary Table 1: Microchecker output for four populations of Anigozanthos mangelsii 

 

  
Population Locus 

Signs of a 

null allele?  

Oosterhout 

statistic 

Kings Park 

Site 1 

Am20 Yes 0.3829 

Am11 No -0.1716 

Am29 No 0.1865 

Am13 Yes 0.3688 

Am2 No -0.0728 

Am75 Yes 0.3978 

Am82 Yes 0.2463 

Am1 Yes 0.365 

Am71 Yes 0.2645 

Am8 No 0.3416 

Kings Park 

Site 2 

Am20 No 0.3044 

Am11 No -0.0572 

Am29 No 0.2361 

Am13 Yes 0.2845 

Am2 No 0 

Am75 No 0 

Am82 No 0 

Am1 No 0 

Am71 No 0 

Am8 No 0.2549 

Korung 

National 

Park Site 1 

Am20 Yes 0.3241 

Am11 Yes 0.3054 

Am29 No 0.2484 

Am13 Yes 0.4061 

Am2 No 0.2403 

Am75 Yes 0.4145 

Am82 No 0.2649 

Am1 No 0 

Am71 Yes 0.2544 

Am8 Yes 0.1585 

Korung 

National 

Park Site 2 

Am20 No 0.4641 

Am11 Yes 0.2958 

Am29 No 0.3121 

Am13 Yes 0.4113 

Am2 No 0.234 

Am75 No 0.412 

Am82 Yes 0.3378 

Am1 Yes 0.3882 

Am71 No 0 

Am8 Yes 0.3903 
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Supplementary Table 2: Mating system parameter estimates for four populations of Anigozanthos manglesii, across three 

pollination exclusion treatments. Data are presented as means with standard deviations in parentheses. 

 

 

Year 
Pollination 

treatment 

Multilocus 

outcrossing 

rate (tm) 

Single locus 

outcrossing 

rate (ts) 

Biparental 

inbreeding 

(tm − ts) 

Correlated 

paternity (rp) 

Effective 

number of 

pollen donors 

Nep = (1/rp) 

Kings Park 

Site 1 

2015 

Total Exclusion 1.200 (0.579) 1.200 (0.579) 0.000 (0.000) 0.999 (0.490) 1.001 

Bird Exclusion 1.200 (0.100) 1.200 (0.100) 0.000 (0.013) 0.241 (0.523) 4.149 

Open Flowers 1.200 (0.000) 1.093 (0.069)  0.107 (0.069) 0.097 (0.189) 10.309 

2016 

Total Exclusion 0.682 (0.300) 0.350 (0.246) 0.332 (0.088)  0.989 (0.764) 1.011 

Bird Exclusion 0.492 (0.183) 0.340 (0.135) 0.152 (0.085) 0.493 (0.202) 2.028 

Open Flowers 0.922 (0.104) 0.739 (0.096) 0.183 (0.133) 0.118 (0.259) 8.475 

Kings Park 

Site 2 

2015 

Total Exclusion* N/A N/A N/A N/A N/A 

Bird Exclusion 1.200 (0.063) 1.059 (0.058) 0.141 (0.072) -0.999 (0.036) 1.001 

Open Flowers 0.817 (0.342) 0.817 (0.342) 0.000 (0.000) -0.038 (0.371) 26.32 

2016 

Total Exclusion* N/A N/A N/A N/A N/A 

Bird Exclusion 0.001 (0.000) 0.001 (0.000) 0.000 (0.000) 0.999 (0.472) 1.001 

Open Flowers 0.761 (0.147) 0.650 (0.102) 0.111 (0.106) -0.036 (0.273) 27.778 

Korung 

National Park 

Site 1 

2015 

Total Exclusion 0.848 (0.221) 0.429 (0.160) 0.419 (0.118) 0.974 (0.540) 1.027 

Bird Exclusion 0.760 (0.107) 0.525 (0.131) 0.235 (0.053) 0.461 (0.169) 2.169 

Open Flowers 1.141 (0.185) 0.874 (0.165) 0.266 (0.113)  0.134 (0.498) 7.463 

2016 

Total Exclusion 0.288 (0.135) 0.097 (0.062) 0.191 (0.087) -0.551 (0.455) 1.814 

Bird Exclusion 0.805 (0.085) 0.541 (0.105) 0.264 (0.057) 0.414 (0.144) 2.415 

Open Flowers 0.646 (0.145) 0.429 (0.115) 0.217 (0.068) 0.187 (0.341) 5.348 

Korung 

National Park 

Site 2 

2015 

Total Exclusion 0.222 (0.127) 0.142 (0.088) 0.080 (0.041) -0.999 (0.946) 1.001 

Bird Exclusion 0.452 (0.404) 0.300 (0.289) 0.152 (0.166) 0.999 (0.331) 1.001 

Open Flowers 0.909 (0.108) 0.860 (0.084) 0.049 (0.098) 0.072 (0.343) 13.889 

2016 

Total Exclusion 0.453 (0.189) 0.203 (0.129) 0.250 (0.091) 0.562 (0.678) 1.779 

Bird Exclusion 0.805 (0.252) 0.447 (0.200) 0.359 (0.109) 0.788 (0.472) 1.269 

Open Flowers 1.200 (0.577) 1.200 (0.577) 0.000 (0.000) 0.100 (0.146) 10.000 

* Due to low seed production, germination, and survival of Total Exclusion seedlings from Kings Park Site 2, no genetic 

analysis was undertaken in these treatments. 
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Chapter Six: General Discussion 

6.1 This thesis: 

While bird-pollination is not unique to Australia, understanding the interactions between 

Australian bird-pollinators and the plants they pollinate is particularly important. Across 

Australia, there are over 150 species of nectar-feeding birds (Higgins et al. 2001) visiting 

more than a thousand flowering plant species (Ford et al. 1979). Nowhere is bird 

pollination more prevalent than the Southwest Australian Floristic Region (SWAFR), with 

15% of plant species pollinated by vertebrates including 40% of threatened species 

(Keighery 1980; Hopper and Gioia 2004). Despite this, there are clear gaps in our 

knowledge of the interactions between birds and the plants they pollinate, including how 

reliant they are on bird pollinators, and the genetic consequences of pollination by birds.  

In this thesis I have combined bird and honeybee observations, hand pollination 

experiments, exclusion experiments and genetic analysis to provide valuable information 

towards our understanding of the reproductive and genetic consequences of bird 

pollination.  

In Chapter Two, I described the creation of the first set of molecular markers for the 

Anigozanthos genus. In this chapter I;  

• Created 15 molecular markers specifically for A. manglesii, 

• Tested these across eight other species of Anigozanthos; A. bicolor, A. flavidus, A. 

gabrielae, A. humilis, A. preissii, A. pulcherrimus, A. rufus, and A. viridis. Without 

changing any of the amplification conditions, between four and eight of the 

markers successfully amplified in each species.  

Chapter Three explored optimal outcrossing distances in A. manglesii after single and 

multi-donor hand pollination and assessed the prevalence of within population optimal 

outcrossing in bird pollinated species. I found:  
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• A surprisingly short optimal outcrossing distance in a population of 

Anigozanthos manglesii, with maximum seed production after crossing 

distances of 1 m to 3 m. 

• When simulating more realistic multi-donor pollen deposition, an optimal 

outcrossing distance can also be tested for, and detected, by combining paternity 

assignment with multi-donor hand pollination.  

• The presence of a within population optimal outcrossing distance may be more 

prevalent in bird pollinated species than insect pollinated species, though this 

needs to be investigated further across a wider range of species and lifeforms.  

Chapter four aimed to determine the relative importance and impact of nectar feeding birds 

and insects, on reproductive output of A. manglesii. I found that:  

• Foraging by nectar-feeding birds occurs less often than expected in a long-

unburnt wild population of A. manglesii, with an average of one visit per plant 

each week captured by camera traps. 

• Despite low visitation rates, bird pollination is essential for high reproductive 

success, with exclusion of birds resulting in 67% fewer fruits and 81% fewer 

seeds. 

• In my study sites, the only insect pollinator of A. manglesii is the introduced 

European honeybee Apis mellifera.  

• Honeybees predominantly act as pollen thieves and result in lower seed and fruit 

production. 

In chapter five, I determined the consequences of pollination by native nectar-feeding 

birds and A. mellifera on offspring genetic diversity, outcrossing rates and multiple 

paternity. I found that:  
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• Bird pollination of A. manglesii results in high levels of outcrossing, allelic 

diversity and effective number of fathers per plant. 

• There are potential negative genetic consequences of pollination by A. mellifera, 

with offspring from flowers with birds excluded having lower outcrossing, 

lower allelic diversity and lower levels of multiple paternity, than flowers open 

to nectar-foraging birds.  

In the remainder of this chapter I provide suggestions for future research priorities, discuss 

the conservation status of vertebrate-pollinated plants, and the impact of the European 

Honeybee.  

6.2 Suggestions for future research with Kangaroo Paws 

In addition to pollination by birds, Kangaroo Paws and Catspaws are often referenced as 

also being mammal-pollinated due to the presence of pollen grains on the bodies of honey 

possums (Tarsipes rostratus), and their willingness to feed on Anigozanthos flowers after 

trapping (Brown 1988; Hopper 1993). However, pollination of Anigozanthos by honey 

possums has not been confirmed in natural systems. Unfortunately, due to a lack of 

mammal pollinators present at my study sites I was unable to test this hypothesis, but 

recent camera trapping in a population of Anigozanthos humilis where honey possums are 

present found no evidence of foraging on A. humilis (van Der Kroft et al. 2019). Further, 

there was no evidence of nocturnal pollination of A. manglesii captured through the use of 

camera traps in the present study (Chapter 4). However, the effects of cats and foxes on 

reducing urban honey possum populations deserves consideration in this context. 

Although small insects are unable to trigger these camera traps, they were regularly 

triggered by wind, providing tens of thousands of night-time photos that showed no 

visitation. Digital video cameras to record night-time visitation could be used to test this.  

It was difficult to separate entirely the impact of bird pollinators from insect pollinators in 

this study, as open flowers were visited by both birds and honeybees. While insect 
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repellents have been trialled on other species with no success (Celebrezze 2002), there is 

potential for labour-intensive exclusion experiments. Individual flowers could be 

monitored, bagged during high insect activity periods, and unbagged during high 

vertebrate activity (e.g. Gross 2001; Mayfield et al. 2001; Karron et al. 2006). Populations 

of Kangaroo Paws with frequent pollinator visitation (e.g. A. flavidus; Phillips et al. 2014) 

would be an ideal model system to run these experiments due to their small size, the fact 

that the flowers are open in a predictable succession, and that they are large and easily 

tracked as individuals. 

Likewise, Kangaroo Paws could also be used to test hypotheses on colour and density of 

flowering plants. Density of floral resources is predicted to impact on the composition of 

the pollinator community, visitation rates, patterns of foraging and aggressive 

interactions/territoriality (e.g. Stiles 1975; Bosch and Waser 2001; Wolf and Harrison 

2001; Goverde et al. 2002; Phillips et al. 2014). Density of A. manglesii populations can 

be readily manipulated through disturbance (slashing and burning of populations) or 

through experimental addition/arrangement of pots. Colour plays a major role in the 

attraction and decision making of pollinators, and while red-flowers are typically 

associated with bird-pollination, flowers of many different colours are visited by bird 

pollinators (Cronk and Ojeda 2008; Shrestha et al. 2013). Anigozanthos manglesii has 

many colour variations with varying forms of rarity (yellow and green flowers, purple and 

red, orange and green, yellow and red, metallic blue and all white), with some variants 

available commercially from plant breeders.  

6.3 Threats to vertebrate plants and their pollinators 

Anigozanthos manglesii is a widespread species in the Southwest Australian Floristic 

Region (SWAFR) and is not considered a threatened or priority species. However, with 

over 70% of the SWAFR cleared for housing, agriculture and industry, and remaining 

areas of bushland facing habitat fragmentation, altered fire regimes, invasive species and 
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climate change, most plant species in the SWAFR are under increasing pressure (Myers 

et al. 2000; Hopper 2009; Phillips et al. 2010). In A. manglesii the surprisingly low bird-

visitation rates observed between 2015-2017, particularly in the urban remnant of Kings 

Park, are worrying. While it may be an artefact of studying long unburnt populations, 

which tend to have less prolific flowering, there has been a demonstrated reduction in bird 

abundance in Kings Park over the last 60 years (Recher and Servety 1991; Davis et al. 

2013), and this thesis shows that honeybees cannot effectively replace the role of birds as 

pollinators. 

In the SWAFR, bird- and mammal-pollinated plants have a demonstrably higher chance 

of being threatened with extinction, making up 40% of plant taxa threatened with 

extinction (Keighery 1980; Hopper and Gioia 2004). The drivers of this increased risk are 

unknown- it may be that plants that are naturally rare/have restricted distributions are also 

more likely to be vertebrate pollinated (Phillips et al. 2010). It may be that the loss of 

mammal and/or the changes in species abundance and composition of bird pollinators 

(Davis and Wilcox 2013) is reducing pollination success. Vertebrate pollinated species 

may also be visited more regularly by the introduced European honeybee- with a review 

of honeybees in a West Australian reserve finding that 63% of bird- and mammal-

pollinated plants were foraged on by A. mellifera, compared to 27% insect and 23% wind 

(Willis 1990). This could be lowering fruit and seed set, male reproductive capacity and 

genetic diversity of populations (see section 6.4 below).  

To my knowledge, the relative threat status of vertebrate-pollinated plants has not been 

studied nor reported in other areas. We do know that globally, vertebrate pollinators are 

in decline, with an average of 2.5 species moving up the IUCN extinction risk categories 

each year (Regan et al. 2015). There is also evidence that a decline in vertebrate pollinators 

can result in a decline in vertebrate-pollinated plants. For example, in New Zealand, the 

local extinction of bird pollinators resulted in reduced pollination, seed production and 
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population density of Rhabdothamnus solandri on the mainland, compared to nearby 

island bird sanctuaries with abundant bird-pollinators (Anderson et al. 2011). We also 

know from pollinator exclusion experiments, such as those described in Chapter 4, that 

vertebrate pollinated plants are heavily reliant on their pollinators. A global review of 

pollinator exclusions experiments found that excluding vertebrates results in a 63% 

decline in fruit and seed production (Ratto et al. 2018). 

Some adaptations of vertebrate-pollinated plants may make them more resilient to 

threatening processes. As vertebrate pollinators tend to be generalist foragers,  in Australia 

vertebrate-pollinated plants tend to be pollinated by more than one species of pollinator 

(Saffer et al. 2000; Menz et al. 2011; Krauss et al. 2017). Bird-pollination is also thought 

to be an example of the James effect- adaptations that arise within naturally small and 

isolated populations in anciently fragmented landscapes to maximise outcrossing, which 

in turn favours the preservation of genetic diversity (Hopper 2009). This is supported by 

a recent review of the impact of fragmentation on plant populations, which found that 

vertebrate pollinated species are less impacted by fragmentation (Aguilar et al. 2019) than 

their insect and wind pollinated counterparts. This may be because bird-pollinators are 

more mobile, and able to genetically connect fragmented populations over large distances. 

For example, fragmented Banksia menziesii populations have been shown to be part of 

large-scale pollination networks, with pollen dispersal by nectar-feeding birds occurring 

between populations up to 1.7km apart (Ritchie et al. 2019). Interestingly, I also showed 

in Chapter 3 that within population optimal outcrossing distances of a few metres may be 

more common in herbaceous bird pollinated species, than those pollinated by insects (Ayre 

et al. 2019). This could also be a feature of populations that reduces the impact of habitat 

fragmentation- if pollen movement across very short distances produces optimal seed set, 

then a reduction in moderate to long-distance pollen dispersal is unlikely to have a large 

negative effect on populations.  
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6.3.1 Recommended priorities for research on vertebrate pollination:  

1. What species are pollinated by vertebrates, and what vertebrates are pollinating?  

In many instances we simply do not know what animal species are foraging on plants, 

and how effective they are as pollinators. In the Southwest of Western Australia, our 

main citation for the number and diversity of species visited by vertebrate pollinators 

is a paper by Keighery (1980), which the author himself notes was “not a 

comprehensive compilation as too little is known about the pollination of most West 

Australia’s Flora to permit this”. While Brown (et al. 1997) provides a more 

comprehensive list of floral visitors to Western Australian plants, this list should be 

updated to include new species (over 496 new species in Western Australia were 

published over the last 10 years alone (https://florabase.dpaw 

.wa.gov.au/statistics/2019)), and our growing knowledge of plant-pollinator 

interactions. 

More broadly, there are still many species globally that are assumed to be vertebrate 

pollinated, where pollination has not been assessed. The growing use of remote 

monitoring (e.g. motion-triggered and time-lapse cameras) will provide the 

opportunity to cheaply and easily determine visitors to flowering plants and record 

some aspects of their foraging behaviour (Krauss et al. 2018), although there remains 

no substitute for complementary direct observation to document key aspects of plant-

pollinator interactions.  

Globally, including this thesis, research on vertebrate pollinators has focused on bird-

pollinators. Other vertebrate pollinator species deserve greater attention. For example, 

while originally assumed to be a feature of islands, evidence for lizard pollination has 

recently been found in mainland South Africa (Cozien et al. 2019) and in the Stirling 

Range of the SWAFR (S Hopper, University of Western Australia, pers. comm.). In 

Australia, research on mammal pollination has largely focused on possums, bats, 
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gliders and antechinus (Paton and Turner 1985; Cunningham 1991; Law and Lean 

1999; Hackett and Goldingay 2001; Groffen et al. 2016), despite native rats and mice 

visiting flowers (Brown et al. 1997).  

2. Do threatened vertebrate-pollinated plants share common traits?  

Although we tend to discuss vertebrate-pollinated plants as if they all will act 

similarly- there are a diverse range of vertebrate pollinators, and vertebrate-pollinated 

plants come in a diverse range of morphologies. There will be many differences 

between a herbaceous plant like A. manglesii, a shrub species, or a tree species. Even 

within lifeforms there are substantial variations in colour, flower sizes and floral 

morphology. Comparing the different characteristics (morphological traits, pollination 

species, distribution, life forms etc.) of threatened to non-threatened vertebrate 

pollinated plants may help us identify threatening processes and plan more effective 

management and conservation.  

3. What are the genetic consequences of vertebrate pollination?  

Pollinator foraging behaviour and levels of pollen carryover will have a large influence 

on plant population genetics, with vertebrate pollination predicted to result in higher 

levels of outcrossing, and multiple paternity amongst offspring (Krauss et al. 2017). 

Over time, this will impact the genetic diversity, and so the stability, resilience and 

fitness of plant populations (Reed and Frankham 2003; Hughes et al. 2008).  

While our knowledge of the genetic impact of bird-pollination is growing, detailed 

studies are in their infancy (Krauss et al. 2017). Most studies have also focused on 

larger lifeforms with large numbers of flowers (e.g. Krauss et al. 2009; Frick et al. 

2014; Bezemer et al. 2016; Ritchie et al. 2019), with very little work done on 

herbaceous or smaller shrub species. Our understanding of the genetic consequences 

of mammal and lizard pollination is nearly non-existent and deserves much greater 

attention.  
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4. What is the impact of invasive pollinator species on vertebrate-pollinated plants?  

Alien species- both invertebrates and vertebrates- visit flowers seeking pollen and 

nectar. While invertebrate alien species have received attention (e.g. Goulson 2003; 

Geslin et al. 2017), the role of alien vertebrates is understudied globally. For example, 

in Australia the role of the black rat in pollinating Australian plants has largely been 

ignored (though see Saul 2013). Likewise, the common house mouse, Mus musculus, 

has been recorded feeding on flowers of eleven species across Western Australia 

(Brown et al. 1997), but I am not aware of any studies on their ability to pollinate 

Australian plants. While there has been work on the impact of invertebrate pollinating 

species such as Bombus and Apis, there are still clear gaps in our knowledge on their 

impact on most vertebrate pollinated species.  

6.4 Impact of the European Honeybee of native plant populations 

The presence of invertebrate species outside their native range is not a rare occurrence- 

worldwide there are over 4000 introduced invertebrate species (Seebens et al. 2017). 

Arguably the most prevalent of all introduced species is the European Honeybee, Apis 

mellifera. Originally found in Europe, Africa, and the Middle East, the European honeybee 

is now found in every continent except Antarctica (Goulson, 2003; Han et al., 2012). They 

were introduced to North America in the 1600s, to Australia in 1826, and to New Zealand 

in 1839 (Goulson, 2003). They are found in both commercial hives for agriculture and 

honey production, as well as in feral hives in natural and urban areas. 

Despite evidence of their negative impact on plants and other pollinators (see reviews by 

Goulson (2003) and Moritz et al.(2005) on their ecological impact, and Paini (2004) and 

Mallinger et al. (2017) on their negative impact on native insect pollinators), they are still 

being actively spread across the globe with little regard for the consequences on 

biodiversity (Goulson 2003). To many members of the public, they are the poster child for 
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“save the bees” and are still considered -including by some working in the biological 

sciences space- to be beneficial for native plants, and benign on native pollinators.  

This appears to be true in some instances. In Australia, there was no evidence of reduced 

seed production or seedling survival when honeybees foraged on Banksia ericifolia 

(Gilpin et al. 2016). In Banksia ornata, there was increased seed set in the presence of 

honeybees (Paton 1999). In South America, honeybees are as effective as native bees at 

pollinating wild cashews, Anacardium occidentale (Freitas & Paxton 1998). However, 

honeybees are certainly not always effective pollinators. In this thesis, I show that the 

European Honeybee is primarily acting as a nectar and pollen thief on A. manglesii 

flowers, largely due to a mismatch between floral morphology, pollinator behaviour and 

body size. While I was not able to assess the full impact of foraging by A. mellifera (as we 

were unable to exclude insects and allow bird access), when they were the only visitor to 

A. manglesii there were 67% fewer fruits and 81% fewer seeds produced. Likewise, there 

was a 20% percent reduction in allelic diversity and 86% reduction in multiple paternity.  

In Australia, honeybees have also been shown to have direct, negative effects on plant 

reproduction and pollinator abundance. Honeybees disrupt the foraging of native insects 

(e.g. Paini 2004; Gross 2001) and vertebrate pollinators (e.g. Paton 1993; Vaughton 1996) 

and reduce seed production and/or rates of pollination for some predominantly bird-

pollinated plants (Paton and Turner 1985; Paton 1988, 1993; Taylor and Whelan 1988; 

Vaughton 1992, 1996; Vaughton and Ramsey 1998; Higham and McQuillan 2000; 

Celebrezze 2002; Celebrezze and Paton 2004). The issue is not isolated to Australia. 

Global examples included reduced pollination success in Argentinian forests with higher 

abundance of honeybees (Aizen and Feinsinger 1994), low numbers or no native bees on 

Pacific islands with honeybees present (Kato et al. 1999), and lower levels of foraging by 

hummingbirds in the presence of honeybees (Schaffer et al. 1983). 
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6.4.1 What drives the negative effect on plants? 

Apis mellifera foraging can directly and indirectly cause negative impacts on plants 

(Figure 1). Competition for shared nectar and/or pollen resources can reduce the 

abundance of native pollinators in a system, which will impact on all flowering plants in 

an area including those not directly foraged on by honeybees (Hopper 1987). Honeybees 

can commit floral larceny, stealing nectar and pollen without providing pollinations 

services (Hargreaves et al. 2009). They can also outcompete native pollinators- with up to 

50, 000 honeybees present in one hive (Goulson 2003), and 150 hives in a single location, 

it is easy to see how they can exclude solitary pollinating species from flowering resources 

(Paini 2004). Honeybees may alter the patterns of pollen dispersal of species (particularly 

historically vertebrate pollinated species), increasing mating between flowers on the same 

plant or near neighbours (Chapter 5). Compared to vertebrate pollinators, they are also 

likely to be carrying a lower amount and diversity of pollen (Holmquist et al. 2012). 

Honeybees may also spread diseases to native invertebrate pollinators, potentially 

lowering native pollinator abundance and visitation (Tehel et al. 2016).   

These impacts may lead to plant populations with reduced fruits and seed set (female 

reproductive capacity), reduced male reproductive capacity (flowers will have less of their 

pollen spread to other flowers), lower genetic diversity amongst offspring and reduced 

fitness amongst offspring (Figure 1). In general, I predict that European honeybees will 

have a negative effect:  

i. When they are outside their native range, and in a high density;  

ii. When the plants they forage on are self-incompatible and in low density (individual 

honeybees are less likely to move between plants in low density patches, which may 

increase rates of selfing and inbreeding (Paton 1996)) and;  

iii. On plants with specialist pollination requirements e.g. orchid species, vertebrate 

pollinated plants, those with buzz-pollinated flowers (Hopper 1987; Willis 1990).  
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Figure 1: Potential negative outcomes (coloured boxes) of foraging by Apis mellifera on plant 

populations.  
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6.4.2 More research is needed  

The interactions between plants, native pollinators, and introduced honeybees is complex. 

In order to make smart management and conservation decisions, we need to know: 

1. What species do Apis mellifera visit; and are they foraging for pollen or nectar? 

Understanding what species are being visited by Apis, and the resources they are 

consuming, is an essential first step in understanding the impact of Apis on native 

plant species. Understanding what they are foraging on can provide a short-cut to 

understanding their impact, as in general, when foraging on pollen, honeybees are 

more likely to be successful pollinators than when foraging for nectar ( e.g. Paton 

and Turner 1985; Ramsey 1988; Vaughton 1992; Paton 1993). Research in a 

Western Australian nature reserve suggests that species adapted for vertebrate 

pollination may be visited more often than those adapted for invertebrate 

pollinated flowers (Willis 1990), but the generality of these results need to be 

tested in a wider range of species and systems. 

2. Are their shared characteristics between plant species that have no, neutral, positive 

or negative impacts from visitation by honeybees?  

As mentioned above, I predict that honeybees will have a greater impact on self-

incompatible, low density plant species with large flowers and specialist 

pollination systems. Comparing the characteristics of plant species that have 

positive, neutral of negative response to honeybees can be used to identify priority 

species for further investigation.  

3. Are there different impacts between feral hives and managed hives?  

There are over 70 000 licensed commercial hives in Western Australia (Stephanie 

Kruger, Department of Biodiversity, Conservation and Attractions, pers comm.), 

with beekeepers almost entirely dependent on native flora growing on public lands 

(80-90% honey production), in over 2600 approved locations in the South West 
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(Benecke 2007). While these managed hives are moved to coincide with peak 

flowering, feral hives are present year-round. Understanding the different impacts 

of feral hives and managed hives on native plants and animals is important for 

conservation, management and the beekeeping industry.  

4. What are the genetic consequences of pollination by honeybees on native plants?  

Measures of genetic diversity give us insight into the long-term stability, resilience 

and fitness of plant populations (Reed and Frankham 2003; Hughes et al. 2008). 

As discussed in Chapter 5, aside from this thesis, I am only aware of two studies 

that look directly at the genetic consequences of pollination by Apis. It was 

possible to compare honeybee pollination in this thesis as A. mellifera was the only 

insect-pollinator visiting flowers, but this is not the case in most species. 

Manipulative experiments that compare control sites with either the addition of 

managed hives to areas with low or no honeybee foraging, or the removal of feral 

hives, may allow for a comparative approach across a wider range of species. Even 

in species where seed set is not dramatically reduced by A. mellifera pollination, 

there may be long term consequences on population health and survival with 

consistent reductions in genetic diversity.  

6.4.3 Compromise is necessary:  

We need to find a balance between protecting our natural areas and protecting agriculture 

and industry. European honeybees are here to stay. They are an important species for 

agriculture and honey production. Often considered to be the single most important species 

for crop pollination (Geldmann and González-Varo 2018), their pollination services were 

estimated to be worth up to $2 billion dollars a year to the Australian economy alone 

(Gordon and Davis 2003). 

Solutions could include the removal of feral hives from the conservation estate. This would 

likely be beneficial for both conservation and the honey industry (Pyke 1999), though may 
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result in famers whose lands neighbour the conservation estate spending more money on 

commercial hives for pollination services. Managed hives could also be excluded from 

areas that contain species that are known to be negatively impacted on by honeybees, and 

potentially even areas that contain rare plant and pollinator species. Yearly rotations could 

also occur, allowing managed hives in an area one year then and excluding them the 

following year. For any solutions to be successful in the long run, there needs to be co-

operation between scientists, land managers, policy makers, apiarists, farmers and the 

wider public.  

6.5 Concluding remarks 

This study has shown that the Red and Green Kangaroo Paw is dependent on nectar-

feeding birds for pollination, that there are unique genetic consequences of pollination by 

birds, and that the European honeybee has a negative impact on pollination. Although 

often viewed internationally as a novelty, understanding bird pollination is critical not only 

in Australia, but for many regions globally. Likewise, understanding the disruptive impact 

of prolific introduced floral visitors on native plant-pollinator mutualisms is a global issue. 

In order to better manage our natural areas, it is essential to build our understanding of the 

complex interactions between plants and their pollinators.  
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Applications
in Plant Sciences

Anigozanthos manglesii D. Don (Haemodoraceae), the Red 
and Green Kangaroo Paw, is a perennial wildflower endemic to 
the Southwest Australian Floristic Region. Flowering occurs be-
tween July and November, with large inflorescences of red and 
green tubular flowers on stems up to a meter tall. These flowers 
are visited by nectar-feeding birds and invertebrates seeking 
nectar and pollen (Hopper, 1993). Differences in the foraging 
behavior of vertebrates and invertebrates are predicted to have a 
significant impact on pollen dispersal patterns, multiple pater-
nity, genetic diversity, and fitness of offspring (Krauss et al., 
2017). Manipulation of pollinator access to inflorescences and 
paternity assignment of the resulting seeds allows for the quan-
tification of pollen dispersal patterns by specific pollinators. 
Here, we describe the development of microsatellite markers 
that will facilitate future research on the genetic consequences 

of pollen dispersal by bird and invertebrate pollinators of A. 
manglesii. In particular, we will use these markers for mating 
system and paternity assignment following pollinator manipula-
tion studies to test hypotheses of high paternal diversity for 
plants pollinated by nectar-feeding birds (Krauss et al., 2017). 
The degree of congeneric cross-transferability of the markers 
was also assessed in eight other species, covering over 80% of 
the genus.

METHODS AND RESULTS

DNA was extracted from a leaf sample collected in Kings Park, Perth, West-
ern Australia (Appendix 1), using the extraction method of Carlson et al. (1991), 
modified with the addition of potassium acetate after lysis incubation, a 5 M 
NaCl step, and an additional ethanol precipitation after the isopropanol precipi-
tation. One hundred grams of DNA was sheared to approximately 300–400 bp 
using an S2 sonicator (Covaris, Woburn, Massachusetts, USA), and a single 
barcoded library was prepared using a NEBNext Ultra DNA Library Prep Kit 
(New England Biolabs, Ipswich, Massachusetts, USA). Inserts sized 330–360 bp 
were selected by gel excision (E-Gel, Invitrogen/Thermo Fisher Scientific, 
Waltham, Massachusetts, USA), and the libraries were produced, assessed, and 
quantified using a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, California, 
USA). The final library was diluted to 9 pM using a OneTouch 2 Template  
400 kit (Life Technologies, Carlsbad, California, USA) and enriched. A Per-
sonal Genome Machine (PGM) semiconductor sequencer (Life Technologies) 
using 850 flows on a 316 sequencing chip produced approximately 350–400 bp 
read lengths. Signal processing, base-calling, and quality trimming were con-
ducted using the default settings on Torrent Suite 4.0 (Thermo Fisher Scientific), 
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Primer Note

CharaCterization and transferability of 
miCrosatellites for the Kangaroo Paw, AnigozAnthos 

mAnglesii (haemodoraCeae)1

BroNwyN m. Ayre2,3,7, JANet m. ANthoNy2,3, DAviD G. roBerts3,4, richArD J. N. Allcock5,6, 
AND sieGfrieD l. krAuss2,3

2School of Biological Sciences, University of Western Australia, 35 Stirling Highway, Crawley, Western Australia 6009, Australia; 
3Botanic Gardens and Parks Authority, Kattidj Close, Kings Park, Perth, Western Australia 6005, Australia; 4Centre for Excellence 

in Natural Resource Management, University of Western Australia, Albany, Western Australia 6330, Australia; 5School of 
Pathology and Laboratory Medicine, Lotterywest State Biomedical Facility Genomics, University of Western Australia,  

Crawley, Western Australia 6009, Australia; and 6Pathwest Laboratory Medicine WA, QE Medical Centre, Nedlands,  
Western Australia 6009, Australia

•	 Premise of the study: Microsatellites were developed for the future assessment of population genetic structure, mating system, 
and dispersal of the perennial kangaroo paw, Anigozanthos manglesii (Haemodoraceae), and related species.

•	 Methods and Results: Using a Personal Genome Machine (PGM) semiconductor sequencer, ca. 4.03 million sequence reads 
were generated. QDD pipeline software was used to identify 190,000 microsatellite-containing regions and priming sites. From 
these, 90 were chosen and screened using PCR, and 15 polymorphic markers identified. These sites amplified di-, tri-, and pen-
tanucleotide repeats with one to 20 alleles per locus. Primers were also amplified across congeners A. bicolor, A. flavidus,  
A. gabrielae, A. humilis, A. preissii, A. pulcherrimus, A. rufus, and A. viridis to assess cross-species transferability.

•	 Conclusions: These markers provide a resource for population genetic studies in A. manglesii and other species within the 
genus.

Key words: Anigozanthos; Catspaw; Haemodoraceae; Kangaroo Paw; microsatellite primers.
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tABle 1. Characteristics of 15 polymorphic microsatellite loci developed for Anigozanthos manglesii.

Locus Primer sequences (5′–3′) Fluorescent label Repeat motif Allele size (bp) Ta (°C) GenBank accession no.

AM1 F: TACTGAGATCGAACCACTTCTTG VIC (AG)15 190 61.5 KY853194
R: GGGATGGAGGTAGGACTGTT

AM2 F: GTTGTGTTGTACTCGCTGGG VIC (AT)7 91 65.5 KY853195
R: GTCCTTGCTCTAGCCACCAA

AM8 F: AACATGACTTAAGCTTCACTTTCG 6-FAM (ATC)15 140 56 KY853196
R: ACTTAGCCTTTCTGGCAAATG

AM11 F: AGTCGGACTAACTTGGCAGC 6-FAM (AAT)8 290 57 KY853197
R: CCACAACGATGTTGTCTTGC

AM13 F: TTGAGTAACGATGGCAAACTT PET (ACAT)8 241 57 KY853198
R: TGACTTACCTTCATTCGCCA

AM20 F: CAACTCAAGAACAAAGAAGGAAG 6-FAM (AGC)8 193 57 KY853199
R: TGGTTTCTCTATCTGAGTTTGGAT

AM23 F: CTCGCTCTCCACAATCCACT VIC (AG)14 120 60 KY853200
R: TGGAATTCTCCTGCCTTCAC

AM28 F: TGGTTTATCAATGGAACAATATAAGA NED (AG)9 94 56 KY853201
R: CAAATGATGATAAATGAATGAATAAGA

AM29 F: TCCACCATATCCTACCGTGA PET (AGC)11 119 57 KY853202
R: GCTGCATTCACATCCTCAGA

AM56 F: GGAAGTTGAAGAGGAGCTGGT VIC (AG)24 120 55 KY853203
R: ACAAGACAGTCAATTATTCATTCATTA

AM60 F: TTTCCGGAACTGAAGGAAAG VIC (AT)10 176 55 KY853204
R: CCTGGCGAGGTTATTAAGCA

AM71 F: AATCCGGAGCAAAGTATCCA PET (AAG)8 263 64.5 KY853205
R: TTGGGAGAGGAGACGCTTTA

AM75 F: CAATGCATGACAGAAGGTTCA NED (AAG)8 300 65.5 KY853206
R: TTCTGCATGATCAGGGTAGTTG

AM79 F: AACAATCACGGCTCCCTTT 6-FAM (AAG)12 237 64.5 KY853207
R: GAGATTGTTCCTCTCGCTGC

AM82 F: CTTTCCCATTCCCTCCCAT PET (AAG)8 177 65.5 KY853208
R: AGCTCCTTGACCAAGCACTG

Note: Ta = annealing temperature.

tABle 2. Genetic properties of 15 polymorphic microsatellite loci for three populations of Anigozanthos manglesii.a

Kattidj (n = 20) Korung National Park (n = 25) Lovekin (n = 24)

Locus A Ho He
b A Ho He

b A Ho He
b

AM1 4 0.342 0.745* 6 0.539 0.799** 20 0.650 0.931*
AM2 18 0.389 0.767** 7 0.350 0.499ns 9 0.636 0.809*
AM8 16 0.500 0.914** 18 0.773 0.914** 11 0.333 0.880***
AM11 9 0.579 0.799ns 9 0.864 0.825** 9 0.708 0.773ns

AM13 14 0.600 0.880* 8 0.714 0.787ns 9 0.556 0.778**
AM20 8 0.313 0.783*** 13 0.500 0.869*** 8 0.286 0.810***
AM23 1 0.000 0.000 1 0.000 0.000 15 0.318 0.916***
AM28 6 0.375 0.727*** 8 0.238 0.833*** 6 0.833 0.842*
AM29 9 0.529 0.808ns 7 0.545 0.705* 10 0.522 0.817*
AM56 2 0.133 0.124ns 2 0.200 0.180ns 5 0.261 0.363ns

AM60 3 0.421 0.342ns 10 0.696 0.593ns 1 0.000 0.000
AM71 12 0.579 0.856*** 14 0.909 0.874*** 8 0.739 0.772ns

AM75 15 0.333 0.895*** 9 0.750 0.834*** 18 0.591 0.862*
AM79 9 0.474 0.838*** 7 0.391 0.797*** 15 0.952 0.901ns

AM82 11 0.700 0.818ns 6 0.182 0.419*** 11 0.667 0.747*

Note: A = number of alleles sampled; He = expected heterozygosity; Ho = observed heterozygosity; n = number of individuals sampled.
a Voucher and locality information are provided in Appendix 1.
b Statistically significant deviation from Hardy–Weinberg equilibrium is indicated as *P < 0.05, **P < 0.01, ***P < 0.001; ns = not statistically significant.

and library-specific FASTQ files were generated. This resulted in 4.03 million 
reads with a modal read length of 354 bp and 2.4 Gb of data (National Center for 
Biotechnology Information [NCBI] Sequence Read Archive Bioproject no. 
PRJNA390010).

Using QDD 3.1 software, all reads were screened for microsatellite-containing 
regions (Meglecz et al., 2014). A total of 190,000 were identified. Thirty primer 
pairs were chosen for screening at a time. Primers chosen were all categorized as 
design A (no homopolymers, no other target microsatellites in flanking region, no 
nanosatellite in primer or flanking regions, pure not compound microsatellites), 

were unable to form a hairpin, had a low PCR align score, had a >20-bp distance 
between primer and microsatellite, had higher microsatellite repeats, and had 
similar annealing temperatures, but had a variety of PCR product lengths 
(Meglecz et al., 2014; http://net.imbe.fr/~emeglecz/qdd.html#choice). Each 
assay had a final volume of 10 μL and contained 5 μL of SsoAdvanced 
SYBR Green Supermix (Bio-Rad Laboratories, Hercules, California, USA),  
0.3 μM of forward and reverse primers, and 5–10 ng of genomic DNA. PCR was 
conducted on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad 
Laboratories). Using a single sample, DNA was amplified across a range of 
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tABle 3. Results of cross-amplification (allele size ranges) of microsatellite loci isolated in Anigozanthos manglesii and tested in five individuals across 
eight congeneric taxa. Anigozanthos manglesii is included for comparison.

Locus A. manglesii A. bicolor A. flavidus A. gabrielae A. humilis A. preissii A. pulcherrimus A. rufus A. viridis

AM1 152–258 — — — — — — — —
AM2 89–109 87–89 — 81–89 81–89 89 89 89 89
AM8 84–195 — — — — — — — —
AM11 209–320 295–307 294 307–309 301–357 294 302–307 294–304 306–311
AM13 240–280 — 247 — 180 — 177 — —
AM20 178–230 179–184 190–197 188 151–190 — — 185–194 177–194
AM23 105–159 102–125 106–131 128–130 103–153 104–122 116–140 103–145 —
AM28 84–115 — — — — — — — —
AM29 82–132 117–126 114–117 120 112–132 117–126 117–129 123–126 106–129
AM56 84–107 — — — — — — — —
AM60 162–187 — — — — — — — —
AM71 258–322 271–294 — 265–271 262–286 — 276–290 276–294 274–290
AM75 295–362 — — — — — — 289 —
AM79 215–260 — — — — — — — —
AM82 174–302 179–189 180–194 — 179–182 — — — —
Total 7 6 6 8 4 6 7 5

Note: — = unsuccessful amplification.

temperatures to determine an appropriate annealing temperature. To test for 
polymorphism, eight individuals were amplified at the chosen best temperature 
and analyzed using Precision Melt Analysis (Bio-Rad Laboratories). The for-
ward primer of primer pairs that amplified consistently across all eight individuals 
were each tagged with a fluorescent label (6-FAM, NED, VIC, or PET) com-
patible with the ABI 3500 sequencer (Life Technologies). This process was  
repeated three times, until 15 reliable primer pairs were produced. All other 
primer pairs failed to amplify consistently and/or cleanly (i.e., they displayed 
stuttering and allelic patterns were difficult to distinguish) across different DNA 
samples.

To amplify microsatellite regions, PCR was performed on a Veriti Thermo-
cycler (Life Technologies), either individually or in multiplex. Individual micro-
satellite loci (Am1, Am2, Am8, Am23, Am28, Am56, Am60, and Am79) were 
amplified using 10–20 ng of DNA with 2 μL of 5× buffer containing dNTPs 
(Fisher Biotec, Wembley, Western Australia, Australia), 2 mM MgCl2, 0.16 μM 
of both reverse and fluorescently labeled forward primers, and 0.05 μL of  
5.5 units/μL Taq polymerase (Fisher Biotec) in a 10-μL reaction. The amplifica-
tion cycle began with a 1-min denaturation at 95°C; followed by 35 cycles of 
denaturation at 95°C for 10 s, annealing (at variable temperatures, see Table 1) 
for 30 s, and extension at 72°C for 45 s; and a final extension of 15 min at 72°C. 
The remaining seven primer pairs were amplified across two multiplex mixes 
(primer mix 1 contained Am11, Am13, Am20, and Am29, all at 0.2 μM; primer 
mix 2 contained Am2 [0.1 μM], Am75 [0.4 μM], and Am82 [0.3 μM]). All 
multiplex reactions used 6 μL of 2× Multimix (QIAGEN, Hilden, Germany),  
2 μL of 5× Q-solution (QIAGEN), 1.25 μL of primer mix, and 2.75 μL of 10–20 ng 
DNA in a final 12-μL reaction. The amplification cycle began with 15-min  
denaturation at 95°C; followed by 30 cycles of denaturation at 94°C for 30 s, 
annealing (at variable temperatures, see Table 1) for 90 s, and extension at 72°C 
for 90 s; and a final extension of 30 min at 60°C. PCR products were separated 
by capillary electrophoresis on an ABI 3500 Genetic Analyzer (Life Technologies), 
and allele sizes scored using Geneious version 7.1 (Biomatters Ltd., Auckland, 
New Zealand; http://www.geneious.com/).

Primers were tested on leaf samples collected from three populations of  
A. manglesii (Appendix 1, Table 2). All 15 markers were polymorphic in at least 
one population. Analysis for observed heterozygosity, expected heterozygosity, 
and Hardy–Weinberg equilibrium was completed with GenAlEx (Peakall 
and Smouse, 2006, 2012). Observed and expected heterozygosities ranged from 
0.182 to 0.950 and 0.133 to 0.931, respectively. A significant departure from 
Hardy–Weinberg equilibrium was recorded in different loci across the three 
populations (Table 2). MICRO-CHECKER (van Oosterhout et al., 2004) identi-
fied the possibility of null alleles in some loci, but not consistently across popu-
lations. No stuttering or large allele dropouts were identified.

Using the same extraction and amplification methods as above, the primers 
were tested on DNA extracted from five individuals from each of A. bicolor 

Endl., A. flavidus DC., A. gabrielae Domin, A. humilis Lindl., A. preissii 
Endl., A. pulcherrimus Hook., A. rufus Labill., and A. viridis Endl. Success 
varied, with four to eight markers successfully amplified across different 
species (Table 3).

CONCLUSIONS

Fifteen microsatellite markers have been developed for A. 
manglesii. Without changing any of the amplification conditions, 
between four and eight of these markers successfully amplified 
in each of eight congeneric species. This suggests that with fur-
ther species-specific refinement, these markers will provide a 
valuable resource for population genetic studies of the genus.
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APPeNDix 1. Voucher information for Anigozanthos species used in this study.a

Species Voucher specimen accession no. Collection locality (Population ID) Geographic coordinates N

A. manglesii D. Don PERTH 2027925 Kings Park and Botanic Gardens, Perth (Kattidj) −31.9602, 115.8323 20
A. manglesii PERTH 2028069 Canning Mills Rd., Perth Hills (Korung National Park) −32.06666, 116.03333 25
A. manglesii PERTH 2883961 Kings Park, Perth (Lovekin) −31.9697, 115.8294 24
A. bicolor Endl. KPBG 20040828 Mogumber, 37.7 km N from turnoff from Bindoon to Moora −31.05555, 116.043889 5
A. flavidus DC. PERTH 4661192 Mount Barker −34.766570, 117.4454163 5
A. gabrielae Domin KPBG 20060052 Mount Arid, slopes ca. 1 km due SW of summit −34.273611, 115.269722 5
A. humilis Lindl. CANB 701.549.1 Muchea −31.48345, 115.9333 5
A. preissii Endl. KPBG 20120597 17.2 km S of the Mt. Barker to Denmark rd. −49.976667, 117.620833 5
A. pulcherrimus Hook. KPBG 20091116 1.1 km from the Cockleshell Gully, Dandaragan −30.1414722, 115.0975833 5
A. rufus Labill. PERTH 5746167 Mullet Lake Nature Reserve −33.47261, 121.5949.2 5
A. viridis Endl. KPBG 20000308 5 km S Brennans bridge Scott River National Park −34.273611, 115.269722 5

Note: N = number of individuals.
a Vouchers are stored in the Western Australian Herbarium (PERTH), Perth, Western Australia; the Kings Park and Botanic Gardens Herbarium (KPBG), 

Perth, Western Australia; and the Australian National Herbarium (CANB), Canberra, Australian Capital Territory.
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• Background and Aims In plants, the spatial and genetic distance between mates can influence reproductive 
success and offspring fitness. Negative fitness consequences associated with the extremes of inbreeding and 
outbreeding suggest that there will be an intermediate optimal outcrossing distance (OOD), the scale and drivers 
of which remain poorly understood. In the bird-pollinated Anigozanthos manglesii (Haemodoraceae) we tested 
(1) for the presence of within-population OOD, (2) over what scale it occurs, and (3) for OOD under biologically 
realistic scenarios of multi-donor deposition associated with pollination by nectar-feeding birds.
• Methods We measured the impact of mate distance (spatial and genetic) on seed set, fruit size, seed mass, seed 
viability and germination success following hand pollination from (1) single donors across 0 m (self), <1 m, 1–3 
m, 7–15 m and 50 m, and (2) a mix of eight donors. Microsatellite loci were used to quantify spatial genetic struc-
ture and test for the presence of an OOD by paternity assignment after multi-donor deposition.
• Key results Inter-mate distance had a significant impact on single-donor reproductive success, with selfed and 
nearest-neighbour (<1 m) pollination resulting in only ~50 seeds per fruit, lower overall germination success and 
slower germination. Seed set was greatest for inter-mate distance of 1–3 m (148 seeds per fruit), thereafter plat-
eauing at ~100 seeds per fruit. Lower seed set following nearest-neighbour mating was associated with significant 
spatial genetic autocorrelation at this scale. Paternal success following pollination with multiple sires showed a 
significantly negative association with increasing distance between mates.
• Conclusions Collectively, single- and multi-donor pollinations indicated evidence for a near-neighbour OOD 
within A. manglesii. A survey of the literature suggests that within-population OOD may be more characteristic of 
plants pollinated by birds than those pollinated by insects.

Key words: Optimal outcrossing, inbreeding, Anigozanthos manglesii, hand pollination, bird pollination, fitness, 
OCBIL.

INTRODUCTION

The sessile nature of plants and the dispersal kernels of their seed 
and pollen means that neighbours are typically more closely re-
lated than more distant plants (Heywood, 1991; Vekemans and 
Hardy, 2004; Ellstrand, 2014). This spatial genetic structure 
means pollination, even across moderate distances, can encom-
pass a large range in genetic distances between mates (Waser 
and Price, 1989). At one extreme, inbreeding between neigh-
bouring plants can result in inbreeding depression, with a re-
duction in components of fitness such as seed set, germination, 
seedling growth and survival (Charlesworth and Charlesworth, 
1987; Waser, 1993; Dudash and Fenster, 2001). At the other ex-
treme, mating between genetically divergent plants can result in 
outbreeding depression, potentially arising from a breakdown 
of coadapted gene complexes due to maladaptation or genetic 
incompatibilities, or the disruption of environment-specific 
adaptations (Price and Waser, 1979; Bateson, 1980; Waser, 
1993; Schierup and Christiansen, 1996; Dudash and Fenster, 

2000; Edmands, 2007). A  logical consequence of these ex-
tremes in mating is that an optimal outcrossing distance (OOD) 
exists somewhere in between. At the OOD, reproductive suc-
cess is maximized through a reduction in the detrimental ef-
fects of inbreeding and outbreeding depression, termed ‘Fritz 
Müller’s law’ (Müller, 1883; Bateson, 1978; Price and Waser, 
1979).

While outbreeding depression is often seen after mating be-
tween species, data in support of this phenomenon within or 
between populations of a taxon are less common (Frankham 
et al., 2011). Evidence for OOD has been found after single-
donor hand-pollination experiments between plants at large 
spatial scales (e.g. Montalvo and Ellstrand, 2001; Galloway and 
Etterson, 2005; Pélabon et al., 2005), as well as at small spatial 
scales of only a few metres within populations (e.g. Price and 
Waser, 1979; Waser and Price, 1989, 1994; Quilichini et  al., 
2001; Grindeland, 2008). An OOD of short to intermediate 
geographical distances is predicted to occur primarily in plant 
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species with highly restricted pollen and/or seed dispersal (Price 
and Waser, 1979). Ultimately, the spatial scale across which 
this phenomenon might occur remains poorly understood, as 
does the role of pollination vector, seed dispersal strategy and 
general life-history parameters.

For an estimated 90 % of plant species (Ollerton et  al., 
2011), pollen dispersal patterns are predominantly determined 
by the behaviour of animal pollinators. Typically, an animal 
will display an optimal foraging strategy that maximizes en-
ergy gain relative to energy expended (Charnov, 1976). For pol-
linators, this is usually achieved by foraging between nearby 
flowers (Waser, 1982). For the plants they pollinate, such be-
haviour often results in self- and/or near-neighbour pollination. 
Therefore, pollen is typically dispersed in a leptokurtic pattern, 
with most pollen grains dispersed close to the pollen source 
and fewer grains dispersed far away from the source (Levin and 
Kerster, 1974; Proctor et  al., 1996). While both invertebrate 
and vertebrate pollinators tend to follow this near-neighbour 
foraging pattern, realized pollen dispersal may be influenced 
by other factors. Pollinator mobility, as well as inter- and intra-
species interactions may disrupt foraging patterns (Ford et al., 
1979; Orians and Milewski, 2007; Hasegawa et  al., 2015; 
Krauss et al., 2017). Additionally, pollinator grooming can in-
fluence the extent of pollen carryover, altering pollen dispersal 
patterns (Holmquist et al., 2012). Due to pronounced variation 
in animal behaviour and morphology, different groups of pol-
linators are predicted to display a range of pollen dispersal pat-
terns (Krauss et al., 2017).

Vertebrate pollination, especially by birds, is common in 
many parts of the Southern Hemisphere, often in old climat-
ically buffered infertile landscapes (OCBILs) (Hopper, 2009; 
Hopper et  al., 2016; Krauss et  al., 2017). In the temperate 
OCBILs of the Southern Hemisphere, bird pollination is dom-
inated by honeyeaters (Meliphagidae), sunbirds (Nectariniidae) 
and lorikeets (Psittaculidae, subfamily Loriinae). Honeyeaters 
and sunbirds tend to display aggressive territorial behaviours 
that interrupt foraging bouts (Wolf, 1978; Ford, 1979; Ford and 
Paton, 1982; Ford, 2001; Padyšáková et  al., 2017), often re-
sulting in departure from near-neighbour mating (Krauss et al., 
2009; Llorens et al., 2012; Frick et al., 2014). Further, pollen 
transport by birds can result in higher levels of pollen carryover 
than pollen transport by bees (Castellanos et al., 2003). Birds 
lack the grooming behaviour of bees, which is thought to re-
duce the magnitude of pollen carryover (Robertson, 1992; 
Castellanos et al., 2003; Holmquist et al., 2012; Krauss et al., 
2017). In bird-pollinated plants, both departure from predom-
inantly near-neighbour pollination and higher levels of pollen 
carryover are likely to increase genetic diversity and conserve 
heterozygosity. This may be one reason bird pollination is 
prevalent in older landscapes, where plant populations are often 
more naturally fragmented [the James effect (Hopper, 2009)].

Multiple paternity within fruits usually results in high levels 
of genetic variation among offspring, (Karron et  al., 2012; 
Rhodes et al., 2017), increasing the likelihood that some off-
spring will be adapted to a variable environment (Karron and 
Marshall, 1990, 1993). High levels of pollen carryover can also 
increase competition amongst pollen grains (Winsor et al., 2000; 
Skogsmyr and Lankinen, 2002), or provide greater opportun-
ities for direct female choice (Skogsmyr and Lankinen, 2000; 

Pannell and Labouche, 2013). Conversely, pollen carryover 
may also increase the likelihood of pollen being provided from 
individuals that are extremely closely related or extremely dis-
tantly related (Price and Waser, 1979; Waser and Price, 1989, 
1994; Waser et al., 2000), potentially realizing the negative ef-
fects associated with inbreeding and outbreeding depression.

Evidence for multiple paternity has been found in many 
plant species, and is thought to be widespread in outcrossing 
species (Campbell, 1998; Burkhardt et al., 2009; Pannell and 
Labouche, 2013). Despite this, to our knowledge, experimen-
tation has not yet been used to investigate optimal outcrossing 
under more biologically realistic multi-donor pollination. Here, 
for the first time, we aimed to address this gap in knowledge 
by performing both single- and multi-donor hand pollination. 
Our experiments were undertaken with Anigozanthos manglesii 
(Haemodoraceae), a preferentially outcrossing bird-pollinated 
wildflower from the Southwest Australian Floristic Region 
(SWAFR). Plants of A.  manglesii produce up to 20 flowers, 
with large floral features that can be easily manipulated for 
hand pollination. Due to the gravity-dependent seed dispersal of 
A. manglesii (Hopper, 1993), we hypothesize that (1) there will 
be strong fine-scale spatial genetic structure, and (2) inter-mate 
fitness will be associated with this spatial genetic structure, due 
to the effects of inbreeding depression after nearest-neighbour 
mating and outbreeding depression after mating between gen-
etically distant mates. If hypotheses 1 and 2 are supported, we 
hypothesize (3) the existence of a within-population OOD after 
both single- and multi-donor hand pollination.

MATERIALS AND METHODS

Study species and site

Anigozanthos manglesii, the red and green kangaroo paw 
(Fig. 1), is endemic to the SWAFR and characterized by large 
showy, red and green inflorescences, on stems between 30 
and 80  cm tall (Hopper, 1993). There are two subspecies of 
A. manglesii, the southern A. manglesii subsp. manglesii and 
the northern A.  manglesii subsp. quadrans (Hopper, 1987, 
1993). Both subspecies produce copious amounts of sugary 
nectar [up to 250  µL per flower per day (Hopper, 1993)]. 
Flowers are visited primarily by nectar-feeding birds (Hopper 
and Burbidge, 1978), as well as by the introduced European 
honeybee (Apis mellifera) and potentially scansorial mam-
mals. Up to 20 flowers open progressively over several days, 
beginning from the bottom of the inflorescence. Seed set and 
germination success tend to be higher in basal fruits (Tieu 
et  al., 2001). Dried fruits dehisce during early summer and 
the small, hard seeds drop through wind-shake or other agency 
directly below the maternal plant (Hopper, 1993). Populations 
separated by as little as 15 km have been shown to be genetic-
ally differentiated (Bussell et al., 2006).

Experiments were conducted in a population of A. manglesii 
subsp. manglesii in the bushland area of Kings Park, an 
urban remnant of ~300 ha within the Perth metropolitan 
area (31°57′20.5″ S, 115°50′27.9″ E). Although found nat-
urally throughout bushland areas of the reserve, additional 
A.  manglesii of unknown provenance were introduced into 
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parts of the park through broadcast seeding, though this prac-
tice ended in the early 1990s (Kings Park and Botanic Garden, 
1995, R.  Glowacki, Botanic Gardens and Parks Authority, 
Perth, Western Australia pers. comm.).

Spatial genetic structure

To determine the spatial genetic structure of the popu-
lation, DNA was extracted from leaf samples taken from all 
maternal plants and their donors using a modified Carlson ex-
traction method. Amplification of ten microsatellite markers 
(Supplementary Data Table S1) and genotyping on an ABI 3500 
Genetic Analyzer (Life Technologies) proceeded as per Ayre 
et al. (2017). Scoring of microsatellite alleles was undertaken 
in Geneious version 7.1 (Biomatters). Spatial genetic structure 
was assessed by a Mantel test of correlation between genetic 
and spatial distances, as well as spatial autocorrelation ana-
lysis (SAA) in Genalex 6.5 (Peakall and Smouse, 2006, 2012). 
Spatial autocorrelation analysis was performed using the Single 
Pop function. Distance classes were chosen to correlate with 
the hand-pollination treatments described below, and repeated 
at 1-, 2- and 5-m intervals. We used 9999 permutations with a 
bootstrap re-sampling procedure run 10 000 times to estimate 
the 95 % confidence interval.

Single-donor hand pollination

To test for the reproductive consequences of intra-population 
mate distance, we enclosed 72 inflorescences in a fine mesh 
and wire cage that prevented access by all potential pollin-
ators. In spring 2015 (23 September to 20 October) and 2016 

(7 September to 4 October) all open flowers across 36 experi-
mental plants (nine per treatment) were emasculated and donor 
pollen was applied by hand. In 2015, single-donor pollen was 
applied from either the same plant (self-pollination), a donor 
plant from 1–3 m (neighbour) or from a donor plant between 
20 and 55 m (distant). After preliminary analysis, distance 
classes were refined to include three extra pollen treatments in 
2016: no pollen (flowers emasculated), <1 m (nearest neigh-
bour) and 7–15 m (intermediate). The 20–55 m (distant) treat-
ment was repeated to control for year-to-year variation. In 
all cases, stigmas were coated with pollen grains harvested 
from respective donor plants in the previous 30 min. Anthers 
were removed with tweezers and stored in 1.5-mL Eppendorf 
tubes between collection and pollination, and pollen was pro-
vided to stigmas directly off the collected anther. An average 
of 6.7 flowers per experimental plant were pollinated: <1 m, 
60 flowers across nine plants; 1–3 m, 52 flowers, nine plants; 
7–15 m, 70 flowers, nine plants; 20–55 m, 36 flowers, seven 
plants (two lost via predation) and 62 flowers, nine plants in 
2015 and 2016 respectively. A total of 105 flowers across nine 
plants were self-pollinated.

Multiple-donor hand pollination

To assess the influence of mate distance on reproductive 
success under the more realistic scenario of multiple pollen 
donor deposition, pollen mixes were provided to the stigmas of 
100 flowers across nine maternal plants. In 2015, eight donor 
plants located between 0.6 and 60 m from experimental ma-
ternal plants were chosen from within the study population 
(Supplementary Data Fig. 1). While all the distance classes 
used in the single-donor experiments are represented, the ma-
jority (63 %) of pollen donors in the mixed pollen treatment 
occurred between 20 and 50 m away from maternal plants.

Pollen mixes were created by combining one anther from 
each donor plant in an Eppendorf tube. A toothpick was used 
to dislodge pollen from anthers. Maternal flowers were emas-
culated and donor pollen was applied until the stigmas were 
visibly covered in pollen. Each flower received a single applica-
tion of pollen from all eight donors. A total of 100 flowers were 
pollinated across the nine maternal plants.

Data collection and analysis

The location of all experimental plants was mapped 
each year using a differential global positioning system 
(dGPS), and a spatial distance matrix for pollen donors 
and recipients was created. Fruits were harvested between 
late December and early January each year. Fruit size was 
measured (length and width), and the number of seeds per 
fruit was counted. Due to the high number of seeds pro-
duced (total of 35 441 seeds across the entire experiment), 
all seeds in the self-pollination treatment and 10 % of seeds 
from all other experimental plants were X-rayed (MX-20 
X-ray cabinet; Faxitron, Tucson, AZ, USA) to assess via-
bility. Seeds with a visible endosperm were considered vi-
able and those without a visible endosperm as inviable (e.g. 

Fig. 1. Anigozanthos manglesii flowering head with a New Holland Honeyeater. 
Photograph by S. D. Hopper.
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Kamra, 1964; Gagliardi and Marcos-Filho, 2011). Viable 
seeds were grouped by fruit and weighed, and the average 
individual seed mass was calculated for each fruit. Fifteen 
viable seeds, from three fruits per plant, were heat-shocked 
at 100 °C for 3 h in an oven to break dormancy (Tieu et al., 
2001). To induce germination, seeds were plated on 5 % 
agar and placed in a 15 °C incubator with 12 h of light and 
12 h of dark. Germination success and vigour (overall per-
centage germinated and time to 50 % germination, respect-
ively) were scored over 4 weeks. Seeds were considered to 
have germinated when the radicle was observed to be a third 
of the length of the seed itself.

The fitness consequences of mate distance were assessed 
using fruit volume [fruit length × π (widest width

2 )
2
], the 

number of seeds per fruit, seed mass, seed viability and ger-
mination success. As all data sets violated the assumption of 
normality and could not be transformed to fit a normal distri-
bution, the impacts of treatments were determined using the 
non-parametric Kruskal–Wallis rank sum test, followed by a 
post hoc Dunn test (R Development Core Team, 2016; Dinno, 
2017).

Seedling paternity analysis

Seedlings were genotyped with the previously described ten 
microsatellite markers to (1) confirm the paternity of seeds fol-
lowing self-pollination, and (2) determine the individual siring 
success of donor plants after mixed pollination. Paternity was 
assessed for 45 putatively selfed and 270 multi-donor seedlings 
(ten per fruit, three fruits per plant) using CERVUS (Kalinowski 
et al., 2007). The simulation parameters for CERVUS to assign 
paternity to the most likely sire with a known level of statistical 
confidence were: 10 000 cycles of simulation, eight candidate 
fathers, 1.0 as the proportion of the population sampled and 0.01 
as the proportion of mistyped loci. Confidence levels calculated 
using the LOD score (the natural log of the overall likelihood 
ratio) were 80 % for relaxed confidence and 95 % for strict 
confidence of assignment of paternity to offspring. The per-
centage of seeds fathered by each paternal donor per maternal 
plant was calculated. A pairwise test of proportions was used 
to test whether there was variation in the proportion of seeds 

fathered by different pollen donors using RVAideMemorie 
(Hervé, 2018).

RESULTS

Spatial genetic structure

The Mantel test showed no overall significant relationship be-
tween genetic and spatial distance within the study population 
(P = 0.260). However, spatial autocorrelation analysis detected 
significant spatial genetic structure in the smallest distance 
class of 0–1 m (r = 0.189, P = 0.006), with a stabilizing profile 
for distances up to ~2.5 m (Fig. 2). At all distances exceeding 
2.5 m, there was no significant autocorrelation between pair-
wise multilocus genotypes

Effect of inter-mate distance: single donors

Year of pollination had no effect on the number of seeds per 
fruit, seed viability, overall germination success and time to 50 
% germination, as assessed for the 20–55 m treatment (Fig. 3). 
However, fruit volume (χ2 = 71.78, P = 0.007) and seed mass 
(χ2 = 46.59, P = 0.005) were both significantly lower in 2015 
than 2016.

Only 26 % of self-pollinated flowers produced fruit con-
taining seeds. Fruits originating from self-pollination were the 
smallest and contained the lowest number of seeds (Fig.  3). 
Paternity assignment with CERVUS confirmed that all seeds 
collected from selfed treatments were the product of self-pollin-
ation, with no non-maternal alleles expressed in any of the 
progeny.

Although there was no overall significant correlation be-
tween the average number of seeds produced and the spatial 
distance between mates (r = 0.05, P = 0.78), there was a sig-
nificant difference between distance classes (P  <  2.2e−16). 
Nearest-neighbour pollination produced an average of 50 seeds 
per fruit, followed by maximum seed production (148 seeds 
per fruit) at 1–3 m, and all further distances plateauing at ~100 
seeds per fruit (Fig. 3B). All outcrossed flowers produced fruit 
with seeds, and >97 % of seeds were viable for all treatments 
(Fig. 3D). Inter-mate distance had an overall negative effect on 
seed mass (Fig. 3C) (P = 8.77e−11, r = −0.416). The number 
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Fig. 2. Correlogram showing the genetic correlation coefficient r as a function of distance for A. manglesii distance class sizes of 1, 5, 15 and 50 m. Grey lines show the 
95 % confidence interval around the null hypothesis of a random distribution of genotypes. Error bars indicate the 95 % confidence of r as determined by bootstrapping.
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of seeds produced per fruit and fruit size were positively correl-
ated (P < 2.2e−16, r = 0.685).

The seeds of nearest-neighbour mating (<1 m) had significantly 
lower germination success than all other non-selfed distances 

(Fig. 3E). Nearest-neighbour and selfed crosses also had a longer 
time to 50 % germination than all other crosses (Fig. 3F), with 
seeds from self-pollinated flowers taking on average two extra 
days and those of nearest neighbour crosses an extra day.
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Ayre et al. — Optimal outcrossing in the bird-pollinated Anigozanthos manglesii6

By combining the fitness metrics described above, an esti-
mate of the number of germinating seeds per fruit can be pro-
duced. Comparing this new metric with the best-performing 
mate distance (1–3 m) shows a reduction in germinating seeds 
per fruit. Flowers produced 3 % of the optimum seed per fruit 
after self-pollination, 29 % of the optimum in the nearest-
neighbour (<1 m) treatment and 65–69 % of the optimum in the 
intermediate (7–15 m), distant (20–55 m) and mixed treatments.

Effect of inter-mate distance: multiple donors

Fruit, seed set and germination success. After mixed-donor 
crosses, flowers produced an average of 98 seeds per fruit, signifi-
cantly less than the optimal 148 seeds per fruit (P = 3.492e−05) for 
the nearest-neighbour (1–3 m) treatment, and similar to the ~100 
seeds per fruit of intermediate and distant crosses (Fig. 3).

Paternal success. Out of 270 progeny, paternity was successfully 
assigned to all but 12 seeds. Within each fruit, between six and 
eight sires were identified, with individual paternal donors siring 
6–20 % of all offspring within a fruit (Fig. 4). In general, donor 
success was strongly correlated to the average pairwise genetic 
distance between parents (Fig. 4), excluding donor number 6 
(P = 0.0032, r2 = 0.85). If we include donor number 6, there was 
a non-significant trend (P = 0.065, r2 = 0.46). There was signifi-
cant variation between donor plant siring success (χ2 = 18.6443, 
d.f. = 7, P = 1.58e−0.3). Donors 6, 1 and 2 had the highest success 
(siring 19, 20 and 17 % of seedlings, respectively), while donors 7 
and 8 had the lowest success (6 and 7 %, respectively).

Paternal success of individual donors decreased with 
increasing spatial distance between mates, with a significant 
weak negative correlation between spatial distance and pater-
nity success (r2 = −0.28, P = 0.026) (Fig. 5A), and genetic dis-
tance and paternity success (r2 = −0.303, P = 0.023) (Fig. 5B). 
However, the majority of pollen used in the mixed treatment 
(63.3 %) was transferred 20–50 m between the donor and ma-
ternal plants. When comparing pollen donor success with the 
distance categories used in single-donor pollination, there was 

no difference between siring success and the number of crosses 
at that distance. Two percent of pollen was transferred <1 m, 
and 2.1 % of all seed were sired by plants within this distance 
class. Likewise, 5 % of pollen was moved <3 m (5.8 % of sires, 
P = 0.7), 23 % <15 m (28.7 % of sires, P = 0.075) and 64 % <50 
m (63.3 % of sires, P = 0.64).

DISCUSSION

Inter-mate distance had a significant effect on reproductive fitness 
in an A. manglesii population, with an optimum detected at 1–3 m 
following controlled hand pollinations. Reduced fitness for mates 
within 1 m reflects inbreeding depression associated with sig-
nificant spatial genetic autocorrelation at this scale. The strength 
of this inbreeding depression was substantial, with seed set fol-
lowing mating between nearest neighbours 30 % that of the OOD. 
Beyond an inter-mate distance of 3 m, seed set following single-
donor pollination was ~65 % of the optimum. However, single-
donor pollination is probably unrepresentative of pollination in 
wild populations. Under such conditions, there is likely to be ex-
tensive pollen carryover due to the behaviour of the highly mobile 
nectar-feeding birds that pollinate A. manglesii, leading to multi-
donor pollen deposition onto stigmas. Under the more realistic 
scenario of hand pollination with multiple donors, siring success 
declined with increasing inter-mate distance (both geographical 
and genetic). Consequently, multi-donor pollinations support the 
conclusion from single-donor pollinations that an OOD exists for 
near neighbours. It also highlights the role of competitive inter-
actions within the pistil that appear to drive the negative associ-
ation between reproductive success and inter-mate distance at a 
surprisingly fine spatial scale.

Within-population optimal outcrossing after multi-donor 
pollination

To our knowledge, very few studies have tested for an as-
sociation between inter-mate genetic or spatial distance and 
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reproductive success following multi-donor pollination. In 
Persoonia mollis (Proteaceae), applying a 15-donor pollen mix to 
the flowers of the same 15 plants revealed that the most successful 
mate pairs had an intermediate genetic dissimilarity, suggesting a 
fine-scale intermediate OOD (Krauss, 2000). Further assessment 
of these results found that the individual fitness of pollen donors 
was more important in determining siring success than the dis-
tance between mates (Krauss, 2000). Here, for A. manglesii, we 
propose that the genetic and spatial distance between mate pairs 
is the primary driver behind the success of pollen donors. Siring 
success decreased with increasing spatial and genetic distance 
between mates, suggesting that near-neighbour mating gives a 
paternal donor a competitive advantage compared with more 
distant crosses. This is likely being driven by female choice, 
interactions between pollen and the pistil, and competitive inter-
actions between pollen grains from multiple donors.

Mechanisms that allow the pistil of a flower to recognize and 
reject pollen from closely related genetic individuals are wide-
spread across plant species (Hiscock and Allen, 2008). The re-
jection of pollen can occur pre-fertilization, where it is driven 

by a complex series of chemical and cellular interactions be-
tween pollen and stigma, resulting in reduced pollen grain ger-
mination, or pollen tube growth (e.g. Silva and Goring, 2001; 
Souto et al., 2002; Hiscock and Allen, 2008). We know this can 
be influenced by distance between parents, with 10-m crosses of 
Delphinium nelsonii resulting in 20 % more pollen tubes than 
any other pollen cross (Waser and Price, 1993). There are no pre-
fertilization barriers in A. manglesii after self-pollen deposition, 
with pollen tubes from self-pollen grains successfully reaching 
the ovules (Sukhvibul, 1991). Instead, self-incompatibility oc-
curs post-fertilization, with most self-fertilized ovules aborted 
(Sukhvibul, 1991). In seed plants generally, abortion of inbred 
embryos occurs during early seed development, with considerable 
evidence indicating that plants abort seeds selectively (Bookman, 
1983; Lee, 1984; Casper, 1988; Rocha and Stephenson, 1990; 
Niesenbaum, 1999). Here, both pre- and post-fertilization barriers 
may also be reducing seed production after crosses >3 m. Due to 
maternal epigenetic factors and paternal gene expression, mating 
between distantly related individuals can lead to lower or slower 
pollen germination, stunted or slower pollen tube growth, and 
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non-random seed abortion, though these effects are typically seen 
between taxa as a form of reproductive isolation (e.g. Lopez et al., 
2000; Kirkbride et al., 2015; Swanson et al., 2016).

Lower overall seed set after multi-donor pollination com-
pared with OOD single-donor pollination appears to be a result 
of non-random seed abortion of suboptimal mates (associated 
with distance), with multi-donor pollination resulting in 35 % 
fewer seeds per fruit than the observed maximum. Selective 
abortion has been quantified in other species using supplemen-
tary hand pollination and anther removal, where the applica-
tion of outcross pollen with self-pollen results in lower seed set 
than seed set following pollination with only outcross pollen 
(Marshall, 1988; Waser and Price, 1991; Aizen and Harder, 
2007). The removal of anthers from immature flowers can also 
raise overall seed set per fruit (de Jong et al., 1992). Abortion 
rates can be influenced by the timing of pollen application, with 
simultaneous application of self and outcross pollen sometimes 
lowering set (Waser and Price, 1991). In some species, self-
pollen appears to influence seed set only if applied before out-
cross pollen, suggesting that when they are provided together 
outcross pollen is outcompeting self-pollen (Galen et al., 1989).

Although the genetic distance between mates was associated 
with individual siring success, there was a secondary effect of 
the siring success of individual paternal donors (for example, 
see donor 6 in Fig. 4). These differences between paternal 
donors could be partly explained by variation in the absolute 
number of pollen grains present on an anther and hence applied 
to a stigma (as we applied one anther from each pollen donor 
to our mix) or differences in pollen grain viability and vigour. 
Most A.  manglesii anthers produce >95 % viable pollen, al-
though individuals with <80 % viable have been documented 
(Hopper, 1977). Anigozanthos manglesii plants have long styles 
up to 4 cm, providing ample opportunity for pollen competition 
as pollen tubes race towards ovules (Lankinen and Skogsmyr, 
2001). This may allow individuals with faster pollen tube growth 
and/or greater compatibility with the maternal tissue to father 
a greater percentage of offspring. Pollen tube growth rate has 
been correlated with the number of seeds sired by individual 
plants (Snow and Spira, 1991; Lankinen and Skogsmyr, 2001), 
but is yet to be investigated in detail in A. manglesii. The pres-
ence of multiple fertilized ovules (up to 280) within the fruit of 
A. manglesii provides a further opportunity for mate–mate com-
petition and differential pollen donor success through selective 
abortion of developing embryos.

Within-population optimal outcrossing after single-donor 
pollination

The clear pattern of within-population optimal outcrossing after 
single-donor hand pollination was associated with spatial genetic 
structure within this population, where mate pairs <2.5 m apart 
were genetically more related than mate pairs >2.5 m apart. This 
fine-scale genetic structure suggests that the historical introduction 
of A. manglesii seeds until the 1990s into parts of the Kings Park 
bushland (R. Glowacki, Botanic Gardens and Parks Authority, 
Perth, Western Australia pers. comm.) has no impact on natural 
population structure at our study site. Instead, it likely reflects the 
natural patterns of seed dispersal via gravity, while beyond 2.5 m 
the spatial genetic structure is being eroded by the highly mobile 
behaviour of bird pollinators, a situation also surmised for other 

populations of bird-pollinated plants (Williams and Waser, 1999; 
Krauss et al., 2009).

The spatial genetic structure evident in A. manglesii, coupled 
with reduced seed set and germination success in self- and 
nearest-neighbour-pollinated flowers, indicates that genetic 
factors are responsible for decreased progeny performance fol-
lowing inbreeding. Lower total germination and germination 
vigour (measured as time to 50 % germination) were seen after 
mating among nearest neighbours (<1 m), despite all sown 
seeds having a visible endosperm and being heat-shocked to 
break dormancy. No difference in germination success or seed-
ling vigour was seen after crosses >1 m, showing that while 
outbreeding depression only influences seed production, the 
impact of inbreeding depression extends to early-stage seed-
ling performance. These impacts may extend into later growth 
stages, with earlier germinants sometimes showing a competi-
tive advantage over later germinants, though this has been pri-
marily tested between species (Seiwa, 1997; Weitbrecht et al., 
2011; Baskin and Baskin, 2015; Vaughn and Young, 2015). 
Nevertheless, germination success has been found to be nega-
tively correlated with mating between closely related individ-
uals in other species (Baskin and Baskin, 2015).

While there was a ~35 % reduction in the number of seeds 
per fruit after single-donor crosses of >3 m, this reduction is 
not as severe as the ~70 % reduction after mating between 
nearest neighbours. Consequently, for seed set in A. manglesii 
the strength of inbreeding depression is at least twice that of 
outbreeding depression (relative to the OOD). All crosses be-
tween mates >3 m apart produced ~100 seeds per fruit, a similar 
amount to that found following single-donor interpopulation 
crosses of up to 400 km (Hopper, 1980). This suggests that at 
a landscape scale there is a negligible impact of inter-mate dis-
tance on reproductive success in A. manglesii, at least following 
single-donor pollination. Given the high seed set after pollin-
ation at any distance >1 m, high levels of multiple paternity 
after mixed pollen deposition and uniformly high germination 
success, frequent mating beyond the OOD is unlikely to have 
an overall negative fitness impact on A. manglesii persistence.

Strategies favouring outcrossing are predicted to be common 
in the flora of the SWAFR, where OCBILs are common (Hopper 
and Gioia, 2004; Hopper, 2009) and plant populations are naturally 
patchy within the landscape. Hypotheses as to why outcrossing is 
favoured focus on the James effect (Hopper, 2009) – natural se-
lection for genetic, cytogenetic or phenotypic adaptations (such 
as floral traits that encourage bird visitation and hence pollin-
ation) leading to frequent outcrossing and pollen movement across 
long distances to conserve (and even enhance) heterozygosity in 
the face of inbreeding due to small population size (Hopper and 
Burbidge, 1986; Krauss et al., 2017). This heterosis has been dem-
onstrated in another bird-pollinated Southwest Australian species, 
Banksia ilicifolia, where seed set after crossing between plants 20 
km apart was greater than that following local crossing (Heliyanto 
et al., 2005). Pollination is expected to be especially important in 
achieving outbreeding as many OCBIL species lack the ability to 
disperse seeds widely (Hopper, 2009).

Pollinator strategy and optimal outcrossing

Of the 22 species we are aware of where tests have been 
undertaken for within-population optimal outcrossing, eight 
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are predominately bird-pollinated, 13 are insect-pollinated, one 
is wind-pollinated and one is self-pollinated (Table 1). Among 
these studies, five of eight (62.5 %) primarily bird-pollinated 
species exhibited within-population optimal outcrossing com-
pared with four of 13 (30.8 %) primarily insect-pollinated spe-
cies. Like A.  manglesii, most of the species investigated are 
herbs with limited seed dispersal, suggesting that life form is 
not contributing to the difference. Instead, pollination strategy 
could play an important role in the prevalence of within-
population optimal outcrossing. Of the other bird-pollinated 
studies, two hummingbird-pollinated species showed an 
OOD distance of between 1 and 10 m (Price and Waser, 1979; 
Waser and Price, 1989), the honeyeater-pollinated Grevillea 
mucronulata showed an OOD at 30–55 m (Forrest et al., 2011), 
while Grevillea repens showed decreasing fruit and seed set 
with increasing pollination distances in multiple populations, 
and the opposite in another (Holmes et  al., 2008). The con-
flicting results between populations for G. repens was attributed 
to the impact of population genetic structure, with the popula-
tion that showed evidence of inbreeding depression benefiting 
from wide outcrossing. This highlights the importance of under-
standing within-population genetic variation and the spatial-
genetic structure of populations (Holmes et al., 2008).

While the fine-scale genetic structure of bird-pollinated spe-
cies is not often reported, two North American bird-pollinated 
species display similar spatial genetic structure to A. manglesii. 
The hummingbird-pollinated Ipomopsis aggregata (Table 1) 
displays significant spatial autocorrelation at <5 m (Campbell 
and Dooley, 1992), while the insect- and hummingbird-
pollinated Delphinium nuttallianum displays structure at <10 m 
(Williams and Waser, 1999). The presence of fine-scale genetic 
structuring and small genetic neighbourhoods may partially ex-
plain the presence of within-population OOD.

A higher prevalence of within-population OOD in bird-
pollinated species is unexpected. Inbreeding depression in 
most of the reported species can be explained by short-distance 
seed dispersal leading to fine-scale spatial genetic structuring 
and biparental inbreeding. Outbreeding depression at the small 
scales observed is much harder to explain, particularly in bird-
pollinated species, with pollination by birds often leading to 
extensive pollen dispersal within and sometimes between plant 
populations (Krauss et  al., 2009; Llorens et  al., 2012; Frick 
et  al., 2014; Bezemer et  al., 2016), which erodes fine-scale 
spatial genetic structure (Krauss et  al., 2009). The apparent 
prevalence of both outbreeding and inbreeding depression may 
be partially explained by short-distance seed dispersal, with 
overlapping genetic neighbourhoods increasing the chance of 
mating between highly unrelated individuals occurring after 
crosses over short distances. While more studies are needed 
to test the generality of our observations, and the mechan-
isms behind it, an explanation of higher prevalence of OOD 
in bird-pollinated species could be that high pollen carryover 
and therefore mixed-donor pollination creates more oppor-
tunities for pollen competition and female choice (both pre- 
and post-fertilization) within the long styles that are typical 
of bird-pollinated plants (Hanley et al., 2009). This may give 
bird-pollinated species a greater capacity for competitive inter-
actions among pollen donors and between pollen donors and 
the maternal plant. More studies that combine hand pollination 

with an understanding of fine-scale spatial genetic structure 
may show that optimal outcrossing within populations is more 
common in species with a combination of restricted seed dis-
persal, wide pollen dispersal, deposition of pollen from mul-
tiple donors on stigmas, and long styles. Implementing more 
realistic scenarios of multi-donor pollination is critical in re-
vealing more details of the complex relationship between inter-
mate distance and fitness in plant populations.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Figure S1: map of 
nine maternal plants and eight pollen donors used for mixed-
pollination treatment. Table S1: number and frequency of al-
leles in this study.
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