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ABSTRACT 

There is an immense amount of variation in leaf shape, size, and colouration, both across and 

within plant species. Leaf shape and colour, in some instances, can be attributed as a 

physiological response to particular abiotic stressors. However, leaf shape, size, and colour 

are used by herbivores to identify sources of palatable foliage for food. It is possible, 

therefore, that an undefended plant might gain protection from herbivores by matching leaf 

characteristics of a chemically defended species. The matching of defensive signals by an 

undefended species in order to dupe a predator is known as Batesian mimicry, and whilst 

believed to be a relatively common phenomenon amongst animals, it has yet to be proven in 

plants. The foliage of Alseuosmia pusilla (Colenso) A. Cunningham, is strikingly similar to 

the human eye to that of Pseudowintera colorata (Raoul) Dandy, an unrelated sympatric 

species found in New Zealand. Unlike the foliage of A. pusilla, that of P. colorata contains a 

number of secondary metabolites associated with herbivore defence, including a 

sesquiterpene dialdehyde known as polygodial, a known potent insect antifeedant that imparts 

a pungent peppery taste when eaten. It has been hypothesised that this similarity evolved 

under browsing pressure from nine species of large extinct herbivorous birds, collectively 

known as moa. Whilst moa became extinct soon after the arrival of humans, the large 

herbivore guild has been effectively replaced by a range of introduced mammalian herbivores 

including several species of deer, though to what degree remains controversial.  

In chapter two, I established a robust spatially explicit morphometric analysis method to test 

how similar the leaves of A. pusilla and P. colorata leaves were, and whether leaf shape was 

a distinctive trait within their shared habitat. Using the Cartesian coordinates of leaf margins 

as descriptors of leaf shape, I found that P. colorata leaves were morphologically distinct 

from all of the neighbouring species except for those of A. pusilla. A. pusilla individuals were 

more similar to neighbouring than to distant P. colorata, and 90% of leaf shape variation in 

the two species varied similarly across an elevational gradient. The data are consistent with 

Batesian mimicry, wherein the conspicuous characteristic of a defended model is replicated 

by an undefended mimic across its entire growing range. 

In chapter three, I tested how leaf shape variation within, and between, A. pusilla and P. 

colorata responded when exposed to high levels of mammalian herbivory. I demonstrated 

that in a forest population of P. colorata and A. pusilla exposed to high mammalian herbivory 

pressure, leaf shape variation is reduced in both focal species, but not in other sympatric 
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species. This is consistent with Batesian mimicry, wherein increased herbivory pressure 

selects for a stronger signal in the distinctive characteristic of the defended plant, and through 

the selection for mimicry, variation in the mimic’s phenotype converges on the model’s 

phenotype. Additionally, when alternative palatable food is preferentially targeted, P. 

colorata increased in abundance along with a proportionate increase in A. pusilla’s 

abundance. Invertebrate herbivory was estimated to be similar on both species at both sites.   

In chapter four, I tested the hypothesis that A. pusilla is a Batesian mimic of P. colorata using 

farmed red deer (Cervus elaphus scoticus) in feeding trials. The deer found A. pusilla more 

palatable than P. colorata, and after eating a P. colorata individual, they became reluctant to 

eat another plant. Although the two plants differ significantly in volatile organic compound 

emissions, deer were equally likely to first eat an A. pusilla as they were a P. colorata, 

therefore were unable to use olfactory cues, or visually differentiate between the two species. 

As the relative abundance of P. colorata increased, herbivory damage was lower, both in the 

defended P. colorata and in the undefended A. pusilla. This study provides the first 

unequivocal proof of defensive Batesian mimicry in plants. 

In chapter five, using humans as surrogate herbivores, I tested how leaf shape and colour can 

be used as cues or signals by herbivores when foraging for food under different conditions. 

Subjects found leaf size a distracting characteristic, foraging more effectively when A. pusilla 

and P. colorata individuals were most similar in 94% of their shared shape variation. The 

trait of leaf colour, whilst unreliable by itself, acted to potentiate the trait of leaf shape, as a 

signal or cue. Fast feedback on species palatability improved accuracy in identifying A. 

pusilla, but neither fast nor slow feedback improved discriminability of P. colorata. A. 

pusilla leaves were harder to discriminate when presented on a “disruptive” backdrop. My 

results demonstrate that leaf shape can act as a signal or cue. These results indicate why 

further research into plant-herbivore communication is important and that it could provide 

powerful insights into the functional significance of leaf morphology. 

This thesis provides a significant contribution to our understanding of how leaves function as 

signals or cues to herbivores in three ways: (i) it provides the first detailed and powerful 

quantitative evidence of leaf shape matching between two species, and demonstrates the 

importance of using a spatially explicit morphometric method when investigating leaf shape; 

(ii) it is the first to unequivocally prove defensive Batesian mimicry in plants; and (iii) it 

demonstrates that leaf traits can act as signals or cues.  
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Chapter 1: General Introduction 

It is estimated that there may be as many as 500,000 species of vascular and non-vascular 

plants (Corlett 2016), and this diversity has strong bottom-up effects on biotic interactions 

and the diversity of other terrestrial organisms (Scherber et al. 2010, Isbell et al. 2011). Just 

as the diversity of plant species is immense (Christenhusz and Byng, 2016), there is also huge 

diversity in plant morphology, both in the overall architecture (Barthélémy and Caraglio, 

2007) and in the constituent organs (Nicotra et al. 2011), as well as substantial variation in 

leaf colour (Lev-Yadun et al. 2004, Schaefer and Rolshausen, 2005). Each plant species has a 

range of ecological interactions between them and their environment, and within and between 

species across many taxa.  

The functional significance of morphological and colour variation in leaves is not always 

apparent. The genetic controls of leaf shape are becoming better understood (Tsukaya 2005, 

Klingenberg et al. 2012, Dkhar and Pareek 2014), and while the physiological benefits of 

different leaf shapes are not as well studied (Kidner and Umbreen 2010, Nicotra et al. 2011), 

even less understood is the influence herbivores may have on leaf morphology and 

colouration.  

1.1 Plant leaves 

Leaves have evolved independently within several lineages of vascular plants and are 

primarily photosynthetic organs (Nicotra et al. 2011). While their main function is to convert 

light energy into chemical energy required for plant growth and reproduction, there exists an 

enormous amount of variation in leaf colour, shape and size, both within and between species 

(Lev-Yadun et al. 2004, Nicotra et al. 2011). 

1.1.1 Functional significance of leaf pigments 

Leaves are generally green because the a and b chlorophyll pigments of photosynthesis 

strongly absorb blue and red light (Nishio 2000), and only weakly absorb green, enabling 

high photosynthetic efficiency under highly variable light conditions (Nishio 2000, 

Terashima et al. 2009). Leaves appear green to humans because of the absorption properties 

of chlorophyll pigments. There are often two other pigments present in leaves: carotenoids, 

which primarily absorb blue light, appearing yellow through to orange, and anthocyanins, 

which absorb light in the yellow-green wavelengths, appearing red. Carotenoids can aid 

photosynthetic activity through increased light absorption and photoprotection (Siefermann-



2 
 

Harms 1985). However, the adaptive significance of anthocyanin pigments in leaves has been 

the subject of debate for over a century (Gould 2010).  

Anthocyanic leaves are produced throughout almost all orders of the plant kingdom and 

across all terrestrial habitats (Lee 2002). Where and when these red pigments occur in leaves 

can vary within and between species. Anthocyanin pigments may only be present during a 

particular developmental phase of a leaf (Coley and Aide 1989, Gould 2004, Ougham et al. 

2005, Archetti 2009a), be associated with a particular climatic season (Hughes 2011), or be 

present in leaves across their lifespan (Gould et al. 2000). Anthocyanic red pigmentation may 

occur uniformly across a leaf or be localised to specific areas of a leaf (Lee 2007, Cooney et 

al. 2012, Hughes and Lev-Yadun 2015).  

The role of anthocyanins in leaves can be attributed to photoprotection (Neill and Gould 

2003, Hughes et al. 2005, Gould et al. 2010), but they may also have a role in reducing 

herbivory in plants, either helping with camouflaging leaves (Fadzly et al. 2009, Klooster et 

al. 2009, Fadzly and Burns 2010), or as a signal of the level of invested chemical defence 

(Cooney et al. 2012, Hughes and Lev-Yadun 2015), and/or reduced nutrient content 

(Hamilton and Brown 2001, Archetti and Brown 2004, Archetti 2009b).  

1.1.2 Functional significance of leaf morphology 

The morphology of leaves is diverse (Fig. 1.1), especially amongst the angiosperms (Nicotra 

et al. 2011). A leaf may be simple, with a single leaf lamina, or compound, with several 

leaflets. There may be several components making up a leaf each with their own leaflets, and 

the leaflets themselves may be simple or compound. Leaves may be long and narrow, or short 

and wide. Leaf tips and bases can vary in angles, and leaf margins may be smooth, lobed, or 

toothed. Plant leaf morphology is not static. That is, many plant species exhibit 

morphological plasticity in response to ontogenetic, abiotic, competitive, and predatory 

pressures. These traits often fluctuate predictably across environmental gradients, suggesting 

that phenotypic plasticity confers a selective advantage to a plant in its natural habitat 

(Hovenden and Vander Schoor 2006, Royer et al. 2009).  
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Fig. 1.1. The variation in leaf shape in a small selection of leaves as seen in 100 m2 of forest. (A) 

Knightia excelsa, (B) Coprosma grandifolia, (C) Myrsine salicina, (D) Griselinia littoralis, (E) 

Pseudowintera colorata, (F) Raukaua simplex, (G) Coprosma foetidissima, (H) Lophozonia menziesii, 

(I) Coprosma colensoi, (J) Lophomyrtus bullata, (K) Prumnopitys ferruginea, (L) Alseuosmia pusilla. 

Location of survey – Tararua Forest Park, New Zealand (S40 53.30, E175 14.22 to S40 54.46, E175 

15.37). Scale bar = 20 mm. 

 

Leaf shape, for example, can assist in temperature and hydraulic regulation. Lobed or margin 

dissected leaves can cool more efficiently (Vogel 1968, Gurevitch and Schuepp 1990), and 

are also more efficient in dry conditions (Thoday 1931). However, the extent of lobing may 

in itself be determined by hydraulic limitations (Zwieniecki et al. 2004, Boyce 2009). Under 

salt stress leaves become narrower (Anne et al. 1998, Sinclair and Hoffmann 2003). Leaf 

teeth are globally associated with plant communities from regions of low mean annual 

temperatures (Anderson et al. 2005, Peppe et al. 2011), where they may promote faster early 

leaf development (Royer and Wilf 2006). Leaf size decreases with increasing altitude, 
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decreasing rainfall, and decreasing soil nutrient content (McDonald et al. 2003, Nicotra et al. 

2011, Milla and Reich 2011). Smaller sized leaves are also better adapted to dry or hot 

environments (Scoffoni et al. 2011). Within these broad trends, however, there is often 

considerable intraspecific variation in leaf shape even in the same environment (McDonald et 

al. 2003, Nicotra et al. 2011). Under a variety of conditions, a specific shape of leaf is not 

clearly attributable to a particular condition. Yet change in leaf shape within particular 

species has been shown to be advantageous, for example, in light interception (Horn 1971, 

Tsukaya 2005), for minimising wind damage (Anten et al. 2010), during drought, for nutrient 

deficiencies (Cunningham et al. 1999, Leigh et al. 2011), or to deter predation by herbivores 

(Niemelä and Tuomi 1987, Brown and Lawton 1991, Dell’aglio et al. 2016). The possible 

functional significance of such variation is usually far from clear. 

1.2 Plant herbivore interactions 

Herbivores are dependent on plants for food, removing more than 20% of annual net primary 

productivity across biomes, habitats and natural and managed systems (Agrawal 2011). 

Herbivory reduces a plant fitness through the removal of plant organs, such as leaves, 

responsible for photosynthesis (Marquis 1984). This in turn leads to the selection of plant 

defences (Rausher and Simms 1989). Most plants can tolerate some herbivory without a 

reduction in fitness, and some species or populations can tolerate a great deal of herbivory 

(McNaughton 1983, Paige and Whitham 1987).  

1.2.1 Plant defences 

As a first level of defence, a barrier against herbivores can be provided by a plant’s physical 

structure. Physical or mechanical defences include leaf toughness, trichomes, thorns, and wax 

(Schoonhoven et al. 2005, Hanley et al. 2007). Plants may also invest in the production of a 

variety of defensive chemicals, also referred to as secondary metabolites (Schoonhoven et al. 

2005). These include terpenoids, such as polygodial (Asakawa et al. 1988), nitrogen-based 

compounds, such as alkaloids (McKey 1974) and cyanogenic glycosides (Jones 1962), 

phenolics and tannins (Feeny 1970), and the polyacetates (Guillet et al. 1997).  

Although each class of chemical compound is generally widespread, particular compounds 

within these classes may be specific to a particular grouping of plants. For example, 

terpenoids are the largest group of secondary metabolites but digitoxin, a type of cardenolide 

within the terpenoids, is only found in the genus Digitalis comprising about 20 species 

(Agrawal et al. 2012). Equally, mechanical defences are not uniquely isolated to any 
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particular plant group (Schoonhoven et al. 2005, Hanley et al. 2007). Differences in defensive 

traits in some instances may be associated with different types of herbivory. For example, 

vertebrate browsed plants may be more likely to possess traits that promote “tolerance” to 

herbivory, allowing for rapid regrowth, rather than “resistance”, such as chemical defences 

associated with invertebrate damage (Kotanen and Rosenthal 2000). However, as plants 

simultaneously employ a range of strategies and traits (Agrawal and Fishbein 2006), plant 

defensive strategies are likely to be coevolved interactions between a plant and its specific 

suite of herbivores (Tanentzap et al. 2011). 

The production of defences for plants is thought to be costly, either directly due to the 

reallocation of resources to defence, or indirectly through reduced fitness trade-offs that 

influence interactions with other species (Strauss et al. 2002). Induced defences can help to 

reduce these costs by ensuring defensive compounds are only produced after a herbivore 

attacks (Agrawal 1998, Karban 2011). Alternatively, defences may always be present, known 

as constitutive defences, These are costly as they continually require resources, but the 

advantage is that they offer immediate defence against herbivores (Karban et al. 1999). 

Studies have suggested that there is a trade-off between the two groups of defences 

(Koricheva et al. 2004). One hypothesis proposes that if plants have a high probability of 

being attacked, a plant should rely on constitutive defences, while if the probability of 

herbivory is low, defences should be induced (Karban and Myers 1989). Alternatively, the 

‘optimal defence’ hypothesis predicts that, where resources are limited, plants will invest 

protection in plant parts that are most valuable (McKey 1974), such as new leaves which are 

rich in nitrogen content and have yet to develop mechanical defences (McKey 1974, Stamp 

2003). 

There is debate about what drives the diversification of plant defences both for secondary 

chemicals (Hartley and Jones 1986) and structural/mechanical defences (Edwards 1989). The 

coevolution theory posits that herbivory pressure on plants has fuelled an ongoing co-

evolution between plants and animals; plants have evolved a range of defensive strategies and 

traits to reduce the impact of herbivores, while herbivores evolve counter measures to 

overcome these increased defences (Ehrlich and Raven 1964, Karban and Agrawal 2002, 

Agrawal 2011). Alternatively, rather than as a response to herbivory, the primary function of 

many defensive traits may have been in response to other biotic and abiotic stressors (Jermy 

1976, Edwards 1989). For example, divaricate plant architecture, a woody plant morphology 

of interlacing wiry stems with small internally located leaves, may have evolved to deter 
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herbivory from now extinct ratite herbivores (Bond et al. 2004, Bond and Silander 2007). On 

the other hand, it also reduces water loss (McGlone and Webb 1981) and confers tolerance to 

wind and frost within the crown interior (Darrow et al. 2001). It is argued however, that a 

trait can be viewed as defensive even if its primary function is not defence (Strauss and 

Agrawal 1999). 

1.2.2 Herbivore foraging 

Herbivores are often classed as specialist or generalist based on their foraging strategies. 

Specialists focus on one particular species or grouping of related plants, while generalists 

forage on a wide variety of species. The specialist-generalist herbivore hypothesis is used to 

explain the evolution of some plant defensive traits. Specialists are less impacted by high 

levels of a given plant defence compared to a generalist, but generalists should be able to 

tolerate an array of low level plant defences (Whittaker and Feeny 1971).  

However, plants must often defend themselves against a diverse range of herbivore species 

including generalists and specialists. Although high levels of a chemical defence may deter a 

generalist herbivore, they can also be used by specialist insect herbivores as a host-finding 

signal for feeding and oviposition (Da Costa and Jones 1971, Macel and Vrieling 2003, 

Nieminen et al. 2003). For example, a specialist insect herbivore of Brassica nigra is 

attracted to those plants that contain high concentrations of its primary chemical defence, 

sinigrin, a glucosinolate secondary metabolite. However, generalist herbivores of B. nigra are 

deterred by this compound, and damage is negatively correlated with the concentration of 

sinigrin (Lankau 2007).  

In contrast to herbivorous insects that mostly feed on only one plant family or genus, 

specialisation is relatively uncommon in vertebrate herbivores (Freeland and Janzen 1974, 

Bernays and Chapman 1994, Dearing et al. 2000). Generally, herbivores with a large body 

mass require more food, therefore herbivores of higher body mass ingest diets of lower 

quality (Clauss et al. 2013). Also, the larger the herbivore the bigger the bite size and 

therefore the amount of plant material ingested (Wilson and Kerley 2003). Research on the 

feeding choices of foraging mammals shows that while they prefer to select foods rich in 

nutrients and low in toxic chemical defences (Singer et al. 2002, Baraza et al. 2005, Dearing 

et al. 2005, Marsh et al. 2007), they often browse on multiple plant species that vary in 

nutritional and toxin content (Villalba and Provenza 2009). Mammalian herbivores will 

ingest these secondary metabolites when the cost of ingesting the toxin is outweighed by the 
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benefit of the nutrients acquired (Freeland and Janzen 1974, Provenza 1995, Duncan and 

Young 2002, Dearing et al. 2005, Marsh et al. 2005, Villalba and Provenza 2005). Therefore, 

mammalian herbivore foraging strategies can be many and complex (Shipley et al. 2009), and 

the specialist-generalist hypothesis is better thought of as a continuum (Poisot et al. 2015), 

especially for larger vertebrates. 

1.2.3 Impact of invertebrate and vertebrate herbivory  

As mentioned above (section 1.2.2), the level of impact one vertebrate herbivore can have on 

an individual plant can be large due to their increased body size compared with invertebrates. 

However, invertebrate herbivory involves the gradual removal of small amounts of tissue 

over a prolonged period of time. Therefore, plants likely face a continuous drain of resources 

from across several locations within the plant. The targeted, or narrow range of damage can 

mean that even a relatively minor level of tissue loss can have a disproportionately large 

impact on the plant (Kotanen and Rosenthal 2000). However, this targeted damage associated 

with invertebrate herbivory means that plants can direct their defences to particularly 

vulnerable areas and, given the slower rate of inflicted damage, allows the plant time to 

respond with increased (inducible) defence or regrowth (Endara and Coley 2011). Vertebrate 

herbivory, in contrast, is often sudden and severe, and a reflection of their large body size 

relative to that of the plants they consume (Kotanen and Rosenthal 2000). The occurrence of 

damage is often spatially and temporally stochastic (Varnamkhasti et al. 1995, Wang et al. 

2006) and therefore in some instances, can exert a more significant impact on plant 

individuals and/or populations than attacks by invertebrate herbivores (Crawley 1989; 

however see Maron and Crone 2006).  

1.2.4 Foraging Theory 

Foraging for food costs a herbivore time and energy. Therefore, theory predicts that an 

animal will optimise a payoff from their foraging decisions, i.e. maximise energy gain for the 

lowest cost while foraging (Stephens and Krebs 1986). Optimal foraging theory helps us 

understand how an animal behaves when searching for food. A variation on this foraging 

model is the optimal diet model, which consists of three relatively robust predictions: (i) 

foragers will prefer prey that yield more energy per unit handling time; (ii) as the abundance 

of higher value prey increases, lower value prey should be dropped from the diet; and (iii) 

foragers should obey a quantitative threshold rule for when specific prey types should be 

included or excluded from an optimal diet, i.e. trade-off between maximizing the intake rate 
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while eating and minimising the search interval between prey (Pulliam 1974, Werner and 

Hall 1974, Charnov 1976). The optimal diet model works well at explaining the preferences 

and changes in preferences with varying abundance for foragers such as herbivores, but not 

so well for mobile prey where prey behaviour changes the dynamics of the model (Sih and 

Christensen 2001). 

1.3 Learning about food 

While herbivores can learn to use signals and cues to select desirable food when foraging 

(Freeland and Janzen 1974, Singer et al. 2002, Dearing et al. 2005, Marsh et al. 2006), the 

cognitive process of herbivores, especially mammalian herbivores, has received relatively 

little attention. How they decide which signals and cues of a plant to use, and how, when, and 

what factors affect how they learn about these signals and cues are unknown. However, 

studies in other foraging systems are often successfully applied across systems (Skelhorn et 

al. 2016). Below, I discuss the use of visual signals and cues by animals from the predator-

prey foraging literature. 

1.3.1 Predator-prey learning 

How a predator learns about its prey is important in understanding the foraging dynamics 

between the animal and its food. In a process referred to as predator avoidance learning, 

predators can learn to avoid defended prey items over repeated encounters through 

association of the unpalatability of the prey, i.e. toxicity, with its warning signals (Berenbaum 

and Miliczky 1984, Sillén-Tullberg 1985, Lindström et al. 2001b, Ham et al. 2006, Skelhorn 

and Rowe 2006a, Prudic et al. 2007). The ability of a predator to learn is influenced by their 

cognitive and sensory abilities and therefore the selective pressures on prey signals are a 

product of those same sensory and cognitive abilities (Schaefer and Ruxton 2009, Skelhorn et 

al. 2016). Likewise, predators gain knowledge about defended prey when they attack them 

(Skelhorn and Rowe 2007, Halpin et al. 2014), and they also evaluate the costs and benefits 

of attacking palatable prey that vary in nutritional value (Simpson et al. 2004, Raubenheimer 

et al. 2007). This knowledge enables predators to make adaptive foraging decisions.  

1.3.2 Use of visual signals or cues to avoid unpalatable prey 

The definition of a signal is a trait or traits that convey information to other organisms and 

are maintained by natural selection. Cues, on the other hand, are defined as informative traits 

that evolved for reasons other than communication (Otte 1974). If an animal learns to avoid 
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traits associated with unpalatability and these traits were not initially associated with 

communication, they may be co-opted to become new communication signals, a process 

known as ritualization (Tinbergen 1952, Huxley 1966, Lorenz 1966). It is well recognised 

that prey that invest significantly in defences against predators generally advertise this 

defence through conspicuous or aposematic signals (Wallace 1867, Darwin 1871, Poulton 

1890, Cott 1940). The information is of mutual interest to both the signaller (prey) and 

receiver (predator), as the signals expression is beneficial for both recipients (Maynard Smith 

and Harper 2003, Ruxton et al. 2004).  

However, predators learn about defended prey over successive encounters. Signals that are 

more conspicuous are more readily associated with toxicity, reducing the learning time 

involved (Skelhorn and Rowe 2006b, Halpin et al. 2008, Aronsson and Gamberale-Stille 

2013). Predators may generalise their learned avoidance of a warning signal to another 

similar signal (Mappes and Alatalo 1997, Gamberale-Stille and Tullberg 1999). For example, 

great tits (Parus major) were taught to discriminate between red, yellow, orange and grey 

palatable and unpalatable food items. However, birds that were initially trained that orange 

was palatable, after having been trained to avoid red and yellow, would now eat fewer orange 

prey items even though they were palatable (Ham et al. 2006). The generalisation of a signal 

can broaden as the negatively associated experience with a warning signal increases in 

strength (Duncan and Sheppard 1965, Lindström et al. 1997). Predators are also likely to 

generalise more within complex environments where the amount of stimuli requiring 

processing increases. Stimuli processing can be costly in terms of time and energy lost and 

therefore the predator faces associative trade-off decisions (Beatty et al. 2004, Lindstedt et al. 

2011).  

1.3.3 Use of visual warning signals by prey 

Uniformity of warning signals, both within and across species, is assumed to increase their 

efficacy as the costs to potential prey of educating naïve predators are shared across 

individuals with similar signals (Müller 1879, Beatty et al. 2004, Rowland et al. 2007). Yet 

variation in the strength of warning signals exists between and within prey species when there 

are trade-offs in associative fitness benefits and costs. These trade-offs may come as a 

response to variation in environmental pressures (Hazel 2002, Sword 2002, Lindstedt et al. 

2008a). For example, predators of the aposematic wood tiger moth (Parasemia plantaginis) 

larvae learn to avoid larvae with large signals faster than those with small signals (Lindstedt 
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et al. 2008b). However, larvae with small signals develop faster in low temperatures, 

suggestive of a thermoregulatory benefit (Lindstedt et al. 2009). Likewise, the variation in 

bumblebee colour patterns may be attributable to thermoregulation and predation risks 

(Williams 2007). Life history constraints can also affect the quality of signal expression. For 

example, the lack of availability of a quality diet reduces the ability to produce certain 

warning signal elements in Parasemia plantaginis moth larvae (Ojala et al. 2007). The 

complexity of the environment may also influence the requirement for signal uniformity. In 

simple environments less signal variation might be expected due to fewer interactions 

requiring trade-offs, but in complex environments with more interactions, the signal variation 

would be greater (Lindstedt et al. 2011).  

1.3.4 Non-aposematic visual signals 

Camouflaged prey are more common than conspicuous prey (Endler 1991), and not all 

defended prey are maximally aposematic or conspicuous (Endler and Mappes 2004, Tullberg 

et al. 2005). As long as prey is distinct from other prey, even cryptic prey can be recognised 

when detected and avoided (Sherratt and Beatty 2003, Merilaita and Ruxton 2007). Merilaita 

and Ruxton (2007) used theoretical modelling of predator prey detection and attack decision 

making in combination with an evolving virtual prey to understand the relative importance of 

conspicuousness against background, and the distinctiveness from other potential prey. Their 

results showed that “conspicuousness may result from selection for distinctiveness, but that 

selection for distinctiveness does not result in maximisation of conspicuousness”, and that 

“the relative importance of the two selective forces (for conspicuousness and for 

distinctiveness) will differ on a case-by-case basis”. 

Conspicuous prey can draw unwanted attention making them more vulnerable to attacks by 

naïve (Lindström et al. 2001a, Riipi et al. 2001, Lindstedt et al. 2008b), or specialised 

predators (Yosef and Whitman 1992). Predators will seek out aposematic prey when the 

benefit of gaining nutrients out-weigh the costs of ingesting the defences (Villalba and 

Provenza 2005, Halpin et al. 2014). Therefore defended prey may benefit from being less 

conspicuous. However, there are morphological constraints and physiological costs imposed 

by camouflage (Ruxton et al. 2004).  

1.3.5 Predator attacking strategy 

Skelhorn et al. (2016) point out in their review on animal aposematic prey learning that to 

understand predators’ decisions on prey selection, we should think about how predators learn 
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about, rather than to avoid, aposematic prey in order to make adaptive foraging decisions. 

Decisions to attack one particular prey type are determined not only by the costs and benefits 

of attacking that prey type but also by the costs and benefits of attacking other available prey 

types (Merilaita and Kaitala 2002, Lindström et al. 2004, Skelhorn and Rowe 2005, Halpin et 

al. 2017). 

1.4 Dishonest defensive signals 

Deception as an anti-predator adaptation is a relatively common and well documented 

phenomenon in the animal kingdom, and occurs through the transmission of misinformation 

from prey to predator (Ruxton et al. 2004). Predator deception may work at a conscious or 

unconscious level within a signal receiver. Crypsis and camouflage work by avoiding 

detection from a searching predator by blending in with the background (Stevens and 

Merilaita 2009a, 2009b). The other form of deception is mimicry. In the broadest definition 

of mimicry, it can include deceptive strategies such as masquerade. This is where prey appear 

to mimic objects that are either innocuous or inedible by their predators, such as stones or 

twigs (Endler 1981, Skelhorn et al. 2009). However, the most commonly recognised form of 

deception comes in the form of Batesian mimicry. This is where an undefended species 

avoids predation by mimicking the warning signal of a defended species, proposed by Henry 

Bates in 1862 (Bates 1862).  

1.4.1 Batesian mimicry  

There are three protagonists in a mimicry complex: the ‘mimic’, a palatable species which 

mimics the defensive signal of a second species, the ‘model’, and the ‘signal-receiver’, who 

is duped by misidentifying the mimic as a model, conferring a fitness advantage on the mimic 

(Vane-Wright 1980). It is, therefore, the signal receiver that selects for the signal imitation in 

the mimic. Whilst selection on uniformity in warning signals amongst defended prey is 

hypothesised, variation exists within and between signals due to trade-offs in associative 

fitness benefits and costs (see section 1.3.3). Likewise, it is assumed that mimics always 

experience selection to more closely resemble their models (Ruxton et al. 2004), yet mimics 

are rarely exact replicas of their models, and imperfect mimicry is common (Kikuchi and 

Pfennig 2013). 
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1.4.2 Imperfect mimicry 

Batesian mimics also face trade-offs, which can affect the degree to which they match their 

model’s signal. Yet, successful mimicry requires that the mimic and model converge in the 

perceptual world of a predator such that it cannot easily distinguish between the two 

(Schaefer and Ruxton 2009), thus creating a level of uncertainty. How a signal receiver 

generalises over prey signals or cues (see section 1.3.2) is important for the evolution of 

Batesian mimicry (Lindström et al. 1997, Lynn et al. 2005, McGuire et al. 2006, Rowland et 

al. 2007, Kikuchi and Pfennig 2010a, 2010b, Iserbyt et al. 2011, Penney et al. 2012, Ihalainen 

et al. 2012). Below, I discuss several hypotheses highlighted by Kikuchi and Pfennig (2013) 

for the evolution of Batesian mimicry. 

1.4.3 Imperfect mimicry hypotheses with empirical support for Batesian mimicry 

1.4.3.1 Relaxed selection hypothesis 

The risk to the signal receiver of accidentally attacking a model is high, so mimics are under 

very little selective pressure to improve their mimicry accuracy. The accuracy of the mimic to 

model is under a positive frequency-dependent selection with the abundance of other mimics. 

That is, as the ratio of mimics increase relative to models, the level of required signal 

matching to dupe the signal receiver increases. However, with the availability of alternative 

prey, or as the toxicity of the model increases, accuracy is under a negative frequency-

dependency (Schmidt 1958, Duncan and Sheppard 1963, Sherratt 2002, Penney et al. 2012). 

This hypothesis has received widespread empirical support across different taxa (Pfennig et 

al. 2001, Darst and Cummings 2006, Iserbyt et al. 2011). Negative selective pressure with 

increasing alternative prey has also received support, but only from trained birds and artificial 

prey (Lindström et al. 2004). Below I discuss some of the key predictions of this hypothesis: 

Fundamental elements of this hypothesis were recognised by Bates (1862), who argued that 

only when mimics were significantly outnumbered by models could imitation be of any 

advantage. The frequency-dependency hypothesis suggests that selection for the accuracy of 

mimicry is relaxed as the proportion of models increases, and likewise, if mimics are too 

common the protection through predator deception breaks down as predators learn to ignore 

the warning signal (Pfennig et al. 2001, Ruxton et al. 2004). The unprofitability of the model 

can also relax selection on the level of accuracy. As the cost associated with the model 

increases, selection on perfect mimicry decreases due to stronger avoidance measures from 

the signal receiver (Lindström et al. 1997, Sherratt 2002). However, if a model is too 
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unprofitable, this may cause a breakdown in the signal receiver’s avoidance-learning, and 

therefore an intermediate level of protection is most effective for mimic protection (Holen 

2013). When the availability of alternative prey is high, it is simply easier for a signal 

receiver to attack the alternative prey rather than discriminate between mimics and models. 

This also reduces selection on perfect mimicry (Hetz and Slobodchikoff 1988, Lindström et 

al. 2004, Penney et al. 2012). 

1.4.3.2 Eye-of-the-beholder hypothesis 

Humans mistakenly attribute characteristics that are not relevant for the intended signal 

receiver (Cuthill and Bennett 1993, Dittrich et al. 1993). In this instance, imperfections are 

either not relevant, or in some cases, the imperfect mimicry is not mimicry at all. Evidence 

for this hypothesis can be found in the misalignment of the order of coloured bands around 

venomous coral snakes and the mimicking nonvenomous scarlet snakes in the south-eastern 

United States. Under selection are the proportions of colours (Harper and Pfennig 2007), and 

the general ringed appearance (Pfennig et al. 2001), but not the order of the coloured rings 

(Kikuchi and Pfennig 2010b), therefore the imperfect mimicry is human perception. Taking 

into account the cognitive and sensory capabilities of the target signal receiver through 

modelling, can help explain the human perceived inaccuracies (Penney et al. 2012). 

1.4.3.3 Chase-away hypothesis 

Models are selected to evolve away from their mimics due to signal receivers mistaking them 

for mimics. Mimics are less accurate due to the time-lag with their response (Nur 1970, 

McGuire et al. 2006, Franks et al. 2009). It is possible that conspicuousness in some 

salamanders may have evolved in order to appear distinct from their Batesian mimics and 

avoid misidentification by avian predators (Kraemer et al. 2015). Theoretical models predict 

that signals associated with defence will always evolve towards distinctiveness due to 

selection pressures (Merilaita and Ruxton 2007). However, if the costs of misidentification on 

a model are relatively low, or if the motivation of the signal receiver to seek out mimics is 

low, then selection pressures on the model to be distinct from the mimic is low. 

1.4.3.4 Mimetic breakdown hypothesis 

A lack of models reduces the protection from the signal receiver, and therefore causes the 

mimicry system to breakdown (Sheppard 1959, Brower 1960, Pfennig and Mullen 2010). 

This has also been demonstrated between scarlet kingsnakes and coral snakes that occur in 
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sympatry and allopatry. When the two species are found together, increased mimicry is 

selected for, while in the absence of models, mimics are attacked more (Pfennig et al. 2001, 

2007), and the colour pattern becomes less similar. The persistence of the mimic phenotype 

in allopatry is due to migration (Harper and Pfennig 2008). 

In the absence of models, mimics might experience higher than expected predation (Pfennig 

et al. 2007). A conspicuous signal may draw too much attention, so mimics evolve towards a 

more cryptic phenotype (Joron 2008). Likewise, if a mimetic trait has physiological 

disadvantages, in the absence of the model that trait should be selected out of the population 

due to its reduced fitness effect. Whilst I cannot find any examples of this scenario within 

Batesian mimicry, an example of an aposematic signal that has a physiological disadvantage 

can be found in the aposematic signalling wood tiger moth (Parasemia plantaginis) larvae. 

The strength of the warning signal can constrain their thermoregulatory abilities (Lindstedt et 

al. 2009). This example could be extrapolated out to a hypothetical Batesian mimicry system 

where, in the absence of the model, the physiological disadvantage of the same warning 

signal alongside the increased predation pressure on the mimic would drive the warning 

signal phenotype out of the population.  

1.4.3.5 Multiple predators hypothesis 

Mimics trade-off between duping generalist predators and avoiding specialist predators which 

causes opposing selective pressures on the mimic’s phenotype (Pekár et al. 2011). There is 

evidence for this hypothesis within ant-mimicking spiders. The least accurate mimics still 

gain protection from predators that avoid ants, but are faster at escaping from ant predators 

than are the ant-mimics that are of higher accuracy (Pekár et al. 2011). 

To some degree it is likely all mimics face this problem as almost all prey live with multiple 

types of predators (Sih et al. 1998). However, as discussed in the above sections, the types of 

predators (generalists or specialists), their sensory and cognitive capabilities, and how they 

forage will likely impact how a warning signal is expressed. It would be important to account 

for the fitness impact on prey of each predator when assessing this hypothesis. 

1.4.3.6 Developmental and genetic constraints hypothesis 

A mimic is unable to produce a more accurate mimetic signal due to being constrained by an 

intrinsic inability (Maynard Smith et al. 1985). Very few studies have examined this 

hypothesis. However, there is some evidence that in order to produce the shared signal, some 
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models and mimics use at least some of the same genes and/or physiological pathway (Ford 

1953, Kikuchi and Pfennig 2012). 

1.4.4 Imperfect mimicry hypotheses with no empirical support for Batesian mimicry 

A number of hypotheses highlighted by Kikuchi and Pfennig (2013), to date, have no 

empirical support. Below I discuss these in relation to Batesian mimicry. 

1.4.4.1 Perceptual exploitation hypothesis 

In the perceptual exploitation hypothesis, the signal receiver has a cognitive or sensory bias 

towards a characteristic that is outside of the model’s signal. Therefore, the imperfect mimics 

elicit a stronger avoidance response than their models (Vereecken and Schiestl 2008). 

Compared with mimicry, perceptual exploitation is argued to be a simpler mechanism 

(Schaefer and Ruxton 2009). Perceptual exploitation takes advantage of the innate response 

to a particular stimuli. Therefore, Schaefer and Ruxton (2009) argue that the one key 

distinction between mimicry and perceptual exploitation is that “only mimicry predicts that 

animals confuse one species (the mimic) with another one (the model)”. In many animal 

species, sensory biases include the generalised preferences for larger sizes in mates (Ryan 

and Keddy-Hector 1992), and cognitive biases arise from generalisation and peak shift 

phenomena that arise during associative learning of signals with rewards (Chittka and Raine 

2006, ten Cate and Rowe 2007). As it is important how a predator generalises signals for the 

evolution of Batesian mimicry (Lindström et al. 1997, Lynn et al. 2005, McGuire et al. 2006, 

Rowland et al. 2007, Kikuchi and Pfennig 2010a, 2010b, Iserbyt et al. 2011, Penney et al. 

2012, Ihalainen et al. 2012), exploitation of perceptual biases may be an important precursory 

step for the evolution of mimicry in some systems (Schaefer and Ruxton 2009). 

1.4.4.2 Satyric mimicry hypothesis 

The satyric mimicry hypothesis predicts that a blend of different components of the model’s 

signal with other irrelevant characteristics cause confusion in the signal receiver. This 

increases the level of protection over other imperfect mimics (Howse and Allen 1994). 

Disruptive patterns, which break up the recognisable shape of the prey (Fraser et al. 2007, 

Kelman et al. 2007), along with a similar idea of “dazzling” or distractive markings, where 

detection of prey is made difficult by manipulating the attention of the predator, may aid prey 

as a defensive tactic (Dimitrova et al. 2009). As the cognitive process of confusion has been 
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demonstrated, it may be possible that mimicry complexes exist where this hypothesis is 

applicable. 

1.4.4.3 Multiple models hypothesis 

In the multiple models hypothesis, mimics take on an intermediate phenotype between 

models when multiple models exist. This “covering all bases” technique offers greater 

protection than mimicking the signal of just one model (Edmunds 2000, Sherratt 2002). This 

hypothesis relies on the physiological and production fitness costs of the mimetic signal 

being outweighed by the overall fitness cost of predation. However, fitness costs from 

predation can vary, especially in plants (Paige and Whitham 1987). If the costs of producing 

this intermediate level of signal are too great, it would be more advantageous to pick just one 

model. 

1.4.4.4 Kin selection hypothesis 

The kin selection hypothesis predicts that the fitness on the population of related mimics 

increases when mimicry is imperfect, especially as models become rare relative to mimics 

(Johnstone 2002, Penney et al. 2012). The weakest mimic takes a hit for the “team”, leaving 

their more accurately mimicking kin to keep reproducing. As the name suggests, this 

hypothesis should be more prevalent in species with limited dispersal and high degrees of 

family grouping (Johnstone 2002). As Kikuchi and Pfennig (2013) highlighted, to date no 

studies have explicitly measured relatedness within any natural population of mimics. 

1.4.4.5 Character displacement hypothesis 

Under the character displacement hypothesis, the mimetic trait causes competition to increase 

between mimics and models. This in turn displaces the phenotypic optimum away from 

accuracy in the mimetic trait (Pfennig and Kikuchi 2012). This hypothesis is similar to the 

chase away hypothesis, but now the non-predation fitness effects likely outweigh the 

predation fitness effects. For Batesian mimics that occupy a similar ecological niche to their 

models, this is likely to impact models to some degree, especially as the resources they both 

compete for become rarer. 

1.4.4.6 Speed-accuracy trade-off hypothesis 

The speed-accuracy trade-off hypothesis postulates that difficult perceptual tasks require a lot 

of time. Time is a cost to a foraging animal, therefore they tend to generalise signals (Chittka 
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and Osorio 2007). As mentioned in the perceptual exploitation hypothesis, generalisation is 

an important function within Batesian mimicry. Optimal diet theory predicts that a foraging 

animal is unlikely to spend a significant amount of time distinguishing between similar prey, 

especially if there are alternative food sources available (Pulliam 1974, Werner and Hall 

1974, Charnov 1976). Therefore, signal receivers are likely to incorporate speed-accuracy 

trade-off decisions in most mimicry complexes. While not included in the hypotheses 

highlighted by Kikuchi and Pfennig (2013), I have included it here because of how it relates 

to a number of foraging theory and Batesian mimicry concepts. 

1.4.5 Multiple hypotheses in a single system 

Kikuchi and Pfennig (2013) highlight the need to determine the importance of the relative 

contribution of each hypothesis to the evolution of imperfect mimicry, and that the best way 

to do so is in a complex in which multiple hypotheses can be evaluated simultaneously. To 

date, studies are lacking. Results from the complexes that have been subjected to multiple-

hypothesis testing indicate that different hypotheses are not mutually exclusive within a 

single complex. For example, the scarlet kingsnake and coral snake mimicry complex in the 

south-eastern United States used as examples in three of the above hypotheses: the relaxed 

selection hypothesis, the mimetic breakdown hypothesis, and the eye-of-the-beholder 

hypothesis, which can all explain the apparent imperfect mimicry. 

1.5 Leaf shape and colour influences consumption and performance 

Brown and Lawton (1991) proposed that if leaf shape and size influence the impact of 

herbivores, it would be open to selection and therefore herbivores may be, in part, responsible 

for some of the variety in leaf shapes and sizes. Leaf shape has been demonstrated to 

influence the ovipositioning choices of insect herbivores. For example, the pipevine 

swallowtail butterfly (Battus philenor), small grass yellow (Eurema brigitta) and pink grass 

yellow (E. herlauses) butterflies use leaf shape to search for suitable larval host plants for 

ovipositioning, alighting on plants with similar leaf shapes to their preferred host plant 

(Rausher 1978, Mackay and Jones 1989). Leaf shape can also affect the consumption and 

performance of insect herbivores. For example, the alternative leaf morphs of ivy-leaved 

morning glory (Ipomoea hederacea) affects the performance and consumption of several 

insect species, but how they do this differs between species (Campitelli et al. 2008a). It can 

also provide a visual cue of a plant’s palatability. For example, Heliconius erato butterflies 
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were able to be conditioned to oviposit on either their natural larval host (Passiflora biflora), 

or a different shaped Passiflora spp. leaf (Dell’aglio et al. 2016). 

Leaf colouration may also help plants deter herbivores. Variegated leaves, that is, leaves with 

areas of reduced or obstructed chlorophyll producing a whitish pattern, suffer less herbivory 

than non-variegated leaves in natural populations of Hydrophyllum virginianum (Campitelli 

et al. 2008b). Variegations may reduce herbivory on plants because variegated leaves may 

appear to insect herbivores as already damaged by other insects (Soltau et al. 2008). 

Anthocyanins can function as camouflage in leaves, making plants cryptic to herbivores by 

blending the plant in with the background of leaf litter and plant detritus (Fadzly et al. 2009, 

Klooster et al. 2009, Fadzly and Burns 2010). They can also act as an honest signal in the leaf 

margins to insect herbivores of the level of defensive investment in a leaf (Cooney et al. 

2012, Hughes and Lev-Yadun 2015). Autumnal red anthocyanic flushes of whole leaves are 

hypothesised to signal increased defences and/or low nutrient quality to egg-laying insects 

(Hamilton and Brown 2001, Archetti and Brown 2004, Archetti 2009b).  

1.6 Batesian mimicry in plants 

The evolution of defensive mimicry in plants is theoretically possible, and may even be 

relatively common, depending on how reluctant a herbivore is to eat again after sampling a 

defended plant (Augner and Bernays 1998). Augner and Bernays (1998) found that mimicry 

could evolve if a herbivore shows any avoidance of individuals displaying a signal of 

unpalatability. In contrast, if a herbivore always samples a signalling defended plant, whether 

it is an honest signal or not, mimicry would never evolve. Whilst some thorn-less plants may 

mimic the presence of aposematic thorns (Lev-Yadun 2003), amongst the background of leaf 

morphological heterogeneity exist examples in which the leaf shape, size and colour of one 

species correlates closely with that in another, unrelated species. This convergence in leaf 

shape has been hypothesised to present a potential fitness advantage by using whole leaf 

mimicry to evade detection by herbivores.  

1.6.1 Postulated cases of defensive plant-plant mimicry – a review 

Within the flora of New Zealand, the use of thorns and spines as a mechanical defensive 

strategy are relatively uncommon. However, within the tussock-like members of the genus 

Aciphylla, just over half of the 30 species are thought to have evolved sharp points on the end 

of their leaves to deter browsing (Wallace 1889, Atkinson and Greenwood 1989). The non-

spiny- leafed Celmisia petriei and C. lyallii look like spiny members Aciphylla genus that 
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they grow alongside of (Atkinson and Greenwood 1989, Brown and Lawton 1991). The non-

stinging nettle like group of plants found throughout Europe containing species from across 

several genera (Lamium album, L. purpureum, Lamiastrum galeobdolon, Ballota nigra, 

Galeopsis spp.), which are commonly known as dead nettles because of their lack of sting, 

resemble the well defended European stinging nettle (Urtica dioica) (Brown and Lawton 

1991, Wheeler 2004).  

In other cases, this correlation in resemblance only seems to occur in the presence of another 

particular plant species. In the heavily grazed desert–steppe transition zone of the northern 

Negev, Israel, the leaf form and overall habit of the hill ecotype of Iris atrofusca appears to 

be more similar to that of the unpalatable Asphodelus ramosus, than to the valley ecotype 

growing in the absence of A. ramosus (Shimshi 1979). Leaves on the woody vine Boquila 

trifoliolata of southern Chile, bear striking physical resemblance to those on several host 

trees; when portions of the vine traverse other hosts, their leaf shape changes accordingly 

(Gianoli and Carrasco-Urra 2014). Similarly, the leaves of some Australian mistletoes closely 

resemble those of their host plants in leaf colour and general shape (Barlow and Wiens 1977, 

Ehleringer et al. 1986, Canyon and Hill 1997).  

In the above instances of visually similar leaf morphologies, it is not known whether a 

herbivore common to both species avoids the purported mimic due to this perceived 

similarity with its model. Therefore, it is not known whether the similarity confers a fitness 

advantage on the mimic, a requirement for Batesian mimicry (Vane-Wright 1980). In all but 

the vine study by Gianoli and Carrasco-Urra (2014) and the Australian mistletoes, the 

similarity in leaf morphology is anecdotal and has not been quantified. While in the case of 

the Australian mistletoes, only a simple quantification of leaf shape using length by width 

measurements has been undertaken and some of these similarities between host and mistletoe 

are also shared with other species in the surrounding plant community (Blick et al. 2012). It is 

therefore likely that herbivores would use different features to discriminate between host and 

mistletoe (Canyon and Hill 1997). 

1.6.2 Human-induced mimicry in plants 

Humans are thought to be responsible for a form of mimicry associated with crop plants and 

their weeds known as Vavilovian mimicry. In these instances, the receivers are humans or 

agricultural machinery used to remove unwanted plants or seeds from a farmed crop (Wickler 

1968). Although Vavilovian mimicry is a type of Batesian mimicry, rather than being 



20 
 

defended, the model species is a desirable species and the fitness advantage to the mimic 

comes from duping humans into thinking it too is desirable. For example, barnyard grass 

(Echinochloa oryzoides) that looks similar to rice plants (Oryza sativa), escape unnoticed 

during manual weeding of rice paddies at the seedling stage. The seeds are later mixed with 

rice seeds and those of E. oryzoides individuals that went unnoticed due to being visually 

similar to O. sativa during the weeding stage are replanted (Barrett 1983). Therefore, through 

weeding, E. oryzoides has increased its resemblance to O. sativa. However, the increase in 

the use of herbicides has resulted in E. oryzoides being replaced with a more herbicide- 

resistant barnyard grass (Echinochloa crus-galli var. crus-galli) that does not share the same 

visual resemblance to rice (Yamasue 2001). 

1.7 Gap in knowledge 

Although Batesian mimicry is relatively common in the animal kingdom (Ruxton et al. 

2004), successful plant mimicry requires that the mimic and model converge in the perceptual 

world of an approaching herbivore such that it cannot easily distinguish between the two 

(Schaefer and Ruxton 2009). Unequivocal proof of mimicry requires evidence that: (i) both 

the mimic and a known model are attacked by the same herbivore; (ii) the herbivore is unable 

to distinguish between them; and (iii) this confusion increases the fitness of the mimic. To 

date, no study has satisfied these three criteria in plants (Schaefer and Ruxton 2009, 2011). 

1.8 Alseuosmia pusilla and Pseudowintera colorata are model species to test for Batesian 

mimicry 

Our focal plants, Alseuosmia pusilla (Colenso) A. Cunningham (Alseuosmiaceae) and 

Pseudowintera colorata (Raoul) Dandy (Winteraceae) are understory shrubs found in 

conifer-broadleaf and beech forests of New Zealand. Horopito (P. colorata) is found 

throughout the North and South Islands, while small toropapa (A. pusilla) is not nearly as 

widespread, distributed from the lower two-thirds of the North Island to as far south as the 

middle of the South Island, but only on the western side (approximately from S37 59.33, 

E175 5.53 to  S43 13.25, E170 9.47). Together they possess several properties which makes 

them a particularly well suited study system to test for Batesian mimicry.  

1. A. pusilla has attracted attention because leaf size, shape, and anthocyanin 

pigmentation make the leaves of individual plants at some locations indistinguishable, 

at least to the human eye, from those of an unrelated species, P. colorata with which 
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it is often sympatric (Fig. 2.1A) (Greenwood and Atkinson 1977, Dawson 1988, 

Atkinson and Greenwood 1989). 

2. The leaves of A. pusilla contain few anti-herbivory compounds (Cambie and Parnell 

1970) and are readily eaten by introduced ungulates (Greenwood and Atkinson 1977, 

Nugent et al. 2001); in contrast, those of P. colorata are rich in polygodial, a 

sesquiterpene dialdehyde that imparts a pungent taste and is a potent insect anti-

feedent (Asakawa et al. 1988). 

3. P. colorata leaves are also unpalatable to introduced herbivorous mammals (Forsyth 

et al. 2005), and, it has been suggested, may similarly have been avoided by moa 

(Greenwood and Atkinson 1977), the extinct flightless birds which are thought to 

have presented significant browsing pressure on New Zealand’s flora over the last 65 

million years (Atkinson and Greenwood 1989, Wood et al. 2013). It has been 

postulated that at locations where the two plant species co-occur, A. pusilla may 

escape predation by effectively functioning as a Batesian mimic of P. colorata 

(Dawson 1988, Atkinson and Greenwood 1989). 

 1.9 Aims of the thesis 

The overall aim of this thesis was to comprehensively test the hypothesis that A. pusilla acts 

as a Batesian mimic of P. colorata. In order to do so, I aimed to satisfy the criteria for 

defensive Batesian mimicry in plants as proposed by Schaefer and Ruxton (2009, 2011) (see 

section 1.7).  

1.9.1 Specific objectives 

1.9.1.1 Establish a spatially explicit method to quantify leaf shape similarity between A. 

pusilla and P. colorata [Chapter 2] 

Using a spatially explicit morphometric analysis, I tested how similar the leaf shape of A. 

pusilla and P. colorata were to each other and surrounding sympatric plant species. I 

hypothesised that: (i) leaf shape of P. colorata is sufficiently distinct from those of 

neighbouring plant species such that its morphology might serve to signal its unpalatability; 

(ii) the leaf shape is shared exclusively by the undefended A. pusilla; (iii) variation in P. 

colorata leaf shape across an environmental gradient is matched by variation in foliar 

morphology of A. pusilla; and (iv) leaf shape similarity is greater the closer the two species 

are to one another. 
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1.9.1.2 Test the influence of increased herbivory pressure on leaf shape variation between A. 

pusilla and P. colorata [Chapter 3] 

Using the spatially explicit morphometric analysis established in Chapter 2 and field surveys 

of plant abundance, I tested how leaf shape variation was affected between A. pusilla and P. 

colorata and surrounding sympatric plant species when exposed to increased mammalian 

herbivory pressure. I hypothesised that at a field site with high mammalian herbivore density: 

(i) variation in leaf shape will be reduced in the unpalatable P. colorata but not in the 

surrounding sympatric species such that its morphology is acting as a stronger signal of its 

unpalatability; (ii) variation in leaf shape of the undefended A. pusilla will also decrease; (iii) 

variation in P. colorata leaf shape across an environmental gradient will not only be closely 

matched by variation in foliar morphology of A. pusilla, but also be of a comparable 

magnitude; (iv) A. pusilla will be more similar in leaf shape to the population of P. colorata 

rather than greater, the closer in distance the two species are to one another; (v) A. pusilla 

will increase in abundance in proportion to an increase in P. colorata; and (vi) the degree of 

similarity between A. pusilla and P. colorata will be the same as that of a field site with low 

mammalian herbivore density. 

1.9.1.3 Test whether red deer will eat A. pusilla in the presence of P. colorata [Chapter 4] 

I conducted a field feeding trial using captive red deer, a relatively common introduced 

mammalian ungulate in New Zealand forests that is known to avoid P. colorata, to test the 

hypotheses: (i) P. colorata is avoided by deer more than A. pusilla, (ii) as the proportion of P. 

colorata increases in relation to A. pusilla, A. pusilla individuals will suffer less herbivory, 

and (iii) known palatable species that do not share a similar leaf shape and colour with P. 

colorata are readily eaten in the presence of P. colorata. 

1.9.1.4 Test how leaf shape, leaf size and leaf colour are used as cues or signals to 

discriminate between A. pusilla and P. colorata [Chapter 5] 

I conducted a computer-based survey using humans as surrogate herbivores to estimate how 

different leaf traits are used as cues or signals to discriminate between A. pusilla and P. 

colorata under different conditions. I investigated how subjects’ discrimination abilities are 

affected by: (i) different leaf traits and how they interact; (ii) the variation in the overall 

similarity of leaf shape between P. colorata and A. pusilla; (iii) the frequency of models to 

mimics; (iv) the speed of feedback on selections; and (v) the level of conspicuousness of the 

leaves. 
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Chapter 2: The significance of shared leaf shape in Alseuosmia pusilla and 

Pseudowintera colorata 

2.1 ABSTRACT 

Leaf shape, size and colour are used by herbivores to identify sources of palatable foliage for 

food. It is possible, therefore, that an undefended plant might gain protection from herbivores 

by matching leaf characteristics of a chemically-defended species. I demonstrate the use of a 

geometric morphometric approach to quantify spatial variation in leaf shape and size across 

populations of Pseudowintera colorata, and its putative Batesian mimic, Alseuosmia pusilla. 

Using the Cartesian coordinates of leaf margins as descriptors of leaf shape, I found that in 

the chemically-defended P. colorata, leaves were morphologically distinct from all 

neighbouring species except for the undefended A. pusilla. A. pusilla individuals were more 

similar to neighbouring than to distant P. colorata, and 90% of leaf shape variation in the two 

species varied similarly across an elevational gradient. The data are consistent with Batesian 

mimicry, wherein the conspicuous characteristic of a defended model is replicated by an 

undefended mimic across its entire growing range. This study provides the first detailed and 

powerful quantitative evidence of leaf shape being matched between an undefended plant 

species to a chemically-defended unrelated species across a shared growing range, and 

highlights the importance of using a spatially explicit morphometric method when 

investigating leaf shape, especially in relation to plant mimicry. 

2.2 INTRODUCTION 

Many plant species exhibit morphological plasticity in response to ontogenetic, abiotic, 

competitive, and predatory pressures. These traits often fluctuate predictably across 

environmental gradients, suggesting that phenotypic plasticity confers a selective advantage 

to a plant in its natural habitat (Hovenden and Vander Schoor 2006, Royer et al. 2009). Leaf 

morphology, for example, assists in temperature regulation (Gurevitch and Schuepp 1990, 

Hegazy and El Amry 1998, Roth-Nebelsick 2001) and light interception (Horn 1971, 

Tsukaya 2005); it can also serve to minimise wind damage (Anten et al. 2010), to tolerate 

salinity (Sinclair and Hoffmann 2003), drought, or nutrient deficiencies (Cunningham et al. 

1999, Leigh et al. 2011), or to deter predation by herbivores (Niemelä and Tuomi 1987, 

Brown and Lawton 1991). Within these broader trends, however, there is often considerable 

intraspecific variation in leaf shape even in the same environment (McDonald et al. 2003, 
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Nicotra et al. 2011). The possible functional significance of such variation is usually far from 

clear. 

Amidst this background of morphological heterogeneity, there are examples in which 

variation in the leaf shape, size and colour of one species correlates closely with that in 

another, unrelated species. For example, the non-spiny leafed Celmisia petriei and C. lyallii 

from New Zealand look like spiny members of the genus Aciphylla (Brown and Lawton 

1991), whilst the non-stinging nettle like group of plants containing species from across 

several genera (Lamium album, L. purpureum, Lamiastrum galeobdolon, Ballota nigra, 

Galeopsis spp.), commonly known as dead nettles due to their lack of sting, resemble the 

defended European stinging nettle (Urtica dioica) (Brown and Lawton 1991, Wheeler 2004). 

In other cases, this correlation of resemblance only seems to occur in the presence of a 

particular species. In the heavily grazed desert/steppe transition zone of the northern Negev, 

Israel, the leaf form and overall habit of the hill ecotype of Iris atrofusca appears to be more 

similar to that of the unpalatable Asphodelus ramosus, than to the valley ecotype growing in 

the absence of A. ramosus (Shimshi 1979). Leaves on the woody vine Boquila trifoliolata of 

southern Chile, bear striking physical resemblance to those on their host tree; when portions 

of the vine traverse other hosts, their leaf shape changes accordingly (Gianoli and Carrasco-

Urra 2014). Similarly, the leaves of some Australian mistletoes closely resemble those of 

their host plants (Barlow and Wiens 1977, Canyon and Hill 1997). In those instances the 

convergence in leaf shape has been hypothesised to present a potential fitness advantage by 

using mimicry to evade detection by herbivores. Leaf shape is known to influence the 

consumption, performance, and ovipositing choices of insect herbivores, and thus may 

provide a visual cue of a plant’s palatability (Rausher 1978, Mackay and Jones 1989, Rivero-

Lynch et al. 1996, Campitelli et al. 2008a). 

Successful plant mimicry requires that the mimic and model converge in the perceptual world 

of an approaching herbivore such that it cannot easily distinguish between the two (Schaefer 

and Ruxton 2009). It needs to be demonstrated, therefore, that leaf shape, size and colour of 

the putative mimic do indeed overlap with the ranges of those of the model, and that any 

morphological convergence is more evident between individuals where the two species co-

occur. Previous studies of mimicry in vegetative shoots have relied on ‘traditional’ measures 

such as leaf length, width, area, and numbers of lobes, which, although useful as broad 

descriptors of morphology, cannot resolve subtle differences in shape that might be used as a 

visual cue by an approaching herbivore. Here, I use a spatially-explicit geometric 
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morphometric approach, i.e. taking into account how leaf shape varies both within and 

between species over distance, to quantify leaf morphology in two species from a natural 

forest population in New Zealand. Geometric morphometrics provide a higher resolution of 

captured shape information than do the more traditional measurements (Rohlf and Marcus 

1993, Klingenberg 2010). 

Our focal plant, Alseuosmia pusilla (Alseuosmiaceae), is an understory shrub found in 

conifer-broadleaf and beech forests of New Zealand. The species has attracted attention 

because leaf size, shape, and anthocyanin pigmentation make the leaves of individual plants 

at some locations indistinguishable, at least to the human eye, from those of an unrelated 

species, Pseudowintera colorata (Winteraceae), with which it is often sympatric (Fig. 2.1A) 

(Greenwood and Atkinson 1977, Dawson 1988, Atkinson and Greenwood 1989). The leaves 

of A. pusilla contain only a few anti-herbivory compounds (Cambie and Parnell 1970) and 

are readily eaten by introduced ungulates (Greenwood and Atkinson 1977, Nugent et al. 

2001); in contrast, those of P. colorata are rich in polygodial, a sesquiterpene dialdehyde 

which imparts a pungent taste and is a potent insect anti-feedent (Asakawa et al. 1988). P. 

colorata leaves are also unpalatable to introduced herbivorous mammals (Forsyth et al. 

2005), and, it has been suggested, may similarly have been avoided by moa (Greenwood and 

Atkinson 1977), the extinct flightless birds which are thought to have presented significant 

browsing pressure on New Zealand’s flora over the last 65 million years (Atkinson and 

Greenwood 1989, Wood et al. 2013). It has been postulated that at locations where the two 

plant species co-occur, A. pusilla may escape predation by effectively functioning as a 

Batesian mimic of P. colorata (Dawson 1988, Atkinson and Greenwood 1989). However, 

this hypothesis lacks any empirical evidence. 
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Fig. 2.1. Leaf morphology of Pseudowintera colorata and Alseuosmia pusilla. (A) P. colorata (P.c) 

and A. pusilla (A.p) seedlings growing together under forest canopy (top), and in the open due to tree 

fall (bottom). (B) Selected examples to show the range of A. pusilla, and (C) P. colorata leaves across 

the elevational gradient. Scale bar = 20 mm. 

 

I hypothesise that: (i) leaf shape of P. colorata is sufficiently distinct from those of 

neighbouring plant species such that its morphology might serve to signal its unpalatability; 

(ii) the leaf shape is shared exclusively by the undefended A. pusilla; (iii) variation in P. 

colorata leaf shape across an environmental gradient is matched by variation in foliar 

morphology of A. pusilla; and (iv) leaf shape similarity is greater the closer the two species 

are to one another. 

2.3 MATERIALS AND METHODS 

2.3.1 Plant Material 

P. colorata and A. pusilla leaves were collected from a 4.5km stretch of track (S40 53.30, 

E175 14.22 to S40 54.46, E175 15.37) through montane forest in the Otaki Forks region of 

the Tararua Forest Park, New Zealand (see Appendix A.1). The collection area covered the 

full elevational range for the two species at this location (470 – 870 m), characterised by a 

shift from the lower conifer-broadleaf forest to the higher Lophozonia- and Fuscospora-

dominated forest. A. pusilla grew along the entire transect; P. colorata was most common 
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above 720 m along the final 1.5 km of the transect, where it became the prominent 

understorey tree. Every P. colorata and A. pusilla within 2 m of one side of the track was 

sampled if the plants were between 15 cm and 2 m tall, and their location recorded using a 

Garmin 60 GPS (Olathe, USA; accuracy: ± 2-10 m). The youngest fully expanded leaf was 

excised from a total of 211 P. colorata and 467 A. pusilla plants. When there were multiple 

branches, the youngest fully expanded leaf was removed from the highest branch.  

In addition, we collected leaves from seven other tree and shrub species for leaf size and 

shape were similar to our focal species, and which were located within 1.5 m of P. colorata 

and A. pusilla plants. Between 60 and 130 individuals from each species were sampled; one 

leaf was collected from each individual from the closest branch facing the nearest P. colorata 

or A. pusilla plant. All leaves were refrigerated within 6 hours of collection.  

Plant material collected was approved under Part IIIB of the Conservation Act 1987 and 

Section 49 of the Reserves Act 1977 with the New Zealand Department of Conservation 

permit number WE/25115/FLO. 

2.3.2 Leaf Shape Capturing 

Digital images of the adaxial surface of the leaves were captured using a Canon CanoScan 

8400F flatbed scanner (Tokyo, Japan) at 600 dpi. Adobe Photoshop 5.0 (San Jose, CA, USA) 

was used to re-create the original leaf shape by filling in any areas lost to herbivory. If the 

herbivory damage was too extensive for a confident reconstruction, the original leaf shape 

was estimated from comparison with that of remaining adjacent lamina. Leaf shape was 

quantified by LeafAnalyser 2.3.0 (Weight et al. 2008) using the Cartesian coordinates of 70 

evenly distributed landmarks distributed around the margin of each leaf. The coordinates 

were exported into R 2.13.1 (The R Foundation for Statistical Computing, Vienna, Austria) 

for statistical analysis. 

2.3.3 Leaf Colour 

The reflectance spectra of green and red portions of a randomly chosen sub sample of P. 

colorata (red N = 5, green N = 8), and A. pusilla (red N = 4, green N = 9) leaves were 

recorded using an Ocean Optics (Dunedin, FL, USA) USB2000 spectrometer and with an 

HL-2000-CAL light source. Diffuse reflectance was measured relative to that of a white 

Teflon standard. The fibre optics probe was fixed at 45° to the leaf’s adaxial surface and 
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spectra were measured at 0.2 nm intervals from 450–700 nm using the Ocean Optics 

SpectraSuite software.  

2.3.4 Statistical Analysis 

Cartesian coordinates were transformed into partial Procrustes coordinates using the software 

package PAST 2.17c (Hammer et al. 2001) to minimise differences in leaf orientation of the 

scanned images without scaling for leaf area. To quantify the similarity in overall leaf shape 

between P. colorata, A. pusilla and the surrounding plant species at the field site, the partial 

Procrustes coordinate residuals (i.e., tangent space coordinates) sourced from PAST 2.17c 

were used in a discriminant function analysis (DA) with IBM SPSS Statistics version 20 for 

Windows (Armonk, NY, USA). Using the full data set of all species as a training set, DA 

reclassified each individual leaf blindly into a species group based on how variation of leaf 

shape compared to the leaf shape of all individuals in the set. 

Because the sampling site spanned an elevational gradient of 400m, we examined how 

variation in leaf shape between the two species altered with elevation. A principal component 

analysis (PCA) was run using the 70 partial Procrustes coordinates, reducing the number for 

each species into four principle components (PC) that explained the majority of shape 

variation for each leaf. Linear regressions for each PC as a function of elevation were 

compared for each species by ANCOVA. 

To quantify spatial variation in leaf shape, we compared the Euclidean distances among A. 

pusilla and P. colorata plants on each PC plot with the geographical distances among them. 

To do this, the PC data were exported into R 2.13.1, whereupon the PC score of each A. 

pusilla or P. colorata was compared in turn to the PC scores of all individuals of the 

opposing species located within a 10m radius. The radial distance from the focal plant was 

progressively increased in 10m bands, and the process repeated until every individual of the 

opposing species across the sampling site had been compared. Using the log-likelihood 

function we tested the likelihood of how similar each individual’s leaf shape was to those of 

the cohort of surrounding members of the second species at each 10m interval as compared 

with those of the remaining members.  
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2.4 RESULTS 

2.4.1 Leaf Morphology 

The leaf laminae of A. pusilla ranged from elliptic to cuneate, with an attenuate base and an 

acute apex, on average 77.3 ± 34.7 mm (95% CI) long and 24.0 ± 8.3 mm wide  (Fig. 2.1B). 

They were sub-membranaceous, glabrous and entire, borne on a petiole up to 10 mm long. P. 

colorata leaves were also typically elliptic but ranged to ovate; their laminae were 

coriaceous, glabrous, and entire or undulate, had a cuneate base and an acute to obtuse apex, 

and were generally larger than A. pusilla at 88.5 ± 36.6 mm long and 30.2 ± 12.1 mm wide, 

with a ≤10 mm petiole (Fig. 2.1C). Across the population the two species overlapped in leaf 

dimensions; 62% of A. pusilla and 61% of P. colorata leaves were within 1 standard 

deviation (S.D.) of the other’s mean lamina length, and 51% of A. pusilla and 29% of P. 

colorata leaves were within 1 SD of the other’s mean leaf width. The two species shared 

similar reflectance spectra for the green as well as for the red portions of the leaf’s adaxial 

surface (Figs. 2.2A and 2.2B), indicating that there was negligible difference in lamina 

colour. 
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Fig. 2.2. Reflectance spectra of leaves. Proportions of reflected light from (A) green, and (B) red 

portions of Pseudowintera colorata (broken grey line) and Alseuosmia pusilla (solid black line) 

lamina. Data are the mean ± SE. 

 

2.4.2 Shape Analysis  

The first four principle components of the PCA analysis accounted for 98.0% of the total leaf 

shape variation. Most (89.6%) of this was attributable to variation in leaf size and to size-

associated shape differences represented by PC1 (Fig. 2.3A), with leaves of A. pusilla being 

generally smaller than those of P. colorata. In the remaining three PCs, P. colorata exhibited 

the wider variation in leaf shape, as evidenced by a greater spread in SD as compared with A. 

pusilla. PC2 accounted for 4.1% of the total variance in shape; it represented the 

morphological progression from an asymmetric elliptic for which lamina area was greater at 

the left- than at the right-hand side of the midrib as viewed from the leaf base on the adaxial 

surface (abbreviated hereafter as ‘left-biased’), through to an asymmetric ‘right-biased’ 

cuneate lamina (Fig. 2.3B). PC3 accounted for 3.4% of the variance and represented the 

opposite range to PC2, lamina shape varying from right-biased elliptic to left-biased cuneate 
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(Fig. 2.3C).  PC4 accounted for 1.0% of the variance, representing shapes from narrow linear 

to an elliptic (Fig. 2.3D). (For two-dimensional separation of P. colorata and A. pusilla 

individuals along PC1-4, see Appendix A.2).  

 

Fig. 2.3. Principal components analysis (PCA) of leaf shape variation in Pseudowintera colorata and 

Alseuosmia pusilla. PCA reduced 98.1% of leaf shape variation between the two species into four 

principal components (PC1–4). For each PC, proportionate frequencies of P. colorata (grey bars) and 

A. pusilla (black bars) leaves are given for up to 3 standard deviations (SD) of the mean leaf shape 

(0). Leaf silhouettes show typical shapes, proportionately scaled, represented by each 1 SD on each 

PC. (A) PC1, accounted for 89.6% of total leaf shape variation; (B) PC2, 4.1%; (C) PC3, 3.4%; (D) 

PC4, 1%. 
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2.4.3 Shape Discrimination 

The leaf shapes of P. colorata and A. pusilla were morphometrically distinct from those of all 

seven other species growing in their vicinity; 97.3% of P. colorata and A. pusilla leaves 

(grouped together) were correctly identified by discriminant analysis. When the analysis was 

restricted to P. colorata and A. pusilla only, discriminant analysis incorrectly classified 7.1% 

of A. pusilla, of which most (5.4%) were classified as P. colorata. For P. colorata, 29.4% 

were misidentified as A. pusilla; none was misidentified as any other species (Table 2.1). 

Thus, 17.4% of A. pusilla and P. colorata were misclassified. (For the discriminant analysis 

of P. colorata and A. pusilla in the absence of the neighbouring species, see Appendix A.3) 

 

Table 2.1. Percentage of correct identification of species by cross validated discriminant analysis 

using the leaf margin landmarks. 

Original species group 
membership 

  

Predicted species group membership based on leaf 
shape (%) 

L.m C.c C.f C.g G.l M.s P A.p P.c 

Lophozonia menziesii (L.m) 76.9 19.2 0.0 0.0 0.0 0.0 0.0 3.8 0.0 

Coprosma colensoi (C.c) 0.0 96.3 0.0 3.1 0.0 0.0 0.0 0.5 0.0 

Coprosma foetidissima (C.f) 0.0 0.0 80.0 6.7 0.0 0.0 0.0 10.0 3.3 

Coprosma grandifolia (C.g) 0.0 9.6 1.4 86.3 0.0 0.0 0.0 0.0 2.7 

Griselinia littoralis (G.l) 0.0 0.0 0.0 0.0 89.5 5.3 0.0 5.3 0.0 

Myrsine salicina (M.s) 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 

Prumnopitys spp. (P) 1.4 1.4 0.0 0.0 0.0 0.0 94.4 2.8 0.0 

Alseuosmia pusilla (A.p) 0.0 1.3 0.0 0.2 0.0 0.2 0.0 92.9 5.4 

Pseudowintera colorata (P.c) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 29.4 70.6 
 

P. colorata exhibited a more even spread of individuals within ± 3 SD from the mean leaf 

shape than did A. pusilla, especially in the characteristics represented by PC2 to PC4 (Figs. 

2.3A-D). A. pusilla had a narrower range of shapes characterised by a greater proportion of 

individuals approaching its mean leaf shape; thus, it was easier for the discriminant analysis 

to categorise the species correctly, explaining why a greater proportion of P. colorata was 

mistaken as A. pusilla rather than the other way round. A. pusilla individuals that were found 

beyond ± 3 SD from their mean leaf shape were closer to the mean shape of P. colorata than 

to their own mean shape (Table 2.1).  
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2.4.4 Elevational variation in leaf shape 

Leaf size and shape represented by PC1 increased similarly in both species at higher 

elevations (species identity: r² = 0.21, P < 0.001; slopes are parallel: d.f = 1, F = 0.28, P = 

0.59; Fig. 2.4A). Leaves of P. colorata were constantly larger across the elevational gradient 

(intercepts differ: d.f = 1, F = 170, P < 0.001). However, some features of leaf shape varied 

with elevation differently between the species (all interactions between species and elevation 

in PC2, PC3, PC4 were statistically significant; P < 0.05). In A. pusilla leaf shape shifted 

from left-biased elliptic to right-biased cuneate, whilst P. colorata shifted slightly in the 

opposite direction (PC2; Fig. 2.4B). For the attributes associated with PC3, the left-biased 

cuneate laminae of A. pusilla became less abundant at higher elevations, replaced by right-

biased elliptic leaves; there was no effect in P. colorata (Fig. 2.4C). Finally, the narrow linear 

laminae of A. pusilla (PC4) were replaced by more elliptic laminae, while there was no effect 

in P. colorata (Fig. 2.4D).  
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Fig. 2.4. Leaf shape of Alseuosmia pusilla and Pseudowintera colorata in relation to elevation. Leaf 

shape represented by (A) PC1, (B) PC2, (C) PC3, and (D) PC4, as illustrated in Fig. 2.3. A. pusilla 

(crosses) and P. colorata (circles). Each point represents one leaf from an individual plant. The y-axes 

extend ± 5 S.D. along each PC from the mean leaf shape, which is represented by 0. Linear 

regressions show elevational trends in leaf shape variation explained by each PC for A. pusilla (black 

line) and P. colorata (grey line). Leaf silhouettes are proportionately scaled and show typical shapes 

represented by ± 3 S.D. and the mean leaf shape (0). 

 

2.4.5 Shape comparison among neighbours 

The probability that leaves of A. pusilla would be similar in shape to those of P. colorata was 

greater the closer the two species were to one another (Figs. 2.5A-D). This probability fell 

rapidly at separation distances greater than about 200 m, irrespective of which criterion was 

used to describe shape. Similarity in leaf size and shape (represented by PC1) declined the 

most with increasing separation distance (Fig. 2.5A), followed by characters represented by 

PC2 (Fig. 2.5B) and then PC3 (Fig. 2.5C). Leaves that varied from narrow linear to elliptic 

(PC4 characters) were the least likely to change over distance (Fig. 2.5D). Patterns of 

similarity between P. colorata individuals and the surrounding A. pusilla did not change 

along the transect (see Figs. 2.6A-D). 
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Fig. 2.5. Comparison of individual Alseuosmia pusilla principal component (PC) values to the 

neighbouring Pseudowintera colorata population. Log-likelihood scores for similarity in leaf shape 

represented by (A) PC1, (B) PC2, (C) PC3, and (D) PC4, comparing A. pusilla individuals to the 

surrounding P. colorata over distance. Decreases in log-likelihood scores indicate reduced similarities 

in leaf shape represented by the corresponding PC. 
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Fig. 2.6. Comparison of individual Pseudowintera colorata principal component (PC) values to the 

neighbouring Alseuosmia pusilla population. Log-likelihood scores for similarity in leaf shape 

represented by (A) PC1, (B) PC2, (C) PC3, and (D) PC4, comparing P. colorata individuals to the 

surrounding A. pusilla over distance. Decreases in log-likelihood scores indicate reduced similarities 

in leaf shape represented by the corresponding PC. 

 

2.5 DISCUSSION 

There are five key findings from this study of spatial variation in leaf shape. (i) The 

chemically defended P. colorata is morphologically distinct from all surrounding 

heterospecifics except for A. pusilla (Table 2.1). (ii) The range of leaf shapes of P. colorata 

overlaps significantly with that of A. pusilla, meaning that 17.4% of the leaves of the two 

species were misclassified (Table 2.1). (iii) P. colorata and A. pusilla share similar lamina 

colours (Figs. 2.2A and 2.2B). (iv) Leaf shape in the two species varies similarly across an 

elevational gradient (Fig. 2.4A-D). (v) Leaves of A. pusilla are more likely to resemble those 
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of P. colorata the closer the two species are to one another (Fig. 2.5A-D). These results add 

weight to the hypothesis that A. pusilla could be a Batesian mimic of P. colorata. 

Batesian mimicry requires that distinguishable traits shared by model and mimic are 

identifiable by the predator and associated with unpalatability; the more conspicuous the 

signal, the more readily is this association learned (Cott 1940, Harvey 1983). For leaf shape 

to be effective as a visual deterrent, it would therefore need to be sufficiently distinct from 

those of surrounding species. Previous studies of putative Batesian mimics did not always 

address the question that the shared traits are exclusive to the putative model and mimic. 

Certain Australian mistletoes, for example, are remarkably similar in leaf colour and shape to 

those of their hosts (Barlow and Wiens 1977, Ehleringer et al. 1986), yet some of these 

similarities are also shared with other species in the surrounding plant community (Blick et 

al. 2012) and so it is likely that herbivores would use different features to discriminate 

between them (Canyon and Hill 1997). Like the mistletoes, the leaves of our putative model 

and mimic are very similar in shape and colouration; 17.4% of the leaves were misclassified. 

However, in contrast to the mistletoes, leaf shapes in our focal species are substantially 

different from those of all other sympatric trees and shrubs; discriminant analysis correctly 

classified 97% of A. pusilla and P. colorata when they were grouped together and compared 

against the surrounding species. Thus, there is a real possibility that leaf shape per se might 

be used as a visual deterrent in these species. 

Leaf shape often changes along environmental gradients (McDonald et al. 2003). Thus, if 

mimicry is to be effective, both the model and mimic would need to respond similarly to any 

environmental factor that affects leaf shape. Along the elevational gradient spanned by our 

transect, changes in leaf size, and in leaf shape related to variation in leaf size, were similar 

for P. colorata and A. pusilla (Fig. 2.4A); these were PC1 features, accounting for 90% of the 

total shape variation shared between the two species (Fig. 2.3A). Moreover, the leaves of A. 

pusilla were morphologically most similar to those of neighbouring P. colorata within a 

radius of around 200m, with a sharp decline in leaf similarity among plants that were further 

apart (Figs. 2.5A-D). We do not know the degree to which genetic and environmental factors 

control leaf shape in these species, but it is evident that the two respond very similarly. 

A foraging herbivore would most likely encounter potential food sources in succession rather 

than simultaneously, and would therefore rely on memory to associate leaf morphology with 

unpalatability. The accuracy of discriminating between successively viewed objects decreases 
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rapidly due to inefficiencies in coding and retrieving of memories, as shown both in humans 

(Uchikawa and Ikeda 1981) and honeybees (Dyer and Neumeyer 2005). Thus, effective 

mimicry does not require that the mimics be exact replicas of their models; a plant would 

need only to resemble its protected neighbours with sufficient accuracy to account for the 

level of degraded memory. Rather than a general similarity in leaf morphology, the similarity 

shared between A. pusilla and its immediate P. colorata neighbours, which is maintained 

across the shared growing range, would further reduce a foraging herbivore’s ability to 

discriminate between them. 

We do not know which of the potential herbivores may have been important in driving the 

evolution of leaf morphology in A. pusilla. The terrestrial fauna was historically dominated 

by moa, which were generalist herbivores consuming a wide variety of plants (Wood et al. 

2008, 2012), but there is no evidence to suggest that they were the main selective pressure in 

this system. Little, too, is known about the insect herbivores of A. pusilla. Forest populations 

of A. pusilla often show evidence of damage by Lepidopteran larvae, but it is not known 

whether these and/or other herbivorous invertebrates attack or are deterred by P. colorata. 

Insects have poor spatial acuity compared with larger vertebrates (Giurfa et al. 1996), but 

once close enough to a plant they may similarly resolve small objects to recognise patterns 

and shapes (Giurfa and Menzel 1997). Thus, leaves might well have been used  not only by 

moa, but also by insect herbivores for identification purposes. 

Unequivocal proof of mimicry requires evidence that: (i) both the mimic and a known model 

are attacked by the same herbivore; (ii) the herbivore is unable to distinguish between them; 

and (iii) this confusion increases the fitness of the mimic. To date, no study has satisfied these 

three criteria in plants (Schaefer and Ruxton 2009, 2011). However, my study provides strong 

evidence that leaf shape is precisely matched between an undefended plant species and a 

chemically-defended unrelated species across a shared growing range, and therefore 

represents an important first step at establishing Batesian mimicry between A. pusilla and the 

putative model, P. colorata. I highlight how a spatially-explicit morphometric analysis 

provides a powerful tool to study visual Batesian mimicry in plants.  
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Chapter 3: Introduced mammalian herbivores select for increased 

distinctiveness within an unpalatable species and its purported mimic 

3.1 ABSTRACT 

Unpalatable prey that warn their predators of their defences, either through conspicuousness 

or distinctiveness, can share the burden of educating their predators to avoid them if their 

warning signal is similar. However, warning signals often vary due to trade-offs in 

associative fitness benefits and costs. Batesian mimics gain protection through copying these 

signals, and theory predicts that mimics should evolve to be most like their model. Yet 

Batesian mimics also face trade-offs that influence the accuracy of their signal matching. 

Unlike in animals, visual conspicuousness and/or distinctiveness to advertise unpalatability in 

plants has received little attention. Likewise, defensive Batesian mimicry in plants is lacking 

in empirical evidence. I use population abundance estimates and a geometric morphometric 

approach to quantify spatial variation in the distinctive leaf shape and size of the chemically 

defended plant, Pseudowintera colorata, between two populations that are either exposed to 

high or low numbers of mammalian herbivores. I compare how abundance, and leaf shape 

and size varies to a sympatric, unrelated, putative Batesian mimic, Alseuosmia pusilla. I 

found that when exposed to higher levels of mammalian herbivores, unlike other sympatric 

tree and shrub species, the distinctive leaf shape of both P. colorata and A. pusilla reduced in 

variation. The leaf shape of both species also responded in a similar way at a closer 

magnitude. Both P. colorata and A. pusilla became more abundant, however, they remained 

at a similar proportion to each other and at a similar level of morphological similarity 

between sites. Lastly, A. pusilla was found growing three times closer in distance to P. 

colorata individuals when exposed to more mammalian herbivores. The data are consistent 

with Batesian mimicry, wherein increased herbivory pressure selects for a stronger signal in 

the distinctive characteristic of the defended plant, and through the selection for mimicry, 

variation in the mimic’s phenotype converges on the model’s phenotype. Additionally, when 

alternative palatable prey are preferentially targeted, P. colorata increased in abundance and 

A. pusilla followed suit proportionately. My study provides the first quantitative evidence of 

variation in leaf shape between populations of high and low levels of mammalian herbivores. 

This provides further evidence for the hypothesis that A. pusilla is a Batesian mimic of P. 

colorata. 
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3.2 INTRODUCTION 

It is well recognised that prey that invest significantly in defence against predators generally 

advertise this defence through conspicuous signals (Wallace 1867, Darwin 1871, Poulton 

1890, Cott 1940). However, defended prey that are non-conspicuous or even cryptic may also 

be avoided as long as they are distinct from other potential prey (Sherratt and Beatty 2003, 

Merilaita and Ruxton 2007). Uniformity in warning signals increases the probability that 

predators would learn to avoid the defended prey (Ruxton et al. 2004). Undefended species 

may evolve to copy this defence signal, taking advantage of a shared predator’s learned 

avoidance via Batesian mimicry (Bates 1862). Generally, the more conspicuous and/or 

distinctive the signal is, the more readily the association is learned (Cott 1940, Harvey 1983). 

Yet variation in the strength of warning signals exists when there are trade-offs in associative 

fitness benefits and costs. These trade-offs may come as a response to variation in 

environmental pressures (Hazel 2002, Sword 2002, Ojala et al. 2007, Williams 2007, 

Lindstedt et al. 2008a, 2008b); in simple environments less signal variation might be 

expected due to fewer interactions requiring trade-offs, but in complex environments with 

more interactions the signal variation would be greater (Lindstedt et al. 2011). Variation in 

signals may also be affected by the level of risk of predation. Stronger signals may be 

favoured when the risk of predation is high in order to reduce predator mistakes, e.g. when 

density of prey is low relative to predator abundance (Summers et al. 2015). Batesian mimics 

also face trade-offs, which can affect the degree to which they match their model’s signal. In 

theory a mimic should evolve to be most like its model (Ruxton et al. 2004), but often mimics 

resemble their models less precisely than expected (Sherratt 2002). This can be due to the 

number of alternative models present (Edmunds 2000, Sherratt 2002), the type and diversity 

of predators (Pekár et al. 2011), the relatedness of surrounding mimics (Johnstone 2002, 

Penney et al. 2012), the undesirable scrutinisation that exaggerated conspicuousness may 

bring to a mimic (Speed and Ruxton 2010), the relative abundance of mimics to models 

(Sherratt 2002, Penney et al. 2012) and the availability of alternative prey (Holling 1965, 

Getty 1985), or the extra competition between mimics and their models a similar phenotype 

may produce (Pfennig and Kikuchi 2012).  

Leaf shape and size have long been hypothesised to play a role in deterring herbivores 

(Brown and Lawton 1991). Although leaf morphology assists with regulation and mitigation 

of the effects of environmental stressors such as shoot temperatures (Hegazy and El Amry 
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1998, Roth-Nebelsick 2001), light interception (Horn 1971, Tsukaya 2005), avoidance of 

wind damage (Anten et al. 2010), salt exclusion (Sinclair and Hoffmann 2003), drought 

avoidance, or nutrient deficiencies (Cunningham et al. 1999, Leigh et al. 2011), the diversity 

of leaf shape and size in plants suggests that it is not exclusively functionally dependent on 

any one ecological strategy (Nicotra et al. 2011). Leaf shape has, however, been 

demonstrated to influence the consumption, performance, and ovipositioning choices of 

insect herbivores (Rausher 1978, Mackay and Jones 1989, Rivero-Lynch et al. 1996, 

Campitelli et al. 2008a). It can also provide a visual cue of a plant’s palatability (Dell’aglio et 

al. 2016), and therefore leaf shape may act as a distinctive signal for herbivore recognition of 

palatability. 

Unlike in animals, visual conspicuousness and/or distinctiveness to advertise unpalatability in 

plants has received little attention. Conspicuousness in the form of aposematic colouration 

may advertise the presence of thorns (Lev-Yadun 2001, Rubino and McCarthy 2004), or 

defensive compounds (Cooney et al. 2012), and in autumnal leaves may display low nutrient 

quality and/or defensive investment (Hamilton and Brown 2001, Archetti and Brown 2004). 

Even less attention has been given to the evolution of Batesian mimics in plants. In some 

reported cases, a resemblance may occur only in the presence of a particular species. For 

example the leaves of the Boquila trifoliolata vine are morphologically similar to those on the 

particular supporting host tree (Gianoli and Carrasco-Urra 2014), and the leaf form and 

overall habit of Iris atrofusca resemble those of the unpalatable Asphodelus ramosus 

(Shimshi 1979). In other studies the purported mimetic features may not actually be a 

distinctive characteristic within the environment. Leaves of some Australian mistletoes 

closely resemble those of their host plant (Barlow and Wiens 1977, Ehleringer et al. 1986), 

but these similarities are shared with other species in the surrounding plant community (Blick 

et al. 2012), therefore leaf shape in this case is unlikely to be used by herbivores to 

discriminate between species (Canyon and Hill 1997).  

Warning signal similarity, both within and between species, is assumed to increase the 

efficacy of warning signals (Müller 1879, Beatty et al. 2004). Therefore the costs of 

educating naïve predators to avoid the warning signal are shared across individuals with 

similar signals. Because of this positive frequency dependent selection for signal design, 

effective predator learning should select against dissimilar signals, favouring uniformity 

(Müller 1879, Beatty et al. 2004, Rowland et al. 2007). Likewise, increased predatory 

pressures increase the strength of a signal, i.e. by reducing the amount of variation and 
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selecting for uniformity (Lindström et al. 1999, 2001a, Sherratt and Beatty 2003). For a 

conspicuous and/or distinctive leaf shape to be considered a mimetic signal, we would expect 

that (i) herbivory pressure reduces the variation in leaf shape of unpalatable models, thereby 

producing a stronger signal, and (ii) through selection for mimicry, variation in the mimic’s 

leaf shape will converge on the model’s phenotype. Further, to test the benefits of this 

convergence of leaf shape under increased herbivory pressure where alternative palatable 

species are preferentially targeted, two additional patterns would likely emerge: (iii) the 

model would increase in abundance and (iv) the mimic would follow suit proportionately. In 

this study, the four predictions above were tested to evaluate the hypothesis that an 

unpalatable plant species with a distinct leaf shape may be mimicked by a palatable species to 

avoid herbivore detection.  

These hypotheses were evaluated in a purported mimicry system between P. colorata and its 

putative Batesian mimic, A. pusilla under herbivory pressure from introduced mammals. The 

impact of introduced mammalian herbivores in New Zealand has received a lot of attention, 

is well studied, and there exist areas of forest with controlled and uncontrolled populations. In 

the presence of uncontrolled populations of deer, goats, and possums, palatable species are 

successively removed, reducing the forest understorey density and increasing the abundance 

of unpalatable species (Allen et al. 1984, Husheer et al. 2003). The leaves of P. colorata are 

especially unpalatable to introduced mammalian herbivores (Forsyth et al. 2005) and it often 

becomes the most dominant understorey tree species (Allen et al. 1984, Husheer et al. 2003). 

The leaves of P. colorata are rich in polygodial, a sesquiterpene dialdehyde that imparts a 

pungent taste and is a potent insect antifeedant (Asakawa et al. 1988). Leaves of P. colorata 

may have similarly been avoided by the extinct flightless birds known as moa (Greenwood 

and Atkinson 1977) that are thought to have presented historically significant browsing 

pressures (Atkinson and Greenwood 1989, Wood et al. 2013). In contrast, the leaves of A. 

pusilla contain few anti-herbivory compounds (Cambie and Parnell 1970) and are readily 

eaten by introduced ungulates (Greenwood and Atkinson 1977, Nugent et al. 2001). Where 

both species occur together they share a leaf appearance that is distinct from the surrounding 

species, they respond similarly in leaf shape across an environmental gradient, and the leaves 

of A. pusilla are more likely to resemble those of P. colorata the closer the two species are to 

one another (Yager et al. 2016). For this study, variation in leaf shape of P. colorata and A. 

pusilla was compared between two field sites: one with a low abundance of introduced 

mammalian herbivores, and one with a high abundance of mammalian herbivores (Fig. 3.1). I 
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hypothesise that at the high mammalian herbivore site: (i) variation in leaf shape will be 

reduced in the unpalatable P. colorata but not in the surrounding sympatric species such that 

its morphology is acting as a stronger signal of its unpalatability; (ii) variation in leaf shape of 

the undefended A. pusilla will also decrease; (iii) variation in P. colorata leaf shape across an 

environmental gradient will not only be closely matched by variation in foliar morphology of 

A. pusilla, but also be of a comparable magnitude; (iv) A. pusilla will be similar in leaf shape 

to the population of P. colorata rather than when they grow close to one another; (v) A. 

pusilla will increase in abundance in proportion to an increase in P. colorata; and (vi) the 

degree of similarity between A. pusilla and P. colorata will be the same as that of the low 

herbivore site. 

 

 

Fig. 3.1. Location of field sites within the south-western portion of the Tararua Forest Park, near 

Wellington, New Zealand. (A) Kapakapanui field site; “High Herbivore”, and (B) Otaki Forks field 

site; “Low Herbivore”. Project Kākā pest control area denoted by red shading. Scale bar = 4 km. Map 

reproduced from Department of Conservation (2014). 
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3.3 MATERIALS AND METHODS 

3.3.1 Study Sites 

This study compared A. pusilla and P. colorata across two sites; one with low numbers of 

herbivores, and one with high numbers of introduced herbivores. The Otaki Forks area (Low 

Herbivore site, hereafter abbreviated to LH) has received aerial poison drops targeting 

possums since 1996 (six-yearly aerial bait drop programme until 2010 when it became three-

yearly). The Kapakapanui area (High Herbivore site, hereafter abbreviated to HH) has 

received no Department of Conservation intervention in pest animal management (ungulates, 

possums, etc.) (Fig. 3.1). This is the only such site in the Tararua ranges and is used as a 

study site to compare the effectiveness of pest control programmes (Urlich and Brady 2003). 

Due to pest herbivore management, Otaki Forks has substantially fewer deer, goats and 

possums than the Kapakapanui site as measured by counts of faecal pellets and waxtag Bite 

Mark Index monitoring (Fig. 3.2) (Department of Conservation 2014). 

 

 

Fig. 3.2. Changes in estimated population densities of ungulates (deer and goat) (A), and possums 

(B), between Otaki Forks; “Low Herbivore” field site (grey line), and Kapakapanui; “High 

Herbivore” field site (black line). Changes in ungulate densities are estimated by a faecal pellet index 

across 40 transects randomly located in the Project Kākā pest control area (red shaded area in Fig. 3.1) 

and non-treatment areas (area outside red shaded area in Fig. 3.1). Possum densities are estimated by 

the average proportion of waxtags bitten across two lines of 20 waxtags in the Project Kākā pest 

control area and non-treatment area. Data are the mean ± 95% C.I. Data reproduced from Department 

of Conservation (2014). 
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3.3.2 Plant Material 

Plant material collection and sampling technique for the LH site was the same as described in 

section 2.3.1 of Chapter 2. 

For the HH site, P. colorata and A. pusilla leaves were collected from a 3.5km stretch of 

track (S40 55.15, E175 08.14 to S40 54.66, E175 09.01) during January 2013 through 

montane forest in the Kapakapanui region of the Tararua Forest Park, New Zealand (see 

Appendix B.1). The collection area covered the elevational range of 517 – 715 m, sharing a 

common suite of plant species and like the Otaki Forks collection, was characterised by a 

shift from the lower conifer-broadleaf forest to the higher Lophozonia- and Fuscospora-

dominated forest. Plants sampled from the Kapakapanui and Otaki Forks transects were from 

similar slope aspects. Unlike Otaki Forks, A. pusilla and P. colorata grew along the entire 

transect, and P. colorata was the prominent understorey tree along the final 2.5 km of the 

transect. Every P. colorata and A. pusilla within 2 m of one side of the track was sampled if 

the plants were between 15 cm and 2 m tall, and their location recorded using a Garmin 60 

GPS (Olathe, USA; accuracy: ± 2-10 m). The youngest fully expanded leaf was excised from 

a total of 244 P. colorata and 322 A. pusilla plants. When there were multiple branches, the 

youngest fully expanded leaf was removed from the highest branch. All leaves were 

refrigerated within 6 hours of collection. 

In addition, leaves from seven other sympatric tree and shrub species (Myrsine salicina, 

Griselinia littoralis, Lophozonia menziesii, Coprosma grandifolia, C. foetidissima, C. 

colensoi, and Prumnopitys ferruginea) were collected for which leaf size and shape were 

similar to A. pusilla and P. colorata, and which were located within 1.5m of P. colorata and 

A. pusilla plants. Between 25 and 60 individuals from each species were sampled; one leaf 

was collected from each individual from the closest branch facing the nearest P. colorata or 

A. pusilla plant. All leaves were refrigerated within 6 h of collection. 

Plant material collected was approved under Part IIIB of the Conservation Act 1987 and 

Section 49 of the Reserves Act 1977 with the New Zealand Department of Conservation 

permit number WE/34243/FLO. 

3.3.3 Herbivory, abundance and neighbour proximity estimation 

The relative abundance of A. pusilla and P. colorata between both sites was estimated by 

counting the number of A. pusilla and P. colorata within 30 cm either side along a 20 m 
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transect. A total of 10 transects were implemented (five at each site) with the start point at 

least 5 m from either side of the walking track and direction randomly assigned. Transects 

were located between 650 – 710 m elevation at each site. 

To estimate the proximity of surrounding species to P. colorata individuals, 10 relatively 

isolated P. colorata between 0.5 m and 2 m tall were randomly selected at both sites. The 

distance of seven sympatric tree and shrub species individuals common to both sites (see 

section 3.3.2 of this chapter for species names) as well as A. pusilla, was recorded from each 

focal P. colorata, up to a 4 m radius. 

Assumed invertebrate herbivore damage to A. pusilla and P. colorata leaves was quantified at 

locations where the proportions of numbers of individuals of A. pusilla to P. colorata were 0, 

0.25, 0.50, 0.75, and 1. A visual estimation of the proportion of removed lamina per plant 

was performed on individuals within 2 m radius plots. Twenty plots were located between 

650 – 710 m elevation at each site and were selected based on the existing proportion of A. 

pusilla to P. colorata in the area.  

3.3.4 Leaf Shape Capturing  

Digital images of leaves were captured using the same equipment, software and techniques as 

described in section 2.3.2 in Chapter 2. 

3.3.5 Statistical Analysis 

To compare variation in leaf shape of A. pusilla and P. colorata within each site, statistical 

analysis techniques were the same as described in section 2.3.4 in Chapter 2. 

To compare variation in leaf shape of A. pusilla and P. colorata between the two sites, a 

principal component analysis (PCA) was run using the partial Procrustes coordinates of all 

samples from both sites. The 70 partial Procrustes coordinates were reduced to four principle 

components (PC) that explained the majority of shape variation for each leaf across both 

sites. A PCA was also run on the partial Procrustes coordinates of the seven sympatric 

species to compare changes in shape variation between sites. In order to test if the amount of 

shape variation differed between the two sites, a Levene’s Test was performed to test the 

overall homogeneity of variance across the four PC’s for A. pusilla and P. colorata, and the 

seven other species collected. Linear regressions for each PC as a function of elevation were 

compared for each species by ANCOVA. All other comparisons of shape variation where 

data had to be transformed were made with data independent of site. To test differences 



47 
 

between the means of the amount of leaf damage, and the proximity to P. colorata between 

sites, as the normality of data was not met a Wilcoxon rank sum test was used. 

3.4 RESULTS 

3.4.1 Leaf Morphology 

From the HH site, the leaf laminae of A. pusilla ranged from elliptic to cuneate, with an 

attenuate base and an acute apex, on average 88.4 ± 1.4 mm (95% C.I.) long and 24.3 ± 0.4 

mm wide  (Fig. 3.3). They were sub-membranaceous, glabrous and entire, borne on a petiole 

up to 10 mm long. P. colorata leaves were also typically elliptic but ranged to ovate; their 

laminae were coriaceous, glabrous, and entire or undulate, had a cuneate base and an acute to 

obtuse apex, and were generally larger than A. pusilla at 91.9 ± 2.0 mm long and 30.3 ± 0.7 

mm wide, with a ≤10 mm petiole (Fig. 3.3). Across the population the two species 

overlapped in leaf dimensions; 69% of A. pusilla and 59% of P. colorata leaves were within 

1 standard deviation (S.D.) of the other’s mean lamina length, and 38% of A. pusilla and 29% 

of P. colorata leaves were within 1 S.D. of the other’s mean leaf width.  

 

 

Fig. 3.3. Selected examples to show the range of leaf morphology across the elevational gradient of 

(A) Alseuosmia pusilla and (B) Pseudowintera colorata from Kapakapanui, “High Herbivore” site, 

and (C) A. pusilla, and (D) P. colorata from Otaki Forks, “Low Herbivore” site. Scale bar = 20 mm. 

 

For leaf morphology data from the LH site, refer to section 2.4.1 in Chapter 2.  
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3.4.2 Shape Analysis  

Using the combined leaves from the HH and LH sites to compare leaf shape variation, the 

first four principle components of the PCA accounted for 97.7% of the total leaf shape 

variation. Most (87.6%) of this was attributable to variation in leaf size and to size-associated 

shape differences represented by PC1 (Fig. 3.4A), with leaves of A. pusilla being generally 

smaller than those of P. colorata. In the remaining three PC’s, P. colorata at both sites 

exhibited the wider variation in leaf shape compared with A. pusilla as evidenced by a greater 

spread in S.D. PC2 accounted for 4.7% of the total variance in shape; it represented the 

morphological progression from an elliptic lamina through to asymmetric cuneate for which 

the lamina area was greater at the right- than the left-hand side of the midrib as viewed from 

the leaf base on the adaxial surface (abbreviated hereafter as ‘right-biased’) (Fig. 3.4B). PC3 

accounted for 4.3% of the variance and represented the lamina shape varying from right-

biased elliptic with a narrow petiole to left-biased elliptic with a narrow petiole (Fig. 3.4C). 

PC4 accounted for 1.1% of the variance and represented the opposite range to PC3, lamina 

shape varying from left-biased elliptic with a thicker petiole to right-biased elliptic with a 

thicker petiole (Fig. 3.4D).  
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Fig. 3.4. Principal components analysis (PCA) of leaf shape variation in Pseudowintera colorata and 

Alseuosmia pusilla. PCA reduced 97.7% of leaf shape variation between the two species into four 

principal components (PC1-4). For each PC, proportionate frequencies of P. colorata (High Herbivore 

= grey horizontal lined bars, Low Herbivore = black hash bars) and A. pusilla (High Herbivore = solid 

grey bars, Low Herbivore = solid black bars) leaves are given for up to 3 standard deviations (S.D.) of 

the mean leaf shape (0). Leaf silhouettes show typical shapes, proportionately scaled, represented by 

each 1 S.D. on each PC. (A) PC1, accounted for 87.6% of total leaf shape variation; (B) PC2, 4.7%; 

(C) PC3, 4.3%; (D) PC4, 1.1%. 
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3.4.3 Leaf shape variation between sites 

The Levene’s Test indicated that P. colorata and A. pusilla at the HH site has less leaf shape 

variation as described by PC1 and PC2 (equalling 92.3% of the total variation in leaf shape) 

when compared with the LH site (Fig. 3.4A-B, Table 3.1). Of the seven other species 

growing in the vicinity of P. colorata and A. pusilla (see section 3.3.2 of this chapter for 

species names), leaf shape variation was comparable at both sites for all but 8.2% of the total 

shape variation represented by PC2 (Table 3.1). (For two-dimensional separation of P. 

colorata and A. pusilla individuals along PC1-4 within and between the two sites, see 

Appendix B.2). 

 

Table 3.1. Levene’s test of equal variances between the High Herbivore (HH) and Low Herbivore 

(LH) sites for the four principal components (PC) representing 97.7% of the total shape variation 

between Alseuosmia pusilla and Pseudowintera colorata, and 96.3% between seven sympatric tree 

and shrub species common to both sites (PC1: 77.8%, PC2: 8.2%, PC3, 6.9%, PC4: 3.4%) - see 

section 3.3.2 of Chapter 3 for species names. Significant values indicate differences in the amount of 

leaf shape variation explained by each PC between the HH and LH sites. 

Levene's Test of Equal Variances between sites 
Between A. pusilla and P. colorata Between other sympatric species 

   
PC1 F(1,1242) = 33.28, p < 0.01 F(1,214) = 3.53, p = 0.06 
PC2 F(1,1242) = 8.87, p < 0.01 F(1,214) = 11.14, p < 0.01 
PC3 F(1,1242) = 0.01, p = 0.93 F(1,214) = 0.62, p = 0.43 
PC4 F(1,1242) < 0.01, p = 0.98 F(1,214) = 3.74, p = 0.06 
   
 

3.4.4 Elevational variation in leaf shape within sites 

The attributes of leaf size and of leaf shape related to leaf size represented by PC1 increased 

similarly in both species at higher elevations at the LH site (Table 3.2A-B) with leaves of P. 

colorata constantly larger across the elevational gradient (Table 3.2C). At the HH site, leaf 

shape represented by PC1 slightly decreased similarly in both species (Table 3.2A-B) but 

there was no difference between leaves of P. colorata and A. pusilla across the elevational 

gradient (Table 3.2C; Fig. 3.5A). PC2 represented leaf width and remained constant in both 

species across higher elevations at the LH site (Table 3.2A-B) with the leaves of P. colorata 

consistently wider (Table 3.2C). At the HH site, A. pusilla leaves became slightly narrower at 
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higher elevations whilst P. colorata leaf width remained relatively stable (Table 3.2A; Fig. 

3.5B). For the attributes associated with PC3, at the LH site there was no discernible change 

in petiole diameter, although the asymmetry of the lamina changed in P. colorata from a left-

biased elliptic laminae to a right-biased elliptic laminae at higher elevations; there was no 

effect in A. pusilla (Table 3.2A). At the HH site, both species responded similarly, from a 

right-biased elliptic laminae to a left-biased elliptic laminae at higher elevations (Table 3.2A-

B) but with no difference between leaves of P. colorata and A. pusilla across the elevational 

gradient (Table 3.2C; Fig. 3.5C). Finally, for the attributes associated with PC4, at the LH 

site the right-biased elliptic laminae of P. colorata changed to a left-biased elliptic laminae at 

higher elevations; again with no effect in A. pusilla (Table 3.2C). At the HH site, both species 

responded similarly with the left-biased elliptic laminae changing to a right-biased elliptic 

laminae at higher elevations (Table 3.2A-B), again with no difference between P. colorata 

and A. pusilla across the elevational gradient (Table 3.2C; Fig. 3.5D). 

 

Table 3.2. Linear regressions for each principal component (PC) as a function of elevation compared 

for each species by ANCOVA. (A) The two species response to elevation is similar if the slopes are 

parallel (p > 0.05) on the (B) combined linear regression of species. (C) The intercepts between the 

two species do not differ if p > 0.05, therefore the magnitude of response over elevation is closer 

between species than when intercepts are different (p < 0.05). 

Testing 
significance of: 

Low Herbivore Site High Herbivore Site 
  

(A) Slopes 
parallel 

PC1 F(1,674) = 1.23, p = 0.27 F(1,563) = 2.57, p = 0.11 
PC2 F(1,674) = 0.63, p = 0.43 F(1,563) = 12.93, p < 0.01 
PC3 F(1,674) = 14.05, p < 0.01 F(1,563) = 0.94, p = 0.33 
PC4 F(1,674) = 7.81, p < 0.01 F(1,563) = 1.29, p = 0.26 

  

(B) Species 
identity 

PC1 r² = 0.02, p < 0.01 r² = 0.01, p = 0.01 
PC2 r² = 0.13, p < 0.01 r² = 0.04, p < 0.01 
PC3 r² = 0.04, p < 0.01 r² = 0.04, p < 0.01 
PC4 r² = 0.03, p < 0.01 r² = 0.02, p = 0.03 

  

(C) Slopes 
intercept  

PC1 F(1,675) = 6.66, p = 0.01 F(1,564) = 2.71, p = 0.10 
PC2 F(1,675) = 12.06, p < 0.01 F(1,564) = 4.67, p = 0.03 
PC3 F(1,675) = 2.57, p = 0.11 F(1,564) = 2.98, p = 0.09 
PC4 F(1,675) = 0.12, p = 0.73 F(1,564) = 0.38, p = 0.54 
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Fig. 3.5. Leaf shape of Alseuosmia pusilla and Pseudowintera colorata in relation to elevation. Leaf 

shape represented by (A) PC1, (B) PC2, (C) PC3, and (D) PC4, as illustrated in Fig. 3.4. A. pusilla 

(High Herbivore = grey circles, Low Herbivore = black circles) and P. colorata (High Herbivore = 

grey crosses, Low Herbivore = black crosses). Each point represents one leaf from an individual plant. 

The y-axes extend ± 7 S.D. along each PC from the mean leaf shape, which is represented by 0. 

Linear regressions show elevational trends in leaf shape variation explained by each PC for A. pusilla 

(High Herbivore = grey line, Low Herbivore = black line) and P. colorata (High Herbivore = dashed 

grey line, Low Herbivore = black dashed line). Leaf silhouettes are proportionately scaled and show 

typical shapes represented by ± 3 S.D. and the mean leaf shape (0). 
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3.4.5 Shape comparison among neighbours  

A PCA was run using transformed HH site data only to ensure shape variation differences 

between sites were kept separate and neighbouring plants within each site could be compared 

to one another. The first four PC’s now accounted for 96.7% of the total leaf shape variation; 

PC1 accounted for 82.5%, PC2 for 7.4%, PC3 for 5.4%, and PC4 for 1.4%. As with the LH 

site population (refer to section 2.4.5 in Chapter 2), A. pusilla individuals at the H.H. site 

tended to be more similar in leaf shape to that of P. colorata the closer the two species were 

to one another. The probability of similarity of leaf size and associated shape (represented by 

PC1) declined sharply at a separation distance of about 160 m (Fig. 3.6A). However, leaf 

width, and shape associated with leaf width (represented by PC2) showed the opposite trend, 

sharply increasing in similarity over increasing separation distance (Fig. 3.6B). A. pusilla 

showed a weak similarity with surrounding P. colorata for leaf shape parameters associated 

with PC3 and PC4 (Figs. 3.6C-D). Patterns of similarity between P. colorata individuals and 

the surrounding A. pusilla either did not change, or showed only a weak pattern along the 

transect for PC1 – PC3 (see Figs. 3.7A-C). P. colorata individuals showed a strong pattern of 

similarity with surrounding A. pusilla at increasing separation distances with leaf shape 

associated with PC4 (Fig. 3.7D).  
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Fig. 3.6. Comparison of individual Alseuosmia pusilla principal component (PC) values to the 

neighbouring Pseudowintera colorata population at the High Herbivore site. The first four PC’s 

account for 96.7% of the total leaf shape variation. Log-likelihood scores for similarity in leaf shape 

represented by (A) PC1 (82.5%), (B) PC2 (7.4%), (C) PC3 (5.4%), and (D) PC4 (1.4%), comparing A. 

pusilla individuals to the surrounding P. colorata over distance. Decreases in log-likelihood scores 

indicate reduced similarities in leaf shape represented by the corresponding PC. 
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Fig. 3.7. Comparison of individual Pseudowintera colorata principal component (PC) values to the 

neighbouring Alseuosmia pusilla population at the High Herbivore site. The first four PC’s account 

for 96.7% of the total leaf shape variation. Log-likelihood scores for similarity in leaf shape 

represented by (A) PC1 (82.5%), (B) PC2 (7.4%), (C) PC3 (5.4%), and (D) PC4 (1.4%), comparing P. 

colorata individuals to the surrounding A. pusilla over distance. Decreases in log-likelihood scores 

indicate reduced similarities in leaf shape represented by the corresponding PC. 

 

3.4.6 Shape Discrimination 

Of the HH population, discriminant analysis incorrectly classified 10.2% of A. pusilla as P. 

colorata, and 22.5% of P. colorata as A. pusilla. Of the LH population, 6% of A. pusilla was 

incorrectly classified as P. colorata, and 29.9% of P. colorata as A. pusilla. (Table 3.3). 

Thus, 16.4% of A. pusilla and P. colorata from the HH population and 18% from the LH 

population were misclassified from each other.  
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Table 3.3. Percentages of correct identification of Alseuosmia pusilla and Pseudowintera colorata by 

cross validated discriminant analysis using the leaf margin landmarks at the High and Low Herbivore 

sites.  

Field Site 
Original species group 

membership 

Predicted species group 
membership based on leaf shape 

(%) 
A.p P.c 

  
Otaki Forks              

(Low Herbivore) 
Alseuosmia pusilla (A.p) 94.0% 6.0% 
Pseudowintera colorata (P.c) 29.9% 70.1% 

        

   
Kapakapanui          

(High Herbivore) 
Alseuosmia pusilla (A.p) 89.8% 10.2% 
Pseudowintera colorata (P.c) 22.5% 77.5% 

        
 

P. colorata at both sites exhibited a more even spread of individuals within ± 3 S.D. from the 

mean leaf shape than did A. pusilla (Figs. 3.4A-D). A. pusilla at both sites had a narrower 

range of shapes characterised by a greater proportion of individuals approaching its mean leaf 

shape; thus, it was easier for the discriminant analysis to categorise the species correctly, 

explaining why a greater proportion of P. colorata was mistaken as A. pusilla at both sites 

rather than the other way round. A. pusilla individuals that were found beyond ± 3 S.D. from 

their mean leaf shape were closer to the mean shape of P. colorata than to their own mean 

shape. A. pusilla at the HH site were more commonly found beyond ± 3 S.D. from their mean 

leaf shape than A. pusilla from the LH site (Table 3.3).  

3.4.7 Species abundance between sites   

Both P. colorata and A. pusilla were more abundant at the HH site compared with LH site 

with 43% more of the unpalatable P. colorata (LH site: n = 41, HH site: n = 96) and 48% 

more A. pusilla (LH site: n = 10, HH site: n = 21). However, A. pusilla grew closer to P. 

colorata individuals at the HH site than at the LH site (Wilcoxon rank sum W = 112, p < 

0.01). There was no difference between the HH and LH site for the other neighbouring tree 

and shrub species and P. colorata. The median distance A. pusilla grew from a P. colorata 

individual was 32 cm in the HH site, with 75% of A. pusilla within 51 cm of a P. colorata. At 

the LH site the median distance A. pusilla grew from a P. colorata individual was 115 cm, 

with 75% within 185 cm (Fig. 3.8).There was no statistically significant difference in lamina 

damage between the sites at the different proportions of A. pusilla to P. colorata (Fig. 3.9). 



57 
 

 

Fig. 3.8. Box-and-whiskers plots of the proximity to Pseudowintera colorata individuals of eight tree 

and shrub species growing at Otaki Forks “Low Herbivore site” (LH) (light boxes) and Kapakapanui 

“High Herbivore site”(HH) (grey boxes) including Alseuosmia pusilla (A.p). Tree and shrub species 

common to both sites and sympatric to A. pusilla and P. colorata. Tree and shrub species were: M.s – 

Myrsine salicina (nLH = 30, nHH = 15), G.l – Griselinia littoralis (nLH = 6, nHH = 4), L.m – Lophozonia 

menziesii (nLH = 4, nHH = 5), C.g – Coprosma grandifolia (nLH = 6, nHH = 4), C.f – C. foetidissima (nLH = 

9, nHH = 7), C.c – C. colensoi (nLH = 29, nHH = 51), P.f – Prumnopitys ferrugine (nLH = 3, nHH = 5), A.p – 

A. pusilla (nLH = 18, nHH = 39). Asterisks indicates statistical significance between pairs (Wilcoxon 

rank sum W = 112, p < 0.01). 
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Fig. 3.9. Visually estimated area (%) of leaf lamina removed by herbivory for Pseudowintera colorata 

(P.c) and Alseuosmia pusilla (A.p) at Otaki Forks “Low Herbivore site” (LH) (dark bars), and 

Kapakapanui “High Herbivore site” (HH) (light bars) from plots that contained different proportions 

of A. pusilla to P. colorata: 0 (nLH = 17, nHH = 29), 0.25 (nLH = 54, nHH = 93), 0.50 (nLH = 48, nHH = 35), 

0.75 (nLH = 39, nHH = 22), and 1 (nLH = 17, nHH = 7). 20 plots at a 2 m radius were used in both the LH 

and HH sites and were located between 650 – 710 m elevation. There were no statistically significant 

differences between pairs. Data are means ± 95% C.I. 

 

3.5 DISCUSSION 

There were seven key findings from this study of variation in leaf shape under high and low 

herbivory pressure. (i) For both species, leaf shape was substantially less variable at the HH 

site (Fig. 3.4A-B), but only slightly lower for surrounding sympatric species (Table 3.1). (ii) 

Although leaf shape in the two species varied similarly across an elevational gradient at both 

sites, the magnitude of the shape changes was only comparable for the two species at the HH 

site (Table 3.2; Fig. 3.5A-D). (iii) At the HH site A. pusilla individuals are more similar in 

leaf shape to the population of P. colorata at large than are those at the LH site (Fig. 3.6A-D). 

(iv) Both P. colorata and A. pusilla were more abundant in the presence of high numbers of 

mammalian herbivores, but a similar proportion of A. pusilla to P. colorata was present 

between the two sites. (v) A similar percentage of leaves of the two species were 

misclassified at the HH and the LH sites, meaning the degree of accuracy in matching of leaf 

shape between A. pusilla and P. colorata is similar at each site (Table 3.3). (vi) At the HH 
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site where alternative palatable species were less abundant, A. pusilla was found growing 

three times closer to P. colorata individuals than at the LH site (Fig. 3.8). (vii) Portions of 

removed laminae for both A. pusilla and P. colorata were the same between the two sites 

suggestive that invertebrate herbivory was similar. These results demonstrate that the 

palatable A. pusilla benefits by growing alongside the unpalatable P. colorata in the presence 

of introduced mammalian herbivores. In the presence of increased mammalian herbivores, 

leaf shape variation is reduced in P. colorata and A. pusilla and may be acting as a distinctive 

signal of unpalatability. They add weight to the hypothesis that A. pusilla is a Batesian mimic 

of P. colorata, and that introduced mammalian herbivores might effectively be maintaining 

this historical evolutionary condition. 

Within the forests of New Zealand, uncontrolled populations of mammalian herbivores 

reduce the abundance of palatable species and reduce the density of the forest understorey by 

removing species that compete with P. colorata for resources (Allen et al. 1984, Husheer et 

al. 2003). This reduction in diversity of species and opening up of the understorey in effect 

reduces the complexity of the environment. As stronger defensive signals in unpalatable 

species are promoted by less complex environments (Lindstedt et al. 2011), as well as 

increased predatory pressures (Lindström et al. 1999, 2001a, Sherratt and Beatty 2003) such 

as increased herbivore abundances, it can be expected that if leaf shape were acting as a 

signal there would be less variation in leaf shape at the HH site. In the presence of more 

mammalian herbivores in this study, variation in leaf shape of both P. colorata and A. pusilla 

was lower than that at the LH site; these leaf shape features accounting for 92% of the total 

leaf shape variation represented by PC1 and PC2. The effect of increased herbivory pressure 

on leaf shape variation on other species was not shared to the same degree, for which the 

features accounting for only 8% of the total leaf shape variation (PC2) were reduced (Table 

3.1).  

Abiotic factors can also influence phenotypic variation in traits that are used as conspicuous 

and/or distinctive signals (Lindstedt et al. 2008a, 2008b). In plants, leaf shape often changes 

along environmental gradients (McDonald et al. 2003), therefore in order for leaf shape to be 

effective as a mimetic signal, leaf shape of the mimic would need to respond similarly to that 

of its model to influencing environmental factors (Yager et al. 2016). The extent to which 

leaf shape varied across the elevational gradient was similar for the LH (92%) and HH (93%) 

sites. However, the magnitude of shape change was similar for A. pusilla and P. colorata at 

the HH site (Table 3.2C; Fig. 3.5A, C-D) as represented by PCs 1, 3 and 4 (Fig. 3.4A, C-D). 



60 
 

In contrast, at the LH site, P. colorata tended to be larger and wider than A. pusilla across the 

elevational gradient (Fig. 3.5A-D).   

At the LH site A. pusilla individuals were likely to appear most similar to neighbouring P. 

colorata than to those growing further away (Yager et al. 2016). Because memory decreases 

rapidly when viewing objects successively (Uchikawa and Ikeda 1981, Dyer and Neumeyer 

2005), and since a foraging herbivore is likely to encounter food in succession, this would aid 

in reducing a foraging herbivore’s ability to discriminate between A. pusilla and P. colorata 

(Yager et al. 2016). Within a complex environment at the LH site where the availability of 

alternative plant food sources is relatively high, morphological similarity between 

neighbouring plants would advantage A. pusilla because any benefit to the herbivore from 

trying to distinguish between A. pusilla and P. colorata would be low. In contrast, at the HH 

site where the availability of alternative palatable species is lower, the benefit to a herbivore 

of distinguishing between the two species would be higher. A browsing herbivore is also 

more likely to encounter A. pusilla and P. colorata in multiple successions with little 

interaction with alternative species, leading to reinforced memory of any differences between 

the two species. With a higher pressure of herbivory it would be expected, therefore, that 

there would be a closer match in leaf shape between A. pusilla and its P. colorata neighbours. 

At the HH site A. pusilla individuals were morphologically similar to neighbouring P. 

colorata as well as to the population at large compared with the LH site (Fig. 3.6A-D). The 

leaves of both species were less variable (Table 3.3; Fig. 3.4A-B) and responded similarly 

across the elevational gradient at the HH site (Table 3.2; Fig. 3.5A, C-D). At the LH site, 

although A. pusilla individuals more closely resemble their neighbouring P. colorata than 

those growing further away, any differences between those A. pusilla individuals and the 

surrounding P. colorata at any given point are greater than compared to the HH site. This 

closeness in similarity of A. pusilla to the population of P. colorata across the shared growing 

range would make it even harder for a foraging herbivore to discriminate between them, 

especially with a high rate of successive encounters with the two species.  

Batesian mimicry theory predicts that the degree to which a mimic resembles its model 

correlates with the proportion of mimics to models (Ruxton et al. 2004), whilst the relaxed 

selection hypothesis suggests that the level of mimetic accuracy correlates positively with the 

relative abundance of mimics to models and negatively with the availability of alternative 

prey (Sherratt 2002, Penney et al. 2012). With the higher abundance of mammalian 

herbivores, the unpalatable P. colorata became 43% more abundant and the palatable A. 
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pusilla 48% more abundant. This would be expected if introduced mammalian herbivores 

were unable to differentiate A. pusilla from the avoided P. colorata, whilst other palatable 

species favoured decreased in abundance. However, the proportion of A. pusilla to P. 

colorata (approx. 0.22 to 0.24) was similar for the LH and HH sites. While the leaves of A. 

pusilla and P. colorata at the HH site had a narrower range of variation in shape (Table 3.1; 

Fig. 3.4A-D), this did not increase the level of accuracy in leaf shape matching between the 

two species, with a similar proportion of individuals at each site misclassified (Table 3.3). 

Thus, although the resemblance between A. pusilla to P. colorata did not increase in the HH 

site, the decrease in A. pusilla’s leaf shape variation and closer response in shape variation 

magnitude over elevation may substitute for mimetic accuracy, allowing for the proportional 

increase in abundance of A. pusilla. 

There appears to be two interactions working on variation in the leaf shape of A. pusilla and 

P. colorata brought about by the presence of introduced herbivores. Under low mammalian 

herbivory pressure, there would be less selection pressure on A. pusilla to match P. colorata 

than under high mammalian herbivory pressure, both because there are fewer predators as 

well as a greater abundance of alternative prey. The increased presence of alternative 

palatable species would also increase competition between the different plant species for 

resources as well as increase other known and unknown biotic and abiotic interactions in 

which the shape of leaves may play a role. Accordingly, leaf shape was most variable in both 

species at the LH site. Under high herbivory pressure, the removal of alternative palatable 

species would reduce competition pressures on A. pusilla and P. colorata. However, the 

removal of alternative palatable species would increase the scrutinisation of both P. colorata 

and A. pusilla by herbivores as they seek out palatable food sources. Under the relaxed 

selection hypothesis this would either lead to an increase in mimetic accuracy or, as seen in 

this study, drive the evolution of a more distinct signal of unpalatability in P. colorata, which 

in turn would be selected for in a mimicking A. pusilla. At the HH site most A. pusilla were 

found growing three times closer to individual P. colorata than within the LH site (Fig. 3.8), 

as would be expected if A. pusilla was under extra scrutiny from herbivores. 

It is unknown what mechanisms may be involved in A. pusilla’s similar response in leaf 

shape variation to P. colorata, but it is probable that the two species use similar 

environmental cues. Equally, it is not known whether herbivory pressure was the primary 

force driving leaf shape convergence, or, instead, if this was primarily an adaptive response 

to abiotic stressors. However, in the presence of uncontrolled mammalian herbivores, 
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variation within the distinctive leaf shape of P. colorata and A. pusilla is reduced, as expected 

if stronger signals of unpalatability were being selected for. The removal of palatable species 

and avoidance of P. colorata has allowed for an increase in its abundance. Likewise, A. 

pusilla has increased in abundance proportionately as predicted if it was a Batesian mimic of 

P. colorata. It has been proposed that introduced species may substitute for extinct taxa by 

filling ecological niches previously occupied by native species (Jones et al. 1994, Griffiths et 

al. 2010), and it appears that recently introduced mammalian herbivores are now, at least, 

driving the selection for the similarity in leaf shape between A. pusilla and P. colorata. As 

there was little difference in the proportions of leaf laminae removed within areas of different 

proportions of A. pusilla to P. colorata, the level of invertebrate herbivory was similar 

between the two sites (Fig. 3.9). Although A. pusilla is a palatable species (Greenwood and 

Atkinson 1977, Nugent et al. 2001), these findings match field observations where it appears 

that it is often avoided with studies of rumen content of both red deer and goats finding A. 

pusilla is consumed significantly less than its relative availability (Mitchell et al. 1987, 

Nugent et al. 1997).  
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Chapter 4: Defensive Batesian mimicry deceives an introduced herbivore 

4.1 ABSTRACT 

Although introduced species are often associated with invasiveness, in some instances they 

may act as substitute species, functionally replacing a lost native species and the associated 

ecological interactions. In New Zealand, the large vertebrate herbivore niche was once 

dominated by the now extinct flightless ratites known as moa. Browsing pressure from moa 

has been attributed to the evolution of a number of distinctive plant defensive strategies. This 

herbivore guild was re-established by early European settlers with the introduction and 

naturalisation of mammalian herbivores. It has been suggested introduced deer may have 

functionally replaced moa, but to what degree is contentious. An example of purported moa-

induced plant defence is Batesian mimicry; the vegetative shoots of the relatively undefended 

Alseuosmia pusilla are unusually visually similar to those of the chemically defended 

Pseudowintera colorata. Although this hypothesis is hard to test due to the extinction of moa, 

introduced deer avoid browsing P. colorata but will eat shoots of A. pusilla, and the 

similarity between the two might confuse deer. Unequivocal proof of mimicry in plants 

requires that: (i) both the mimic and a known model are attacked by the same herbivore, (ii) 

the herbivore is unable to distinguish between them, and (iii) this confusion increases the 

fitness of the mimic (Schaefer and Ruxton 2009, 2011). Using farmed red deer (Cervus 

elaphus scoticus), I conducted a feeding trial with A. pusilla and P. colorata sourced from a 

wild population to test the hypothesis that A. pusilla is a Batesian mimic of P. colorata by 

satisfying the three criteria above. Unusual deer feeding behaviour, not synonymous with 

wild deer behaviour was observed during the trials at night time, therefore feeding behaviour 

observations were restricted to the hours of daylight only. Deer not only ate less foliage 

overall from P. colorata, and were more likely to continue to eat an A. pusilla than a P. 

colorata individual, but deer became more cautious to eat another plant after having first 

eaten a P. colorata compared with having eaten an A. pusilla individual. As the proportion of 

P. colorata increased, the total browsing on both P. colorata and A. pusilla reduced, but more 

importantly, the amount of foliage remaining on individual A. pusilla increased. This effect 

was not seen with the other palatable trees. Finally, although the volatile organic compound 

emissions of the two species are very different, deer had an equal probability of making first 

feeding contact with either species across the trials. These results demonstrate that: (i) both A. 

pusilla and P. colorata are eaten by red deer, (ii) red deer are unable to distinguish between 
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them, and (iii) this confusion reduces the amount of browsing on A. pusilla individuals, and, 

can be inferred to increase the fitness of A. pusilla individuals. This is the first study that 

conclusively satisfies the criteria for Batesian mimicry in plants. Although deer do not share 

an evolutionary history with A. pusilla and P. colorata, this study also provides an interesting 

example of exaptive Batesian mimicry. 

4.2 INTRODUCTION 

The extinction of native species and the reduction of biodiversity can lead to the loss of 

ecological interactions in which those species were engaged (Tylianakis et al. 2008, Aizen et 

al. 2012). Likewise, the introduction of species to habitats beyond their native range can also 

cause changes to the ecosystems in which they have been introduced (Pyšek et al. 2012, 

Ricciardi et al. 2013). Although introduced species do not share an evolutionary history with 

the surrounding biota of their new habitat, they may naturalise and turn invasive, meaning 

they become numerically and ecologically prominent and potentially dominate native 

populations and communities (Crooks 2002).  

Whilst invasive species will often have undesirable effects on native ecosystems, such as 

through alteration of food webs and physical environmental conditions (Ehrenfeld 2010), in 

many instances introduced species have had little or no effect on their new environment 

(Williamson and Fitter 1996, Pyšek et al. 2012, Strayer 2012). In other instances introduced 

species can have positive impacts on native biota by providing habitat and food for rare 

species (Schlaepfer et al. 2011), and may even act as substitutes for extinct native species, 

thereby re-establishing lost ecological interactions (Griffiths et al. 2010). 

The large vertebrate herbivore niche in New Zealand was once dominated by the flightless 

ratites known as moa (Aves: Dinornithiformes) until their extinction by the mid-15th Century 

AD, not long after the arrival of humans (Perry et al. 2014). Moa consisted of nine species 

ranging between ca. 12 kg to 250 kg in weight (Bunce et al. 2009, Lee et al. 2010). They 

were found across all habitats (Worthy and Holdaway 2002), and being the predominant 

megaherbivores, would have strongly influenced the structure and composition of vegetation 

communities (Rogers et al. 2005, Lee et al. 2010, Wood et al. 2013). This missing large 

herbivore guild became re-established in New Zealand forests with the introduction and 

naturalisation of mammalian herbivores, such as the common brushtail possum (Trichosurus 

vulpecula), goats (Capra hircus), pigs (Sus scrofa), but especially deer (several Cervus spp., 
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Dama dama, and Odocoileus virginianus), between 1850 and 1910 after the settlement of 

European settlers (King 1990, Fraser et al. 2000).  

Several species of deer are now established throughout New Zealand, of which red deer 

(Cervus elaphus scoticus Lönnberg) are the most widespread, and are of similar size to 

several extinct moa species (Worthy and Holdaway 2002, Forsyth et al. 2010). It has been 

argued that in some instances deer have functionally replaced moa (Caughley 1988, Batcheler 

1989). However, to what degree is contentious due to hypothesised differences in ecological 

impacts (Atkinson and Greenwood 1989, Forsyth et al. 2010, Lee et al. 2010, Wood et al. 

2013). For instance, the diet of deer does not fully overlap with the known diet of moa 

(Forsyth et al. 2010), and whilst deer will use olfactory cues when feeding (Elliott and 

Loudon 1987), moa likely had a poor sense of smell but good visual acuity (Ashwell and 

Scofield 2008). 

Many New Zealand native plants have distinctive defensive strategies, which are 

hypothesised to have evolved as a response to browsing by extinct herbivorous birds, 

including moa (Atkinson and Greenwood 1989, Burns and Dawson 2009, Fadzly et al. 2009). 

This includes several putative cases of plant defensive mimicry (Dawson 1988, Brown and 

Lawton 1991), where an undefended species avoids predation by mimicking a trait or traits of 

a defended species (Ruxton et al. 2004). Arguably one of the most conspicuous examples is 

for Alseuosmia pusilla for which, is some of New Zealand’s forest, the vegetative shoots 

cannot easily be visually distinguished from those of the unrelated Pseudowintera colorata, 

with which it is often sympatric (Yager et al. 2016). The leaves of A. pusilla contain only a 

few anti-herbivory compounds (Cambie and Parnell 1970); in contrast, those of P. colorata 

are rich in polygodial, a sesquiterpene dialdehyde that imparts a pungent taste and is a potent 

insect antifeedant (Asakawa et al. 1988). It has been suggested that the similarity in leaf 

morphology and leaf pigmentation is a response to browsing by moa, whereby A. pusilla 

evolved as a Batesian mimic to P. colorata (Greenwood and Atkinson 1977), though this 

hypothesis is difficult to test due to their extinction. Nevertheless, from rumen contents, 

faecal pellets and preference observations, introduced red deer avoid browsing P. colorata 

yet will eat shoots of A. pusilla (Nugent et al. 2001, Forsyth et al. 2003). It is possible, 

therefore, that the similarity between A. pusilla and P. colorata might confuse deer. 

Batesian mimicry, a relatively common phenomenon in the animal kingdom (Ruxton et al. 

2004), has yet to be demonstrated to function in plants (Schaefer and Ruxton 2009, 2011). 
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Successful plant mimicry requires that the mimic and model converge in the perceptual world 

of an approaching herbivore such that it cannot easily distinguish between the two (Schaefer 

and Ruxton 2009). How a herbivore is able to sense a plant can be estimated relatively 

accurately by studying the sensory systems of the animal. However, the cognitive ability of 

an individual herbivore is much more complex and is ultimately dependent on a level of 

subconscious trade-offs based on the benefits and costs of possible decisions (Abbott and 

Sherratt 2013). The degree to which a mimic resembles the model must, according to signal 

detection theory, be sufficiently great to reduce the motivation of the herbivore to attack the 

mimic (Sherratt 2002). At the critical level of resemblance, the motivation for a herbivore to 

risk attacking a model plant is influenced by the site specific mimic plant to model plant 

ratio. For example, when models are abundant relative to mimics, there is very little 

motivation for a herbivore to attack potential prey that even remotely resemble the model 

(Pfennig et al. 2001, Ruxton et al. 2004). Therefore in Batesian mimicry, the level of 

protection a mimic is afforded by its model is expected to be frequency-dependant.  

The evolution of defensive mimicry in plants is theoretically possible, and may even be 

relatively common, depending on how reluctant a herbivore is to eat again after sampling a 

defended plant (Augner and Bernays 1998). Augner and Bernays (1998) found that mimicry 

could evolve if a herbivore shows any avoidance of individuals displaying a signal of 

unpalatability. In contrast, if a herbivore always samples a signalling defended plant, whether 

it is an honest signal or not, mimicry would never evolve. Unequivocal proof of mimicry in 

plants requires that: (i) both the mimic and a known model are attacked by the same 

herbivore, (ii) the herbivore is unable to distinguish between them, and (iii) this confusion 

increases the fitness of the mimic (Schaefer and Ruxton 2009, 2011). Although observed 

morphological similarities between two unrelated plant species have long been hypothesised 

as defensive mimicry (Brown and Lawton 1991), studies to date (Barlow and Wiens 1977, 

Shimshi 1979, Brown and Lawton 1991, Canyon and Hill 1997, Gianoli and Carrasco-Urra 

2014, Lev-Yadun 2016), have only focused on documenting the shared similarities whilst 

overlooking how a shared herbivore responds to these similarities. 

In order to test the hypothesis that A. pusilla is a Batesian mimic of P. colorata in the absence 

of moa, I used farmed red deer (Cervus elaphus scoticus) in a feeding trial type experiment in 

order to satisfy the criteria for proving plant mimicry as highlighted by Schaefer and Ruxton 

(2009, 2011). In doing so, I am also testing whether red deer are possibly maintaining an 

historical evolutionary selective pressure by acting as surrogate herbivores. By feeding A. 
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pusilla and P. colorata to deer at different proportions to one another, I hypothesised that: (i) 

P. colorata is avoided by deer more than A. pusilla, (ii) as the proportion of P. colorata 

increases in relation to A. pusilla, A. pusilla individuals will suffer less herbivory, and (iii) 

known palatable species that do not share a similar leaf shape and colour with P. colorata are 

readily eaten in the presence of P. colorata.  

4.3 MATERIALS AND METHODS 

4.3.1 Plant Material 

All A. pusilla and P. colorata plants were sourced from a wild population. In total, 70 A. 

pusilla and 80 P. colorata plants were collected from the Mt Climie region of the Pakuratahi 

Forest, a montane forest reserve located in Upper Hutt, New Zealand (S41 7.30, E175 8.54). 

Plants between 30 cm and 50 cm in height were selected randomly as this was the most 

common height of mature A. pusilla, the smaller of the two species, from within 20 m of 

either side of the Mt Climie vehicle access road. Plants were then potted in planter bags and 

the soil topped up with commercial potting mix and acclimated outdoors under shade cloth 

shelters for 8 months at the Kelburn campus of Victoria University of Wellington. 

The collection of plant material was approved with a High Impact Collection Permit from the 

Greater Wellington Regional Council. 

4.3.2 Volatile Assay 

To test how similar the two species may “smell” to deer, 10 leaves of each species were sent 

to the University of Otago for the analysis by Catherine Sansom (Plant and Food Research in 

association with the Department of Chemistry, University of Otago) for volatile organic 

compounds (VOCs) released by each species.  

Plant material was sealed in a sample vial and the volatile compounds collected upon an 

adsorbent coating of the surface of a solid-phase microextraction (SPME, Supelco, Shanghai, 

China) fibre exposed to the air within the sample vial. Static headspace sampling via SPME is 

a rapid, cost effective and a sensitive technique for collecting VOCs (Koziel et al. 1999, Tholl 

et al. 2006). Analyses were then performed using a gas chromatograph-mass 

spectrophotometer (GC-MS Agilent Technologies, PA, USA).  
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4.3.3 SPME Absorption 

The 65 μm Polydimethylsiloxane/divinylbenzene SPME fibre was conditioned at 250 °C in 

the GC injector port for 30 min before its first use and for 15 min at the start of each day. 

A blank and a series of alkanes were analysed with the samples. A bulk sample of dried P. 

colorata leaf was analysed with each batch of dried leaf samples. 

A fresh leaf, third or fourth from a branch apex, was ripped in quarters and placed in a 20 mL 

sample vial, sealed and placed in the autosampler tray. The fibre was immediately exposed to 

the sample at room temperature for 20 minutes. 

4.3.4 GC-MS Procedure  

Analyses were performed on an Agilent 7890A gas chromatograph with a CTC Analytics 

PAL system autosampler and an Agilent 5975C inert XL MSD with triple axis detector 

(under the control of Enhanced ChemStation software). The injector (260 °C) flow was 

splitless with a purge flow of 50 mL/min after 1 minutes. SPME desorption was for 1 minute 

onto a 30 m Agilent HP-5ms column with a 0.25 mm ID and 0.25 µm film, split between FID 

and MS detection using deactivated silica columns. The carrier gas used was hydrogen with a 

flow of 1.5 mL/min. The oven was heated from 40 °C to 250 °C at 5 °C/min. Detection was 

by mass spectrometry (MS). The MS transfer line was held at 260 °C, the MS source was 

held at 230 °C and the MS quad held at 150 °C, m/z 35-300.  

Peaks were identified by comparing their retention time and mass spectra with those of 

standards, or by comparing their retention index and mass spectra with those in the Adams 

library. 

4.3.5 Animal Subjects 

Of the seven species of deer that are established in the wild in New Zealand, red deer (Cervus 

elaphus scoticus Lönnberg) are the most widespread (King 1990), and also the most 

commonly farmed. Feeding trials were carried out on farmed red deer located near Waikanae 

( S40 53.26, E175 3.29) north of Wellington, New Zealand between August 2013 and March 

2014. Ethics approval for the use of live animals was obtained from the Victoria University 

of Wellington Animal Ethics Committee (approval 2012R8). Each deer had a unique 

numbered ear tag in one ear, which was used for identification. When ear tags were 

unreadable, markings on the body and the positions of the tags were used. Two moderately 
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sloped farm paddocks containing pasture grasses, predominantly perennial ryegrass, were 

used. One of these paddocks, the first to be tested, held 10 mature male deer; the second had 

32 individuals comprising mature females and juvenile males and females after the females 

had fawned. Feeding data were collected from deer ranging between approximately 9 months 

and 4 years of age. Deer that were recently born and too young to receive identification ear 

tags were ignored from the study due to difficulty of identification; those deer seldom 

interacted with the plants used in the experiment. As the feeding trials were carried out on 

farmed deer, mature males were separated from females for breeding purposes. Prior to this 

experiment, all deer were unfamiliar with A. pusilla and P. colorata and their usual diet 

consisted of ryegrass supplemented with maize seeds. There were some pasture weeds 

present in the study site, these were Verbascum thapsus and Cirsium arvense. 

4.3.6 Camera Equipment 

Motion-triggered trail cameras were used to film interactions between deer and plants. A 

Little Acorn 6210MC (LTL Acorn Outdoors, Green Bay, Wisconsin, USA) and a Bushnell 

Trophy Cam (Bushnell Outdoor Products, Overland Park, Kansas City, USA), were set to 

take 60 s videos with a 3 s reset time. Video quality was set to 12 megapixels and the PIR 

(passive infrared) sensors on both units were set to “high” to ensure cameras were triggered 

when a deer was in the field of view. Cameras were able to record at night using infrared 

light. Cameras were attached to fence posts approximately 2 m from the plants therefore 

limiting the need to familiarise the animals to new structures. The farmer identified an area 

within each paddock where the deer would regularly congregate to maximise encounters with 

the plants. 

4.3.7 Experimental Design 

Because the farmed deer had only ever eaten ryegrass or maize feed, five sapling tree species 

known to be palatable to wild deer (Nugent et al. 1997, Forsyth et al. 2002) were presented to 

them to familiarise the animals to tree saplings as a new type of potential food source. The 

species were: Griselinia littoralis, Pseudopanax crassifolius, Melicytus ramiflorus, 

Coprosma grandifolia, and Schefflera digitata. A random mixture including members of all 

five known palatable species, were put out in a grouping of six in a 2 x 3 layout at the sites to 

be used for the feeding trials. Plants were changed every two days for one week irrespective 

of whether they had incurred browsing damage. During the second week the deer were 

introduced to six P. colorata plants only for 48 hours followed by six A. pusilla plants only 
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for 48 hours. The deer were introduced to A. pusilla and P. colorata separately in order to 

experience both species. As wild animals would have experience and be familiarised with 

both species, it was important to the palatability of each species was not novel to the farmed 

deer before the feeding trials began. Analysis of video footage indicates that all deer used in 

the feeding trial sampled at least one plant of each species during this time. The feeding trials 

began in the third week. 

Each feeding trial consisted of a mixture of A. pusilla and P. colorata pegged out in their 

planter bags, 30-40 cm apart, for 48 hours. To test the mimicry hypothesis, A. pusilla and P. 

colorata plants were presented to the deer at the following proportions of A. pusilla to P. 

colorata: 0 (all P. colorata), 0.17, 0.25, 0.33, 0.5, 0.67, 0.75, 0.83, 1 (all A. pusilla). Six 

plants in a 2 x 3 layout were presented to the deer in the mature male paddock; four in a 2 x 2 

layout were presented in the female and young male paddock. This difference was due to a 

need to maximise the number of feeding trials for statistical purposes for the limited number 

of plants I had available to use. The location of each plant species within the layout of 

presented plants varied randomly for each trial as decided by a coin toss. Two feeding trials 

were run consecutively each week during the experiment with a four month break when 

switching paddocks to allow for fawning. The location of the feeding trials within a paddock 

did not change during the duration of the experiment. After a plant was used in a trial, it was 

retired from further experiments irrespective of whether it was damaged or not. All deer 

within the paddock had access and were able to partake with each feeding trial (Fig. 4.1). 
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Fig. 4.1. A still capture from a trial video showing the 2 x 3 layout of the plants, the planter bags, and 

how they were pegged into the ground. To identify deer individuals, the yellow ear tags displayed a 

unique number, and other identifying features, such as body markings and/or the position of 

additional ear tags, could be used. Camera footage displayed date (month/day/year) and time 

(hours:minutes:seconds). 

 

Video footage was reviewed, and for each feeding interaction between an individual deer and 

each plant, the duration of each interaction was recorded and the amount of foliage left on the 

plant was estimated. The time of day for each interaction was also noted. Feeding trials were 

discontinued once there were no longer enough plants that were undamaged by deer to make 

up a new trail. 

In order to test whether deer in the presence of P. colorata would avoid other species that 

were palatable but which did not share a similar leaf shape, different ratios of Hoheria 

sexstylosa and Griselinia littoralis saplings (two known palatable tree species to red deer) 

were tested in the presence of P. colorata  as control groups (for leaf images of palatable 

species, see Appendix C.1). The leaves of H. sexstylosa and G. littoralis are visually 

dissimilar in leaf shape, and all individuals of both species presented to deer in each feeding 

trial were of similar height. Each trial consisted of four plants in total and were made up of 

either H. sexstylosa or G. littoralis with P. colorata at the following proportions to P. 

colorata: 0.25 (three P. colorata), 0.5, 0.75, or 1 (no P. colorata). Individuals were pegged 
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out in a 2 x 2 layout and the total amount of damage to both species and P. colorata was 

recorded after being exposed to the deer for 10 hours of daylight. One feeding trial at each 

proportion was performed for H. sexstylosa and G. littoralis. 

4.3.8 Statistical Analysis 

Within the feeding trials, for un-paired data a Wilcoxon rank sum test was used whilst a 

Wilcoxon signed rank test was used for paired data. Generalised linear mixed models were 

used to test the effect of ratio and plant species on both the level of remaining foliage after 

deer browsing and deer reluctance to eat after sampling P. colorata, whilst a generalised 

linear models tested the effect of ratio on the remaining foliage of A. pusilla after deer 

browsing. To test for differences in the levels of compounds in the VOC profiles of A. pusilla 

and P. colorata leaves, I used a Wilcoxon rank sum test. All tests were carried out using R 

version 3.0.1 (R Core Team 2013). 

4.4 RESULTS 

4.4.1 VOC Emissions 

There were significant differences in both the type and amount of VOCs emissions between 

the two species (Fig. 4.2). A. pusilla leaves only released green leaf volatiles therefore very 

few compounds were detected, whilst P. colorata had a wide range of volatiles including 

terpenes, monoterpenes and sesquiterpenes. A total of 65 compounds were detected within P. 

colorata, while only 13 compounds were detected in A. pusilla, 11 of which were shared 

between the two species. Of the 11 shared compounds, five compounds, including hexenal 

and 2-E-hexenal, were found between 1.6 to almost 61 times higher levels of concentration in 

P. colorata, and only one (compound 10) was 1.3 times higher in A. pusilla (Table 4.1). 
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Fig. 4.2. VOC emission profiles from leaves of Alseuosmia pusilla (dark bars) and Pseudowintera 

colorata (light bars). Mean ± S.E., n = 10 of each species. Asterisks indicates statistical significance 

between the level of compound in A. pusilla and P. colorata: *, p < 0.05; **, p < 0.01 (Wilcoxon rank 

sum test). 
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Table 4.1. VOC compounds found in Alseuosmia pusilla leaves that are either absent, or are found in 

concentrations that are less than (–), similar to (=), or greater than (+) in Pseudowintera colorata 

leaves. The level of difference in concentrations is a measure of “times greater” between each species 

mean concentrations for each compound. Asterisks indicate statistical significance on the Wilcoxon 

rank sum test W statistic. 

Compound 
Presence in 

Pseudowintera colorata 

Level of concentration 
difference in compounds 

(x) 
W P 

     
1 = -- 45 0.58 
2 = -- 55 0.65 
3 + 1.6 84 0.01* 
6 + 3.3 82 0.02* 
9 = -- 49 1 
10 ꟷ 1.3 17 0.01* 
11 = -- 53 0.85 
hexenal + 4.7 100 < 0.01** 
14 absent -- -- -- 
2-E-hexenal + 60.9 100 < 0.01** 
17 absent -- -- -- 
19 + 4.3 90 < 0.01** 
21 = -- 54 0.67 
          
 

4.4.2 Feeding trials over 24 hours 

Deer ate less foliage from P. colorata than A. pusilla over a 24 hour period; the median 

percentage of foliage eaten from individual plants was 100 % for A. pusilla and 40 % for P. 

colorata across all of the feeding trials (Wilcoxon rank sum W = 828, p < 0.01) (Fig. 4.3A). 

However, as the proportion of P. colorata individuals within a trial increased, there was no 

difference in the amount a deer individual browsed from individual plants of either species in 

the 24 h after the first deer had made contact with a plant; Z = -0.66, p = 0.51 (Table 4.2A).  
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Fig. 4.3. Box-and-whiskers plots of the amount of foliage consumed by deer from each trail over (A) 

24 hours for Alseuosmia pusilla (n = 40) and Pseudowintera colorata (n = 66) plants. A. pusilla 

foliage was consumed at greater quantities than P. colorata (Wilcoxon rank sum W = 828, p < 0.01), 

and (B) 10 hours for A. pusilla (n = 40) and P. colorata (n = 66) plants. A. pusilla foliage was 

consumed at greater quantities than P. colorata (Wilcoxon rank sum W = 733, p < 0.01). 
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Table 4.2. Model formulae, coefficients, and standard errors, test statistics, and significance values 

from log transformed Poisson generalised linear mixed models for the amount of foliage browsed 

from Alseuosmia pusilla and Pseudowintera colorata as the proportion of P. colorata to A. pusilla 

increased over (A) 24 hour trials, and (B) 10 hour trials.  

  Estimate Standard error Z-value P-value 
          
(A) Model: 24hourEaten ~ Plant + Ratio  

Intercept 4.54 0.02 224.66 < 0.01 
Plant -0.36 0.02 -19.59 < 0.01 
Ratio -0.02 0.03 -0.66 0.51 

     (B) Model: 10hourEaten ~ Plant + Ratio 

     Intercept 1.37 1.42 0.97 0.33 
Plant 0.42 0.65 0.65 0.52 
Ratio -0.03 0.01 -2.66 < 0.01 
          

Individual deer were treated as random effects in these log transformed Poisson generalised 
linear mixed models. 

 

This initial result is inconsistent with the mimicry hypothesis, which posits that a mimic gains 

protection as the proportion of model increases. However, it was observed that some deer, 

especially the males, would return to the trial sites late at night to attack and often destroy the 

remaining plants of both species. Because this aggressive behaviour was done at night and 

therefore in the absence of visual cues as to the plant species identity, data analysis was 

restricted to a 10 hour period of daylight only after a deer’s first contact with the plants, 

finishing at the latest 30 minutes before sunset. The next data analysis would use data 

collected from fresh plants from the next trial. 
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4.4.3 Feeding trials during daylight 

For the observations conducted during daylight hours, deer preferentially avoided eating P. 

colorata compared with A. pusilla. The median percentage of foliage eaten from individual 

plants was 80 % for A. pusilla and 0 % for P. colorata across all of the feeding trials; 

demonstrating that for deer P. colorata was less palatable than A. pusilla (Wilcoxon rank sum 

W = 733, p = 0.002) (Fig 4.3B). As the proportion of P. colorata individuals within a trial 

increased, deer individuals browsed both species less overall; Z = -2.66, p < 0.01 (Table 

4.2B). Overall, individual A. pusilla plants had less foliage eaten by deer as the proportion of 

P. colorata increased (Table 4.3; Fig 4.3).  

 

Table 4.3. Model formulae, coefficients, and standard errors, test statistics, and significance values 

from a log transformed Poisson generalised linear model for the amount of foliage browsed from 

Alseuosmia pusilla as the proportion of P. colorata to A. pusilla increased over the 10 hour trials.  

  Estimate Standard error Z-value P-value 
          
Model: 10hourAlsEaten ~ Ratio  

Intercept 1.71 0.94 1.82 0.08 
Ratio -0.03 0.01 -2.41 0.02 
          
 

  



78 
 

 

 

Fig. 4.4. The amount of foliage remaining on Alseuosmia pusilla after being exposed to deer browsing 

for 10 hours across different proportions of A. pusilla to Pseudowintera colorata. Each point 

represents one A. pusilla (n = 40), there may be multiple individuals at each point. A statistically 

significant regression equation was found, F(1,38) = 7.33, p = 0.01,  R2 = 0.21. 

 

In contrast, the two known palatable tree species, Hoheria sexstylosa and Griselinia littoralis, 

both incurred a high level of browsing damage whilst P. colorata incurred very little damage, 

irrespective of how much P. colorata was present (Table 4.4). Across the different 

proportions of P. colorata to palatable tree species, deer ate similar proportions of foliage of 

both palatable tree species, H. sexstylosa (Z = -0.70, p = 0.49) and G. littoralis (Z = 0.81, p = 

0.42) (Table 4.5). 
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Table 4.4. Species known to be palatable to red deer, Hoheria sexstylosa and Griselinia littoralis, 

were fed to deer at four different proportions to P. colorata (n = 1 trial at each proportion). The 

proportion of foliage removed on each plant for both the palatable species and P. colorata was 

recorded. Mean ± 95% C.I. 

Species Proportion   
% "Palatable" foliage 

removed 
% P. colorata foliage 

removed 

Hoheria sexstylosa  

0.25 90 15 ± 16.97 
0.50 80 ± 9.80 10 ± 20.00 
0.75 85 ± 9.80 5 

1 80 ± 12.00 -  
      

Griselinia littoralis  

0.25 85 5 ± 9.80 
0.50 98 ± 4.90 15 ± 0.00 
0.75 98 ± 3.27 5 

1 98 ± 4.90 - 
      

 

 

Table 4.5. Model formulae, coefficients, and standard errors, test statistics, and significance values 

from a log transformed Poisson generalised linear model for the amount of foliage browsed from the 

palatable species (A) Hoheria sexstylosa, and (B) Griselinia littoralis, as the proportion of P. colorata 

to palatable species increased over the 10 hour trials.  

  Estimate Standard error Z-value P-value 
          
(A) Model: HS ~ Ratio  

     Intercept 4.48 0.11 41.29 < 0.01 
Ratio -0.02 0.03 -0.70 0.49 

    (B) Model: GL ~ Ratio 

Intercept 4.49 0.10 43.46 < 0.01 
Ratio 0.03 0.03 0.81 0.42 
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Across the feeding trials, A. pusilla made up 49% of all plants and P. colorata the remaining 

51% and deer were just as likely to eat either plant species on their first contact within a 

feeding trial (Wilcoxon test V = 133.5, p = 0.184). However, when a deer sampled a leaf they 

were significantly more likely to continue eating it if it was an A. pusilla, than if it was P. 

colorata (Wilcoxon test V = 284, p = 0.023). The first contact influenced a deer’s willingness 

to attack another plant, with deer becoming reluctant to eat again after eating a P. colorata, 

taking longer to attempt to eat another plant compared with after having eaten an A. pusilla; Z 

= 2.75, p < 0.01 (Table 4.6; Fig. 4.5). 

 

Table 4.6. Model formulae, coefficients, and standard errors, test statistics, and significance values 

from the log transformed Poisson generalised linear mixed model for the time taken to eat for an 

individual deer to eat another plant (either an Alseuosmia pusilla or Pseudowintera colorata), after its 

first contact (eating) in the trial was with either an A. pusilla or P. colorata individual during a 10 

hour trial. 

  Estimate Standard error Z-value P-value 
          
Model: Time ~ Plant + Ratio + Plant*Ratio 

(Intercept) 1.12 0.84 1.34 0.18 
Plant 2.48 0.90 2.75 < 0.01 
Ratio 1.42 1.08 1.31 0.19 
Plant*Ratio 1.42 1.10 1.30 0.19 
          

Individual deer were treated as random effects in this log transformed Poisson generalised 
linear mixed model. 
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Fig. 4.5. Box-and-whiskers plots for the time taken (in seconds) for an individual deer to eat another 

plant (either an Alseuosmia pusilla or Pseudowintera colorata), after its first contact (eating) in the 

trial was with either an A. pusilla or P. colorata individual (nPLANTS = 24, nDEER = 9). A deer took a 

statistically longer time to eat another plant again if its first contact was with a P. colorata individual 

than with an A. pusilla individual (see the generalised linear mixed model results in Table 4.6).  

 

4.5 DISCUSSION 

There were eight key findings from this study of deer browsing on Alseuosmia pusilla and 

Pseudowintera colorata. (i) P. colorata is better defended against deer browsing than A. 

pusilla as deer ate less foliage from P. colorata than from A. pusilla (Fig. 4.3B). (ii) When a 

deer had found an A. pusilla individual, it was more likely to continue to eat it than if it was a 

P. colorata individual. (iii) If the first plant a deer ate was a P. colorata, it became more 

cautious to eat any other plant, taking longer to eat again compared with after eating an A. 

pusilla (Table 4.6; Fig. 4.5). (iv) As the proportion of P. colorata relative to A. pusilla 

increased, total browsing on both species reduced (Table 4.2B). (v) A. pusilla individuals 

gained protection by growing alongside P. colorata as the amount of foliage remaining on A. 

pusilla individuals increased as the proportion of P. colorata to A. pusilla increased (Table 

4.3; Fig. 4.4). (vi) Unlike with A. pusilla, deer were able to distinguish between P. colorata 
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and two known palatable tree species irrespective of how much P. colorata was present 

(Tables 4.4 and 4.5). (vii) P. colorata leaf volatile organic compound (VOC) emissions are 

more complex than those from A. pusilla, and of those emissions that are shared, those from 

P. colorata are generally at greater levels (Table 4.1; Fig. 4.2). (viii) Deer had an equal 

probability of making their first contact with either species. These results are consistent with 

the hypothesis that due to similar leaf morphology, A. pusilla is acting as a Batesian mimic to 

P. colorata for red deer. 

Batesian mimicry requires that the model must be more unpalatable to the predator than the 

mimic (Ruxton et al. 2004). Across this experiment, deer avoided P. colorata often eating no 

foliage from individual plants; the median amount of foliage eaten was 0%, while for three-

quarters of all P. colorata, deer removed 50% or less of the available foliage. In contrast the 

median level of foliage eaten from A. pusilla individuals was 80% (Fig. 4.3B). After having 

begun to eat an A. pusilla individual, deer were also more likely to continue to browse on that 

individual compared to when having begun to eat a P. colorata individual. This demonstrates 

that A. pusilla will be readily eaten by deer, and therefore more palatable than P. colorata. 

The avoidance of P. colorata is consistent with data from deer field exclusion plots where P. 

colorata is found to be more abundant outside plots (Allen et al. 1984, Husheer et al. 2003), 

its absence from ungulate rumen analyses (Nugent et al. 1997), and dominance as an 

understory species where high populations of deer exist (Allen et al. 1984). Conversely, 

preference data based on the relative frequency of A. pusilla ingested by deer compared with 

what is available in the study area show A. pusilla as being “moderately palatable” (Nugent et 

al. 2001, Forsyth et al. 2003). It should be expected in field preference studies that if A. 

pusilla was a Batesian mimic of P. colorata, that A. pusilla would be found to be either 

“avoided”, or “moderately palatable” rather than “highly palatable” as deer would naturally 

avoid it, especially in the presence of P. colorata. Therefore, it was important to conclusively 

identify whether deer would readily eat A. pusilla.  

After having browsed on P. colorata, deer became more cautious to browse again compared 

with after having browsed an A. pusilla individual, illustrated by a greater latency to eat again 

(Table 4.6, Fig. 4.5). This reluctance to eat again after sampling a defended model is one of 

the conditions required for Batesian mimicry to evolve in plants as modelled by Augner and 

Magnus (1998). However, Batesian mimicry is frequency-dependent. That is, as the risk of 

accidentally eating a model decreases when the proportion of mimics to models increases, the 

effectiveness of the shared signal of unpalatability in which Batesian mimicry is dependent 
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on also decreases (Brower and Brower 1962, Pfennig et al. 2001). The proportion of P. 

colorata relative to A. pusilla, reduced the level of browsing by individual deer on both A. 

pusilla and P. colorata individuals (Table 4.2B). More importantly, deer tended to 

increasingly avoid A. pusilla individuals as the proportion of P. colorata to A. pusilla 

increased, demonstrated by the reduction in browsing on A. pusilla individuals (Table 4.3, 

Fig. 4.4). Deer consumed most of the foliage available from the two known palatable tree 

species, Hoheria sexstylosa and Griselinia littoralis, even as the proportion of P. colorata 

increased (Tables 4.4 and 4.5). Therefore, deer were able to browse on either of the known 

palatable species whilst avoiding P. colorata, and only A. pusilla was dependent on the 

frequency of P. colorata as predicted by Batesian mimicry.  

Although A. pusilla and P. colorata are visually similar in leaf shape and colouration (Yager 

et al. 2016), deer will often use olfactory cues when feeding (Elliott and Loudon 1987). There 

were significant differences in VOC emissions between A. pusilla and P. colorata indicative 

that the two species may smell very different from one another. P. colorata released a much 

wider range of volatiles than A. pusilla and generally at much higher levels including a range 

of terpenes (Fig. 4.2). The sesquiterpene Polygodial is responsible for the pungent pepper 

taste and odour in P. colorata (Szallasi et al. 1996), however the taste and odour of other 

terpenes such as Sabinene and α-Pinene also present in P. colorata have been found to 

strongly repel deer from feeding (Vourc’h et al. 2002). However, deer appear to be unable to 

use these olfactory differences to discriminate between the two species. Throughout this 

experiment, deer were just as likely to make first contact with a P. colorata individual as they 

were with an A. pusilla individual. It is possible then that the volatiles from P. colorata mask 

or hide those from A. pusilla, especially as the proportion of P. colorata increases. Plant 

volatiles, including terpenes, can mask other “attractive” volatiles from invertebrate 

herbivores, even when they are released from another plant (Yamasaki et al. 1997, Schröder 

and Hilker 2008). However, if the VOC’s from P. colorata act as a mask, it is restricted to 

masking those from A. pusilla, as both H. sexstylosa and G. littoralis were readily eaten 

irrespective of the proportion of available P. colorata. 

The frequency-dependent prediction did not hold when the study included data from non-

daylight hours. During this time, both A. pusilla and P. colorata were extensively browsed 

irrespective of the proportion of P. colorata to A. pusilla (Table 4.2A; Fig. 4.3). Male deer 

were observed to be more interested in P. colorata than females, spending more time 

smelling, tasting and browsing the same individual plant. This may be due to female deer 
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having a stronger avoidance of terpenes (terpenes are present in P. colorata (Corbett and 

Grant 1958)) than males (Elliott and Loudon 1987). Males also demonstrated unusual 

behavioural patterns at night, becoming aggressive towards the plants, pulling them from 

their plastic planter bags, and even trying to eat the bags. It is possible that at night when 

visual cues are less distinguishable, that deer are less visually discriminatory. However it is 

probably unlikely that in the wild in the presence of a variety of sympatric palatable species, 

and where field studies show P. colorata is strongly avoided (Nugent et al. 2001, Forsyth et 

al. 2003), that the observed behaviour of the males in this study would continue to occur. 

This study of shared leaf shape between A. pusilla and P. colorata demonstrates that: (i) both 

A. pusilla and P. colorata are eaten by red deer, (ii) red deer are unable to distinguish 

between them, and as herbivory can have a negative effect on plant fitness (Marquis 1984, 

Crawley 1985, Hawkes and Sullivan 2001), (iii) this confusion reduces the amount of 

browsing on A. pusilla individuals, and, can be inferred to increase the fitness of A. pusilla 

individuals. This evidence therefore satisfies the requirements for defensive Batesian 

mimicry within plants as laid out by Schafer and Ruxton (2009, 2011).  

As deer do not share an evolutionary history with either A. pusilla or P. colorata, this study is 

also an example of exaptive Batesian mimicry. The functionality of the similar leaf 

morphology and colouration between the two species has been co-opted as a defensive 

strategy that deters introduced deer. The visual similarity of A. pusilla to P. colorata has been 

long hypothesised to have evolved under selective pressure from browsing moa (Greenwood 

and Atkinson 1977), a dominant grouping of several now extinct species of avian mega-

herbivores (Worthy and Holdaway 2002, Bunce et al. 2009). Moa likely had a poor sense of 

smell but good vision (Ashwell and Scofield 2008), and colour and form therefore may have 

been important traits used by moa in recognising palatable food (Atkinson and Greenwood 

1989). As far as I am aware, to date no studies have found either P. colorata or A. pusilla 

remains in any moa coprolite (dried droppings) or gizzard remains. Therefore it is quite 

possible that A. pusilla did indeed evolve as a Batesian mimic of P. colorata to dupe moa, 

and possibly other extinct herbivorous bird species. 

Several distinctive plant growth characteristics across a taxonomically diverse range of New 

Zealand flora, including divarication, heteroblasty as well as mimicry and others, have been 

attributed to moa-plant co-evolution (Greenwood and Atkinson 1977, Atkinson and 

Greenwood 1989, Batcheler 1989). However, to what degree deer have functionally replaced 
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moa within the whole ecosystem is a contentious topic (Atkinson and Greenwood 1989, 

Forsyth et al. 2010, Lee et al. 2010, Wood et al. 2013). The diet of moa is very similar to that 

of deer. Approximately 73% of plant taxa recorded to date in the diet of moa is also found in 

the diet of deer (Forsyth et al. 2010, Lee et al. 2010). While moa probably had a similar 

dietary intake rate of dry matter as red deer individually, in any given area, red deer are able 

to reach population densities 10 times or greater than moa (Forsyth et al. 2010). The feeding 

strategy of deer and moa also differs; deer are able to manipulate food using soft lips and 

tongues and moa had hard beaks requiring plucking or snipping of their food (Bond et al. 

2004). Neither A. pusilla nor P. colorata have any structural deterrents that would deter one 

feeding strategy over the other. Deer tend to avoid plants with divaricate architecture (Pollock 

et al. 2007), and the content of moa gizzards and coprolites support the moa-plant co-

evolution hypothesis for many distinctive plant growth forms (Wood et al. 2008). Therefore, 

although deer potentially exert a greater herbivory pressure than moa due to greater 

population densities, deer may still act as substitute species in as much as through 

maintaining uniquely evolved anti-herbivory characteristics, including instances of Batesian 

mimicry. 

It is possible that the visual similarity of A. pusilla to P. colorata may equally successfully 

deter browsing by other introduced generalist mammalian herbivores. Whilst this study 

focused specifically on red deer, after European settlement, possums, goats, pigs, hares and 

several other species of deer were successfully established in New Zealand forests (King 

1990, Fraser et al. 2000). The successful establishment of many of these species is partially 

due to a lack of predators, but also as they are able to consume a wide variety of plant species 

(Parkes 1993, Forsyth et al. 2010), much like moa (Forsyth et al. 2010, Wood et al. 2012). If 

this is the case, visual deception may be an overlooked and broadly effective plant defensive 

strategy against generalised herbivores, especially for those that have shared no evolutionary 

history. Visual cues to roughly discriminate between plants and patches can be used by many 

large browsing and grazing herbivores (Searle and Shipley 2008) and insects (Reeves 2011), 

but the level of accuracy may probably varies between species. For visual deception in plants 

to be common, it would be expected that shape discrimination would be relatively basic and 

the similar across taxonomic groups of generalist herbivores. However, a greater 

understanding of how generalist herbivores are able to utilise shape discrimination is 

required. 
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Chapter 5: The use of leaf traits to discriminate between a purported 

mimic and its model  

5.1 ABSTRACT 

Leaf shape, size and colour are used by herbivores to identify sources of palatable foliage for 

food. However, how herbivores use these plant traits as signals and cues, when they use 

them, and the factors involved in how they learn about them have not been studied. Signals 

are often complex, made up of multiple traits. They require feedback to the signal receiver in 

order to learn associational benefits and/or costs. They are often presented amongst a 

distraction of other uninformative “noise”, and alongside other similar signals that can create 

a level of uncertainty in the discrimination task. Using the images of real leaves from two 

plant species that are similar in shape and colour, the chemically defended P. colorata and its 

purported mimic, A. pusilla, I engage human subjects as surrogate herbivores in a computer 

based discrimination task to forage for A. pusilla leaves whilst avoiding those from P. 

colorata. I test how leaf shape and leaf colour are used independently and together as 

discriminable traits. I also test how factors such as feedback speed, frequency of mimic to 

model, and a visually “noisy” background affect their discrimination abilities. Humans, as 

surrogate herbivores, found leaf size a distracting characteristic, foraging more effectively 

when A. pusilla and P. colorata individuals were most similar in 94% of their shared shape 

variation. The trait, leaf colour, whilst unreliable by itself, acted to potentiate the trait, leaf 

shape, as a signal or cue. Fast feedback on species palatability improves accuracy on 

discriminating A. pusilla, but neither fast nor slow feedback improved discriminability on P. 

colorata. Finally, A. pusilla leaves were harder to discriminate when presented on a 

“disruptive” background. This study demonstrates that although plants may be sessile 

organisms, the visual complexity and number of factors that interact with signalling between 

plants and animals is multifaceted. Whilst this study provides interesting insight into how leaf 

traits can be used to discriminate between visually similar species, it also highlights the need 

for further studies in the field of plant-herbivore visual communication. 

5.2 INTRODUCTION 

Herbivores are dependent on plants for food, removing more than 20% of annual net primary 

productivity across biomes, habitats and natural and managed systems (Agrawal 2011). This 

pressure on plants has fuelled an ongoing co-evolution between plants and animals; plants 
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have evolved a range of defensive strategies to reduce the impact of herbivores, whilst 

herbivores evolve counter measures to overcome these increased defences (Ehrlich and 

Raven 1964, Karban and Agrawal 2002, Agrawal 2011).  

Leaf shape and size have long been hypothesised to play a role in deterring herbivores 

(Brown and Lawton 1991). Although leaf morphology assists with regulation and mitigation 

of the effects of environmental stressors such as shoot temperatures (Hegazy and El Amry 

1998, Roth-Nebelsick 2001), light interception (Horn 1971, Tsukaya 2005), avoidance of 

wind damage (Anten et al. 2010), salt exclusion (Sinclair and Hoffmann 2003), drought 

avoidance, or nutrient deficiencies (Cunningham et al. 1999, Leigh et al. 2011), the diversity 

of leaf shape and size in plants suggests that it is not exclusively functionally dependent on 

any one ecological strategy (Nicotra et al. 2011). Leaf shape has, however, been 

demonstrated to influence the consumption, performance, and ovipositioning choices of 

insect herbivores (Rausher 1978, Mackay and Jones 1989, Rivero-Lynch et al. 1996, 

Campitelli et al. 2008a). Leaf colouration may also deter herbivores by acting as a visual cue 

of a plant’s palatability (Green et al. 2015). Autumnal leaf colouration may signal increased 

defences and/or low nutrient quality to egg-laying insects (Hamilton and Brown 2001, 

Archetti and Brown 2004, Archetti 2009b), whilst red leaf margins can signal defensive 

investment and deter insect herbivores (Cooney et al. 2012, Hughes and Lev-Yadun 2015). 

Leaf shape, too, can provide a visual cue of a plant’s palatability (Dell’aglio et al. 2016); 

therefore, leaf shape and colour may act as distinctive signals for herbivore recognition of 

palatability.  

The definition of a signal is a trait or traits that convey information to other organisms and 

are maintained by natural selection; cues, on the other hand, are defined as informative traits 

that evolved for reasons other than communication (Otte 1974). If herbivores learn to avoid 

traits associated with unpalatability and these traits were not initially associated with 

communication, they may be co-opted to become new communication signals, a process 

known as ritualization (Tinbergen 1952, Huxley 1966, Lorenz 1966). Experiments show that 

some animals may only use one or a few signals when discriminating among visual trait 

characteristics (Troje et al. 1999). This may be due to an innate avoidance of a particular 

colour or pattern due to perceptual or cognitive biases of the predator (Rowe 1999). 

Alternatively, an animal may favour using one trait over others as a speed-accuracy trade-off 

(Hebets and Papaj 2005), or one trait may “overshadow” another trait if it is more salient 

(Mackintosh 1976). Therefore, signal displays may evolve to be relatively simple. 
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However, signals are often complex and are made up of multiple traits that require different 

cognitive attention (also referred to as multidimensional) (Hebets and Papaj 2005, Balogh et 

al. 2010, Kikuchi et al. 2016). For example, the wings of defended butterflies display a 

combination of colours and patterns (Bates 1862), as do the bodies of many venomous snakes 

(Greene and McDiarmid 1981, Niskanen and Mappes 2005, Valkonen et al. 2011). The use of 

multidimensional, rather than single dimensional, signals by animals probably conveys 

different sets of information that could, for example, enhance a predator’s ability to learn 

and/or remember, or to increase their detection accuracy (Hebets and Papaj 2005). Individual 

traits within the multidimensional signal can function independently within the cognitive 

processes of an animal predator. They may be: (i) of equal salience, (ii) emergent; combining 

to create a new signal, (iii) contextual, wherein one trait provides context to interpret a 

second trait, (iv) alerting; drawing attention to a second signal, or (v) amplifying; increasing 

the probability of detection of a second trait and thereby increasing overall conspicuousness 

(Hebets and Papaj 2005). 

Before an animal can cognitively process a signal, they must distinguish the signal from other 

competing sensory information, referred to as noise. A signal that is conspicuous can stand 

out from the noise, making it faster to learn (Gittleman and Harvey 1980, Roper and Redston 

1987, Lindström et al. 2001), and therefore easier to discriminate from less conspicuous 

signals (Roper and Redston 1987, Lindström et al. 1999, 2001). However, not all signals are 

conspicuous. Prey can be non-conspicuous or cryptic and avoid detection by blending in with 

their surroundings through varying forms of camouflage. Indeed, conspicuousness can draw 

unwanted attention, especially from naïve predators, and therefore undefended or poorly 

defended species would benefit by being cryptic (Ruxton et al. 2004). Defended prey can also 

benefit from avoiding extra attention by being non-conspicuous or even cryptic as long as 

their signal is distinctive; that is, different enough from surrounding species to be 

recognisable if found by a predator (Sherratt and Beatty 2003, Merilaita and Ruxton 2007). 

Once nutritional associations have been learned, herbivores often use pre-ingestive 

information, e.g. visual, chemical or tactile cues, to recognize specific plants (Launchbaugh 

and Provenza 1993, Augner and Bernays 1998, Schoonhoven et al. 2005), and can generalise 

their aversions across familiar cues in defended plants (Launchbaugh et al. 1993, Villalba and 

Provenza 2000). Other herbivores may use post-ingestive information, e.g. satiation, to 

regulate their food intake (Provenza 1995). Whilst these two feedback mechanisms are not 

mutually exclusive, Augner and Bernays (1998) point out that in some cases, such as when a 
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plant is highly toxic or there are long handling times, it may be more beneficial for a 

herbivore to use pre-ingestive cues, known as defensive signals, rather than post-ingestive 

feedback as it reduces risk and shortens decision times. 

In some instances signals evolve to be dishonest. One such occasion is when an undefended 

species copies the signal associated with defence of another species, a phenomenon known as 

Batesian mimicry. In order to dupe a signal receiver, the mimicked signal requires a certain 

degree of similarity to that of its model. However, whilst it is assumed that mimics always 

experience selection to more closely resemble their models (Ruxton et al. 2004), imperfect 

mimicry is relatively common (Kikuchi and Pfennig 2013). Successful mimicry requires that 

the mimic and model converge in the perceptual world of a predator such that it cannot easily 

distinguish between the two (Schaefer and Ruxton 2009), thus creating a level of uncertainty. 

The frequency-dependency hypothesis suggests that selection for the accuracy of mimicry is 

relaxed as the proportion of models increases, and likewise, if mimics are too common the 

protection through predator deception breaks down as predators learn to ignore the warning 

signal (Pfennig et al. 2001, Ruxton et al. 2004). Variations in the accuracy of mimicry may 

also be due to fitness trade-offs in associated with maintaining the signal, such as reduced 

ability to compete for resources (Pfennig and Kikuchi 2012).   

Uncertainty typically arises from perceived similarity in the appearance of stimuli (e.g. 

Sherratt 2001, Leonard et al. 2011), such as in cases of non-conspicuous prey and Batesian 

mimicry complexes. The use of signals by animals under conditions of uncertainty is 

commonly studied using signal detection theory (SDT). SDT provides a framework to 

quantify a signal receiver’s ability to discriminate between profitable (target) and 

unprofitable (distractor) stimuli that maximises net payoff and incorporates both the benefits 

of correct decisions (hits and correct rejections) as well as the costs of false positives (false 

alarms) and false negatives (misses) (Kikuchi et al. 2015).  

McGuire et al. (2006) used computer-generated “prey”, on human subjects to demonstrate the 

applicability of SDT in relation to Batesian mimicry in a singular dimension. Prey consisted 

of rectangular shaped “models” and “mimics” that varied in the number of different coloured 

pixels. Expanding on that work, Kikuchi et al. (2015) also used human subjects and the same 

computer generated prey to demonstrate that SDT could be used to test multidimensional 

signals, and highlighted the importance for further research in the application of SDT to 

multidimensional problems in ecology. The use of humans as surrogate predators is common 
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in the study of crypsis, warning signals and mimicry (e.g. Sherratt and Beatty 2003, Beatty et 

al. 2005, McGuire et al. 2006, Kikuchi et al. 2015), and there is good qualitative congruity 

found between the performance of humans and other animals such as birds when performing 

simple discrimination tasks (e.g. Dittrich et al. 1993, Beatty et al. 2005). The use of artificial 

prey, e.g. computer generated, which allows for easy control of different aspects of tested 

traits, has also been commonly used to date to understand how they are used as signals (e.g. 

Ihalainen et al. 2007, 2012, Kazemi et al. 2014, 2015, Kikuchi et al. 2015, 2016, Sherratt et 

al. 2015). Therefore, the number of replicated predatory decisions by using human surrogate 

predators and the control over trait aspects of prey that computers allow for is extremely 

difficult to achieve when using other animal species and physical prey items.  

The leaves of two New Zealand native plant species, Alseuosmia pusilla (Colenso) A. 

Cunningham (Alseuosmiaceae) and Pseudowintera colorata (Raoul) Dandy (Winteraceae), 

share a remarkable degree of similarity in both leaf colour and leaf shape (Yager et al. 2016), 

and it is hypothesised that at locations where the two plant species co-occur, A. pusilla may 

escape predation by effectively functioning as a Batesian mimic of P. colorata (Dawson 

1988, Atkinson and Greenwood 1989). This similarity between the two species make them 

ideal to use SDT to identify how traits that contain natural variation, rather than computer 

generated prey, are used by surrogate herbivores as cues or signals, and therefore, how the 

use of multidimensional traits are directly applicable to a real ecological situation. However, 

the putative herbivores that are thought to have selected for this similarity, several species of 

large herbivorous flightless birds known as moa (Dawson 1988, Atkinson and Greenwood 

1989), are extinct and cannot be used to test how they may use leaf shape characteristics to 

discriminate between the two species.  

Therefore, in this study human subjects representing surrogate herbivores were asked to 

discriminate between images of real leaves, referred to as “models” or “mimics”, which 

varied in either only shape, only natural colour, or in shape and natural colour. As humans 

and birds have been found to perform similarly on discrimination tasks and have been used 

by other studies as surrogate herbivores, I use them in this study to test how the abilities of 

subjects to discriminate between P. colorata and A. pusilla are affected by: (i) different leaf 

traits and how they interact; (ii) the variation in the overall similarity of leaf shape between P. 

colorata and A. pusilla; (iii) the frequency of models to mimics; (iv) the speed of feedback on 

selections; and (v) the level of conspicuousness of the leaves. 
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5.3 MATERIALS AND METHODS 

5.3.1 Plant Material  

Plant material collection and sampling technique was the same as described in section 2.3.1 

of Chapter 2. 

5.3.2 Leaf Shape Capturing and Analysis 

Cartesian coordinates of 70 landmarks evenly distributed around the margin of each leaf 

image were transformed into partial Procrustes coordinates using the software package PAST 

2.17c (Hammer et al. 2001) to minimise differences in leaf orientation of the scanned images 

without scaling for leaf area. Leaf shape was quantified by LeafAnalyser 2.3.0 (Weight et al. 

2008) using the partial Procrustes coordinates. A principal component analysis (PCA) was 

then run using the 70 partial Procrustes coordinates, reducing the number for each species 

into four principle components (PC) that explained the majority of shape variation for each 

leaf. In order to create leaf groups that were similar in leaf shape (Similar) and dissimilar in 

leaf shape (Dissimilar), the PC1 and PC2 scores of each leaf were used to calculate the mean 

PC1 and PC2 values and a 1 standard deviation (S.D.) ellipsoid from the mean for both 

species (see section on Prey below for further details). Adobe Photoshop 5.0 (San José, 

California, USA) was used for post selection adjustments of leaves for presentation to survey 

participants; painting leaves to create leaf silhouettes and creating square portions of leaf 

laminae.  

5.3.3 Survey Setup 

Fourteen surveys were set up (Fig. 5.1) on an online web based survey website hosted by 

Qualtrics (Qualtrics, Provo, Utah, USA) with functional modifications made using 

JavaScript. The on-line format was used in order to access a large pool of participants. Each 

survey comprised 9 screens. Each screen had 24 images of leaves proportionately sized and 

scaled to one another, the relative sizes of the leaves were the same irrespective of the 

participants’ computer screen size, and leaves were evenly distributed over a white 

background in a 4 row by 6 column arrangement (hereafter known as a “screen”) (Fig. 5.2). 

Each screen was a composite of the images of A. pusilla and P. colorata leaves arranged in a 

ratio of 1:3 (6 x A. pusilla and 18 x P. colorata), 1:1 (12 x A. pusilla and 12 x P. colorata), or 

3:1 (18 x A. pusilla and 6 x P. colorata). All leaf images were oriented with their petioles 

pointing downwards, and the location of each leaf image, although pre-set within the 
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arrangement for each screen (see Prey section below for more information), was randomly 

assigned when designing the survey (Fig. 5.2). Leaf image locations for each screen were 

assigned a number 1 – 24 and each image was randomly assigned using the random number 

function in Microsoft Excel (2013).  

 

Fig. 5.1. Assignment of the 14 surveys and the variables that were tested. There were two survey 

types issued, “Plain Background Survey” and “Disruptive Background Survey”. Survey assignment 

was randomly allocated below the “Background type” level by Qualtrics. The term “dimensional” 

describes the number of traits that require different cognitive attention. 
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Fig. 5.2. An example of the same screen presented to subjects across the three trait levels being tested 

within the Similar survey with no “disruptive” background image; (A) leaf colour only, (B) leaf shape 

only, and (C) leaf colour and shape. Location of individual leaves within each screen were the same 

between each trait being tested, but the order in which the screens were presented to subjects was 

random. The type of survey a subject was given was randomly allocated by the survey programme, 

Qualtrics, including whether feedback on subjects choices was instant or delayed. 
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Surveys were randomly assigned to participants by the Qualtrics survey programme 

(hereafter referred to as “subjects”); they consisted of images of model and mimic leaf groups 

that had been categorised as either Similar or as Dissimilar in leaf shape (Fig. 5.1). To 

understand which leaf traits were used by subjects to distinguish between mimics and models 

(Plain Background Survey; Fig. 5.1), subjects received 9 screens of images containing either: 

(i) uniformly-sized coloured squares taken from portions of the leaf laminae (to test for the 

exclusive use of leaf colour; Fig. 5.2A); (ii) silhouettes of the leaves digitally painted a 

uniform green (to test for the exclusive use of leaf shape; Fig. 5.2B); or (iii) unaltered images 

of the leaves to test how leaf colour and leaf shape combined were used (Fig. 5.2C). Within 

the Similar and Dissimilar leaf groupings, subjects were given surveys that tested a single 

leaf trait (leaf shape or leaf colour) or ones that tested for the effects of both traits in 

combination (leaf shape and colour) (Fig. 5.1). 

A scoring system in which subjects received points for selecting a mimic and lost points for 

selecting a model provided feedback (see Standard Conditions section below for more 

information). Feedback on a subjects’ selection via the scoring system was either provided 

immediately in a pop up box after each selection of a leaf was entered, or else feedback was 

delayed until an entire screen had been submitted. Separating how feedback was provided 

enabled me to test how delayed or instant feedback affected a subject’s accuracy in 

identifying mimics and models. 

5.3.4 Predators 

Volunteer human subjects were sourced from first- and second-year undergraduate university 

Biology courses during 2014 and 2016 at Victoria University of Wellington and Auckland 

University. Ethics approval for the use of human subjects was obtained from the Victoria 

University of Wellington Human Ethics Committee (approval 19370). The potential subjects 

had been told how long the survey would likely take to complete, and that the intention of the 

survey was for PhD research into how leaf colour and leaf shape influences leaf 

identification. Five invitations were sent out for survey applicants, both via direct email to 

students and by Blackboard (course related website pages), repeating the intentions of the 

survey and containing the web address URL to the survey. Subjects were then assigned one 

of the 14 surveys (Fig. 5.1). SDT is primarily concerned with identifying the optimal 

behaviour of predators who are already familiar with the model and mimic. Therefore, before 

beginning the survey, subjects were first shown one screen containing a panel that had 15 
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examples of leaves from the mimics, and then another with 15 examples of models; these 

leaves were randomly chosen from all available leaf images and included four images that 

were used within the survey. The presented images making up the panels were either from the 

Similar or Dissimilar leaf groupings and were representative of the appearances of mimics 

and models the subject was about to experience (Fig. 5.3). Subjects were instructed to spend 

as long as they wanted to examine this display in order to learn to identify the two species in 

order to make sure they were familiar with the mimic and model.  

 

Fig. 5.3. The screen used for the leaf colour and shape and leaf colour only Similar grouped surveys 

shown to subjects before they started identifying mimics. Subjects who were to be presented the 

survey testing the trait leaf shape only were presented a similar screen but leaves were of a uniform 

colour as depicted in Fig. 5.2B. Subjects were allowed to spend as long as they wanted to “learn” 

differences between the two species. Images of leaves that depicted the traits leaf colour and shape 

were replaced with images of leaves with either the trait leaf shape and colour or leaf colour only for 

participants given the corresponding versions of the survey. 

 

5.3.5 Prey 

Individual leaves were categorised as Similar or Dissimilar based on leaf shape 

characteristics only (not colour) from their PC1 and PC2 scores. PC1 and PC2 accounted for 

93.7% of the total leaf shape variation, with most (89.6%) attributable to variation in leaf size 

and to size-associated shape differences represented by PC1. PC2 accounted for 4.1% of the 
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total variance in shape and represented the morphological progression from a left-biased 

asymmetric elliptic lamina through to an asymmetric right-biased cuneate lamina. The 

Similar group comprised model and mimic leaves that lay within 1 S.D. of their PC1 and PC2 

mean leaf shapes. Each screen therefore contained leaves with minimal difference in PC1 and 

PC2 scores. The Dissimilar group was made up of leaves from outside 1 S.D. of the mean 

leaf shapes, but for each screen, the presented leaves of mimics were matched such that there 

was maximum difference in PC1 and PC2 scores from the presented leaves of models (for 

further information, see Appendix D). However between the screens, PC1 and PC2 scores 

varied between mimics and models; for example, the size, and the shape parameters 

associated with size (PC1) of the mimic leaves within each screen varied in relation to those 

of the models within the Dissimilar group. 

Because lamina colour is similar between the two species and leaf shape was more variable 

(Yager et al. 2016), for these experiments, when testing leaf colour I allowed for the natural 

differences in colour to vary. Therefore, similarity of leaves (Similar or Dissimilar leaf 

groupings) was based on leaf shape only, and I was interested in how the natural variation in 

leaf colour between mimics and models would affect subjects’ discrimination abilities 

between the two groupings. When testing if subjects were able to discriminate between 

models and mimics based on leaf colour only, 105 x 105 pixel sized portions of the original 

Similar or Dissimilar leaf were selected from the centre of each leaf image lamina (Fig. 5.2). 

Images were scaled in size, but within the set configuration of a 4 x 6 arrangement, 

accordingly by the subject’s computer. The locations of models and mimics were pre-set for 

each screen, but the order of the screens presented to subjects was randomly assigned by the 

survey programme (Fig. 5.2). Each prey item attacked (if any) and their overall score was 

recorded per screen for each respondent.  

5.3.6 Standard Conditions 

For the Similar and Dissimilar surveys, subjects were presented images of leaves of the 

following traits, either: leaf colour only, leaf shape only, or leaf colour and shape (Fig. 5.2) 

and feedback on their selections as they progressed through the survey was either instant or 

delayed (Fig. 5.1). The subjects were shown a selection of models and mimics to learn for 

themselves any identifying differences and, when they were ready, asked to select all 

“Species A” leaves (the mimic - A. pusilla) on each successive screen. For the correct 

selection of a mimic, subjects were awarded 1 point, and for every incorrect selection – a 
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“Species B” leaf (the model - P. colorata) – they lost 1 point. Subjects were provided with a 

prize incentive and were initially told those with the top scores would receive a prize of a $20 

music voucher as motivation to maximise their score. Subjects were then asked to “forage” in 

a way to maximize their score. They were then invited to start the experiment. After a subject 

had completed the survey it was revealed to them that every subject had an equal chance to 

win one of the ten vouchers as their participation was valued.  

There was no set limit to the amount of foraging time for a subject. A subject could decide 

whether to attack any prey item (by moving the mouse over the item and clicking), or move 

on to the next screen (by pressing the “Next” button). Subjects were unable to go back to a 

previous screen. For those subjects given instant feedback, attacking a prey item generated a 

pop up box stating whether they had made a correct or incorrect decision; for all other 

subjects, feedback was delayed, and information on the prey they had attacked was provided 

on a new screen only after pressing the “Next” button. A running score of a subject’s 

progress for both survey types was present at the top of each screen. On attacking a mimic the 

subject gained a point, and on attacking a model a point was deducted (where benefits = costs 

= 1). Therefore, I limited my study of SDT to systems in which costs of attacking unpalatable 

prey and the benefits of attacking palatable prey were identical. 

5.3.7 Testing Background 

Because, in natural conditions, a foraging herbivore is unlikely to search for prey items 

against a plain background, the ability to search for mimics with a “disruptive” background 

was tested on a subsample of subjects (Background Survey) (Fig. 5.1). Using a coloured 

background image of a natural bush setting as a “disruptive” backdrop (Fig. 5.4), natural 

images of leaves (images containing both traits of leaf colour and shape) were presented with 

the same set up as the surveys using the multi-dimensional coloured leaves containing no 

disruptive backdrop in order to compare any effects. 
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Fig. 5.4. An example of a screen from the Similar survey with leaves on a “disruptive” background 

image.   

 

5.3.8 Subjects’ use of traits 

Subjects were asked at the end of their survey, “What, if any, strategy did you use for 

identifying Species A (mimics) from Species B (models)?” as an open ended question. These 

strategies were then categorised. For the leaf silhouettes, the categories were: ‘shape only’, 

‘size only’, and ‘size and shape’. For the coloured leaves there were seven categories: ‘colour 

only’, ‘shape only’, size only’, ‘shape and size’, ‘colour and shape’, ‘colour and size’, and 

‘all characteristics’.  

5.3.9 Statistical Analysis 

The proportions of mimics and models a subject attacked for each screen were used to 

calculate the SDT statistic A, (Zhang and Mueller 2005). A is the non-parametric version of 

the traditional SDT sensitivity index statistic d'. Sensitivity refers to how easy or hard a 

subject finds it to detect a signal (mimic) against background ‘noise’. The level of sensitivity 

is of interest as it can be used to compare how the different traits are used as signals by the 

subjects under different conditions, and therefore the potential impact on mimics. If a subject 

has a high “hit” (H) rate (selecting a mimic) and a low “false alarm” (FA) rate (selecting a 
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model), they are good at discriminating the presence of a mimic from the surrounding 

models, resulting in a high A value. As the FA rate increases relative to the H rate, subjects 

are becoming worse at detecting the presence of mimics from models, and the corresponding 

A value decreases. Thus, sensitivity provides a summary of the signal strength as perceived 

by subjects from the H and FA rates, and accounts for any strategy differences a subject may 

have when making trade-off decisions between the benefits of correct decisions versus the 

risks of making an incorrect decision during different tasks. A similar level of sensitivity can 

occur with varying H and FA rates in a given task based on the risks a signal receiver is 

willing to take. For example, a subject who chooses to take a high risk strategy by selecting 

lots of leaves and has a high H rate but also a high FA rate can have the same level of 

sensitivity as someone who is more cautious and has a low H rate but consequently also a 

lower FA rate. Therefore whilst accounting for the different strategies subjects may use, A 

correlates with the accuracy of the mimics signal to that of the model under the perceptual 

abilities of the subjects. A higher A value indicates the subjects were better at performing the 

discrimination task of identifying mimics from models, therefore A is used in this study as a 

measure of how well subjects “performed” at identifying mimics under different conditions. 

A is calculated with the following formula: 

𝐴 =
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Possible effects on A of the ratio of models to mimics, of feedback and of leaf similarity 

grouping across the three dimensional traits were tested using an ANOVA. As subjects may 

use different strategies to attack mimics and models but still result in similar measures of A, a 

MANOVA was run on the arcsine-transformed proportions of mimics and models attacked. 

As the proportions of mimics and models attacked were not normally distributed, they were 

arcsine-transformed. A simple effects analysis was run to explore any significance within a 

statistical interaction between independent variables. 

To test if the leaf trait characteristic that subjects reported they had used to identify mimics 

and models affected performance between the Similar and Dissimilar leaf groupings, an 

ANOVA was run on Box-Cox-transformed final scores. As subjects exposed to the trait of 

leaf colour only had few characteristics to use to help identify mimics and models, testing 
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was limited to subjects exposed to the trait leaf shape only and the combination of leaf colour 

and shape. 

The number of independent variables within each ANOVA and MANOVA varied between 

each hypothesis being tested. For the difference between the Similar and Dissimilar grouped 

leaves, there were four variables: similarity grouping (Similar or Dissimilar), trait grouping 

(leaf colour only, leaf shape only, leaf colour and shape), feedback (instant or delayed), and 

ratio of mimics to models (1:3, 1:1, 3:1). To test the effect of a disruptive background there 

were three variables: background (disruptive or none), similarity grouping and ratio. For the 

remaining three hypotheses, only the trait grouping, feedback and ratio variables were 

included within the ANOVA and MANOVA as the Similar and Dissimilar surveys were run 

independent of each other.  

A main assumption of SDT is that signal receivers (in this case the human subjects) have 

learnt the differences between mimics and models and will act accordingly. Because screens 

were randomly presented to subjects, the possible effects on a subject’s performance of the 

order in which the screens were presented were tested using a Bonferroni post-hoc test in 

order to test if any learning was still occurring between screens. Only the first screen 

randomly presented to participants showed any significant difference from the remaining 

screens, therefore was removed from further analysis. All statistical analysis was performed 

on SPSS Statistics version 23 for Windows (IBM, Armonk, New York, USA). 

5.4 RESULTS 

A MANOVA was conducted on the overall mean proportions of mimics and models attacked 

on encounter (arcsine transformed), and for the for the SDT measure, A. There were several 

significant statistical interactions (Table 5.1). Below I discuss these results. 
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Table 5.1 Statistically significant MANOVA results between leaf groupings and within leaf 

groupings for the proportion of mimics and models selected by subjects, and subjects’ level of 

sensitivity as measured by the SDT measure, A. 

  df df error F P-value 

Between Similar and Dissimilar leaf groupings 

     Mimics 
   Trait 2 2523 30.16 < 0.01 

Models 
Trait*Feedback 2 2523 7.34 < 0.01 
A 
Trait 2 2509 35.45 < 0.01 

     Within Dissimilar leaf grouping 

Mimics 
Trait 2 1257 11.23 < 0.01 
Feedback 2 1257 39.73 < 0.01 
Models 
Trait 2 1257 44.66 < 0.01 
Ratio 2 1257 3.03 0.05 
A 

   Trait 2 1227 20.53 < 0.01 
Feedback 1 1227 7.60 0.01 

Within Similar leaf grouping 

     Mimics 
   Trait*Feedback 2 1266 5.18 0.01 

Trait*Ratio 4 1266 6.78 < 0.01 
Models 
Trait*Feedback 2 1266 7.62 < 0.01 
Trait*Ratio 4 1266 9.72 < 0.01 
A 

   Trait*Feedback 2 1230 5.31 0.01 

Between a "disruptive" and plain background 

Mimics 
Background 1 1145 8.56 < 0.01 
Models 

   Background 1 1145 3.91 0.05 

df, degrees of freedom; F, F values 
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5.4.1 How the variation in leaf shape between mimics and models affects subjects’ 

identification abilities  

Subjects found it easier to identify mimics and avoid models when given leaf images that 

were most similar to one another (Similar leaf grouping), in comparison to those given the 

Dissimilar leaf group (Fig. 5.5). The greater ability of subjects to discriminate mimics whilst 

avoiding models correlated with a higher performance as measured by the signal detection 

theory measure of sensitivity, A, from subjects’ within the Similar leaf group (Fig. 5.6). 

However, there were differences in sensitivity depending on what trait or traits subjects’ were 

using, and the type of feedback they were exposed to. 

 

Fig. 5.5. The proportion of mimics (dark bars) and models (light bars) subjects selected when mimics 

and models were dissimilar (top row) and similar (bottom row) in leaf shape (Dissimilar and Similar 

leaf groupings) within the three trait types (columns) tested at the two types of feedback. Levels of 

statistical significance within each graph grouping represented by asterisks (* p < 0.05; ** p < 0.01). 

Statistical significance across leaf similarity grouping (horizontally) represented by letters (p < 0.01). 

Between leaf similarity groupings (vertically), all pairings statistically significant at p < 0.01, except: 

B-N, E-P, F-Q, and G-R. Data are means ± S.E. 
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Fig. 5.6. Subjects ability to differentiate between mimics and models as quantified by the signal 

detection theory measure of sensitivity statistic, A, between groupings of mimics and models that 

were dissimilar (top row) and similar (bottom row) in leaf shape (Dissimilar and Similar leaf 

groupings) within the three trait types (columns) tested under delayed feedback (dark bars) and instant 

feedback (light bars). A higher value equates to greater sensitivity in subjects. Levels of statistical 

significance within each graph grouping represented by asterisks (** p < 0.01). Statistical significance 

across leaf similarity grouping (horizontally) represented by letters (p < 0.01). Between leaf similarity 

groupings (vertically), all pairings statistically significant at p < 0.01, except: B-I, D-J, and E-K. Data 

are means ± S.E. 

 

The subjects were better able to identify mimics, and to avoid the models in the Similar leaf 

groupings if they were given information on leaf colour as well as that on leaf shape (Fig. 

5.5). Subjects’ sensitivity when presented with the Similar leaf group was approximately 24% 

higher than when given Dissimilar group using the same trait combinations (Fig. 5.6). When 

colour was removed from leaf images (leaf shape only), subjects still found mimics easier to 
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identify from the Similar group, but models were only easier to avoid when feedback was 

delayed. The ability to avoid the models did not differ between the Similar and Dissimilar 

groupings when subjects were given instant feedback (Fig. 5.5). Delaying the feedback led to 

a 26% increase in sensitivity with the Similar grouped leaves in comparison with the 

Dissimilar grouped leaves. However, the lack of difference in ability to avoid models when 

feedback was instant resulted in no difference in sensitivity between the Similar and 

Dissimilar groups under instant feedback (Fig. 5.6). When given information only on leaf 

colour, subject’s ability to identify mimics and to avoid models did not differ between the 

Similar and Dissimilar groups, apart from a very small improvement in identifying mimics 

from the Similar group with delayed feedback (Fig. 5.5). However, it was not significant 

enough to influence overall sensitivity as there was no difference between the Similar and 

Dissimilar groups when subjects were using only leaf colour (Fig. 5.6). 

5.4.2 How leaf traits affect subjects’ identification abilities  

Subjects found leaf colour was the least informative trait (Fig. 5.5); subjects given this 

information only were the least sensitive (Fig. 5.6). Leaf shape enabled subjects to distinguish 

between mimics and models, but when leaf shape was combined with colour and when leaf 

images were most similar to one another, mimics and models became the most identifiable 

(Fig. 5.5) and sensitivity was the highest (Fig. 5.6). 

Subjects who based their selection on information on leaf colour were the least able to 

discriminate between model and mimic. Subjects who used leaf shape were better at 

identifying mimics and better at avoiding models compared to those who used leaf colour 

(Fig. 5.5). This resulted in a 34% increased sensitivity for subjects given the Similar leaves, 

and an 18% increased sensitivity for those given the Dissimilar leaves, in comparison with 

subjects who used leaf colour (Fig. 5.6). Although the addition of colour to leaf shape 

increased subjects’ abilities to identify mimics from among both the Similar and Dissimilar 

leaf groupings, it did not have a significant effect on model identification. For the Similar 

leaves, the subjects tended to avoid models only when presented with information on leaf 

shape and colour, and when given instant feedback (Fig. 5.5) or when the frequency of 

mimics was comparable to or higher (3:1) than that of the models (Fig. 5.8B). When given 

information on both leaf colour and shape, sensitivity in the Similar group increased by 13% 

in comparison with subjects who were only given leaf shape (Fig. 5.6). For the Dissimilar 

leaf group, subjects were no better at avoiding models or identifying mimics with the addition 
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of colour to leaf shape than those who used only leaf shape. (Fig. 5.5). Therefore, with the 

addition of colour within the Dissimilar leaf group, there was no change in sensitivity over 

just leaf shape (Fig. 5.6). 

5.4.3 How the amount of variation in leaf shape between mimics and models affects 

subjects’ use of leaf trait characteristics for identification 

Differences in leaf shape, colour and size, were used either individually or in combination, by 

the subjects to distinguish between models and mimics. When presented with information 

only on leaf shape, there were only two characteristics subjects were able to use (size, and/or 

shape). 

In the Dissimilar group of leaves, mimics differed most from models in their leaf size and 

size-related shape characteristics as described by PC1 (See Prey section in Methods).  

However, when given images of leaves from the Dissimilar group, subjects who said they 

used leaf shape, rather than leaf size, to distinguish between mimics and models scored the 

highest. A perfect score if every mimic was selected and every model was avoided would 

equal 99 (99 mimics across 8 screens). When using leaf shape only, those that used shape 

characteristics only scored higher (39.4 ± 4.2 S.E) than those that used both size and shape 

characteristics (29.9 ± 4.5 S.E) or just size characteristics (16.3 ± 5.7 S.E). When the images 

had information on both leaf colour and shape, shape again provided subjects with the highest 

scores, either by itself (58.0 ± 4.0 S.E) or in combination with colour (55.5 ± 4.5 S.E), with 

subjects who used colour alone scoring the lowest (17.8 ± 4.6 S.E) (Fig. 5.7A).  

Leaf size and size-related shape characteristics differed less between model and mimic in the 

Similar than in the Dissimilar groups and correlated with greater subject sensitivity (Figs. 5.5 

and 5.6). Subjects in the Similar grouping still identified size as a useful characteristic for 

discriminating between model and mimic; they gained the highest scores when using a 

combination of leaf size and shape characteristics (49.3 ± 4.5 S.E). However, subjects who 

used size only characteristics resulted in the lowest scores (28.0 ± 3.4 S.E). When given the 

additional information on leaf colour, shape still the most important leaf trait, correlating with 

the highest scores. Subjects who identified leaves using shape either by itself or in 

combination with the other characteristics scored higher (scores ranged between 62.4 ± 6.9 

S.E to 74.5 ± 4.0 S.E) than subjects who used either size characteristic by itself or without the 

addition of shape characteristics (scores ranged between 36.8 ± 11.4 S.E and 47.5 ± 11.9 S.E) 

(Fig. 5.7B).  
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Fig. 5.7. The leaf trait characteristics subjects used to identify mimics and models. Traits used 

affected their final score (left vertical axis), however the proportion of subjects that used each trait 

varied (right vertical axis). ANOVA showed a statistically significant difference between 

characteristics used and the trait: (A) leaf shape only, within the Dissimilar leaf group (dark bars) 

(F(2,70) = 5.36, p = 0.01) and the Similar leaf group (light bars) (F(2,70) = 3.89, p = 0.03), and (B) 

when leaf shape and colour were combined, within the Dissimilar leaf group (dark bars) (F(5,80) = 

4.39, p < 0.01), and the Similar leaf group (light bars) (F(5,80) = 5.54, p < 0.01). A perfect score 

where every mimic was selected and every model was avoided would equal 99. Lines indicate the 

proportion of participants who identified using any given leaf trait characteristic (Dissimilar: dark 

bars, Similar: light bars). Asterisks indicate statistical significance between scores of Similar and 

Dissimilar pairs (* p < 0.05; ** p < 0.01). Letters refer to statistical significant differences in scores 

between characteristics used within a leaf grouping (p < 0.05). Data are mean ± S.E. 

 

The higher sensitivity of subjects given the Similar leaf groups, as compared with those given 

the Dissimilar ones, appears to be correlated to the use of different leaf trait characteristics 

the subjects identified to discriminate between mimics and models. Subjects from the 

Dissimilar group, where size and size-related shape characteristics were the most 

pronounced, were more likely to use size to identify mimics and to avoid models. 

Conversely, the Similar grouped subjects, who were better at identifying mimics and 

avoiding models (Fig. 5.5), indicated that they were more likely to use shape characteristics 

which were correlated with higher scores (Figs. 5.7A and B). 

 



108 
 

5.4.4 How did feedback affect subjects’ identification abilities? 

Overall, subjects found it easier to identify mimics when given instant feedback, irrespective 

of their leaf groupings or the leaf trait information presented to them. Feedback had little 

effect on their ability to identify models, however, except for those given the Similar leaf 

grouping and presented with the trait of leaf shape, where subjects better avoided models 

when given delayed feedback (Fig. 5.5). Subjects’ sensitivity was slightly higher with instant 

feedback than with delayed feedback; when presented with information on both leaf shape 

and colour, this increase was 3% for the Similar leaf grouping and 7% for the Dissimilar leaf 

grouping. When presented with information on leaf shape only the increase was 14% for the 

Dissimilar leaf grouping. In contrast, for subjects given information on leaf shape only within 

the Similar leaf grouping, sensitivity was actually greater by 9% when feedback was delayed 

(Fig. 5.6); this was attributable to subjects being significantly better at avoiding models under 

delayed feedback than identifying mimics under instant feedback. When subjects were 

presented with the trait of colour only, feedback had little impact except within the Dissimilar 

leaf grouping where mimics were easier to identify under instant feedback (Fig. 5.5), but this 

was not significant enough to affect sensitivity (Fig. 5.6).  

5.4.5 How does the ratio of models to mimics affect subjects’ identification ability? 

The ratio of mimics to models had very little effect on how subjects identified mimics or 

avoided models when leaf images were most dissimilar to one another (Fig. 5.8A). The only 

statistically significant difference occurred for subjects given the Dissimilar leaves, who 

found mimics harder to identify when they were at the highest frequency relative to the 

models (3:1).  
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Fig. 5.8. The proportion of mimics (dark bars) and models (light bars) subjects selected when mimics 

and models were (A) dissimilar in leaf shape (Dissimilar leaf grouping), and (B) similar in leaf shape 

(Similar leaf grouping) across the three ratios (3:1, 1:1, 1:3) of mimics to models within the three trait 

types tested (leaf shape and colour, leaf shape only, and colour only). The first number in the ratio 

mix equates to the number of mimics, and the second number equates to models. Letters indicate 

statistical significance (p < 0.05). Data are means ± S.E.  

 

When subjects were given leaf images from the Similar group, when the trait tested was leaf 

shape only, models became progressively easier to identify as the ratio of mimics to models 

decreased. With the addition of information on leaf colour however, mimics became 

progressively harder to identify as the ratio of mimics to models decreased (Fig. 5.8B). With 

no variation between subjects’ ability to avoid mimics across the three ratios when the trait 

tested was leaf shape only, subjects’ ability at avoiding models increased their sensitivity. 

Subjects’ sensitivity was 6-7% lower when given a 3:1 ratio of mimics to models than when 

given 1:1 and 1:3 ratios. When the trait tested was leaf shape and colour, subjects’ sensitivity 

was associated with their ability to identify mimics rather than to reject models. Overall 

though, there was no strong pattern to indicate that the ratio of mimics to models influenced 

subjects’ ability to discriminate mimics from models (Fig. 5.9). 
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Fig. 5.9. Subjects’ ability to differentiate between mimics and models as quantified by the signal 

detection theory measure of sensitivity statistic, A, from between groupings of mimics and models 

that were similar in leaf shape (Similar leaf grouping), across the three ratios of mimics to models, 

within the three leaf trait types tested. A higher value equates to greater sensitivity in subjects. Letters 

indicate statistical significance between treatments (p < 0.05). Data are means ± S.E. 

 

5.4.6 How does the background affect subjects’ identification ability? 

Subjects found it slightly harder to identify mimics when presented with models among a 

“disruptive” background. However, Dissimilar grouped models were easier to identify with a 

“disruptive” background, whilst there was no difference between the two background types 

when identifying Similar grouped models (Fig. 5.10A). Due to mimics being easier to 

identify with no background, the presence of a “disruptive” background image resulted in a 

small but significant decrease in subjects’ sensitivity by 5% (Fig. 5.10B).  
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Fig. 5.10. (A) The proportion of mimics (dark bars) and models (light bars) subjects selected when 

leaves were presented on a plain white background and a “disruptive” background. Mimics and 

models were dissimilar in leaf shape (Dissimilar leaf grouping) and similar in leaf shape (Similar leaf 

grouping). Letters indicate statistical significance between treatments and pairings (p < 0.05). (B) 

Subjects ability to differentiate between mimics and models as quantified by the signal detection 

statistic measure of sensitivity statistic, A, between groupings of mimics and models that are presented 

on a “disruptive” background (dark bar) and on a plain white background (light bar). Asterisks 

indicate statistically significant difference between treatments (** p < 0.01). Data are means ± S.E. 

 

5.5 DISCUSSION 

There were several key findings from this study into the use of leaf traits for discrimination 

between the two visually similar plant species Alseuosmia pusilla (purported mimic) and 

Pseudowintera colorata (purported model), using human subjects as surrogate herbivores. (i) 

A. pusilla and P. colorata that were similar in 93.7% of the total shared leaf shape variation 

were easier to discriminate between than those that were dissimilar (Figs. 5.5 and 5.6). When 

A. pusilla and P. colorata were of similar shape, subjects focused on differences in leaf shape 

characteristics to discriminate between leaves. When the two species were dissimilar in leaf 

shape, subjects were distracted by size differences between leaves, even though size was not 

a reliable distinguishing trait (Fig. 5.7). (ii) Of the leaf traits used to distinguish A. pusilla 

from P. colorata, colour alone is not a reliable trait, whilst leaf shape is the most important 
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trait. However, when combined, leaf colour potentiates leaf shape as a cue or signal, 

increasing subjects ability to distinguish A. pusilla from P. colorata, but only when leaves 

were of the same size (Figs. 5.5 and 5.6). (iii) Although A. pusilla became easier to 

discriminate with the addition of leaf colour to leaf shape when the two species were of 

similar leaf shape, this effect was lost when they were dissimilar in leaf shape (Figs. 5.5 and 

5.6). (iv) Instant feedback generally increased subjects’ sensitivity (Fig. 5.6) making it easier 

for subjects to discriminate A. pusilla from P. colorata (Fig. 5.5). (v) Only within A. pusilla 

and P. colorata that were similar in leaf shape was there any support for the frequency-

dependency hypothesis that predicts that mimics become harder to discriminate as the 

proportion of models increases. This was only the case when subjects were presented images 

of leaves that were also in colour (Fig. 5.8). (vi) A “disruptive” background makes it harder 

for subjects to discriminate A. pusilla from P. colorata (Figs. 5.10A and B). Below I discuss 

the significance of these results for Batesian mimicry in plants. 

The leaves of A. pusilla share a remarkable degree of similarity in both leaf colour and leaf 

shape to those of P. colorata (Yager et al. 2016), and it is hypothesised that at locations 

where the two plant species co-occur, A. pusilla may escape predation by effectively 

functioning as a Batesian mimic of P. colorata (Dawson 1988, Atkinson and Greenwood 

1989). In order for Batesian mimicry to evolve, the accuracy in similarity of the shared trait 

or traits between the undefended species (mimic) to that of the defended species (model) 

must be at a level that decreases the likelihood of the mimic being attacked (Ruxton et al. 

2004). To date no studies have provided quantifiable support for the existence of visual 

mimicry within plants (Schaefer and Ruxton 2009, 2011), yet there are a number of studies 

that have documented many cases of uncanny visual similarities between defended and 

undefended sympatric species (Lev-Yadun 2016). How human subjects identify A. pusilla 

and P. colorata leaves provides insight into how the leaf traits of an undefended species may 

evolve to mimic those of another defended species, therefore acting as cues or signals of 

palatability. 

This study highlights how different leaf traits may interact when discriminating between 

species. Leaf size was an uninformative trait for species discrimination (Fig. 5.7). Indeed, 

when A. pusilla and P. colorata varied in leaf size, subjects’ sensitivity was reduced (Fig. 

5.6), and size appeared to act as a distraction, with both A. pusilla and P. colorata becoming 

harder to discriminate (Fig. 5.5). Although subjects were biased towards leaf size in this 

study, in general human subjects tend to ignore size as a trait in discrimination tasks, even if 



113 
 

it is an informative trait (Ashby and Maddox 1990, Kikuchi et al. 2015), unless differences 

between mimic and model are extreme (Kikuchi et al. 2015). When size differences are 

extreme, human subjects’ focus may be innately drawn to this trait as it is the most 

recognisable difference. Whether leaves that were large or small were more likely to be 

selected by subjects was not tested in this study, but this may highlight the need to account 

for a herbivores innate trait preferences or biases in future studies. 

Leaf shape recognition can be important for both invertebrates and vertebrates seeking out 

potential food sources (Rausher 1978, Parsons et al. 2006, Dell’aglio et al. 2016). Of the two 

individual traits in this experiment, subjects were most sensitive to leaf shape (Fig. 5.6), and 

it was the most important individual trait for A. pusilla discrimination (Fig. 5.5). When A. 

pusilla and P. colorata leaves were of similar size and most alike in 93.7% of the total shape 

variation, subjects were more sensitive to signals or cues (Fig. 5.6), and better at 

discriminating A. pusilla (Fig. 5.5). Once leaf size was no longer a distraction for subjects, it 

is possible that they focussed their attention on the remaining 6.7% of shape variation for 

identifiable differences that could act as cues or signals. 

Many herbivorous animals, including mammals and insects also utilize colour vision when 

foraging for food (Birgersson et al. 2001, Griffiths et al. 2010, Skelhorn et al. 2010). Leaf 

colour, however, was not useful as a cue or signal (Fig. 5.6) as evidenced by subjects being 

just as likely to select a P. colorata as they were an A. pusilla (Fig. 5.5). Although leaf colour 

alone had no effect on A. pusilla or P. colorata discriminability, when combined with leaf 

shape it did have a potentiating effect, improving subjects’ cue or signal sensitivity (Fig. 5.6) 

and discrimination abilities of A. pusilla. This effect was lost, however, when A. pusilla and 

P. colorata varied in size (Fig. 5.5). This suggests that leaf colour can increase the probability 

of detection and/or decreases the detection threshold, thereby increasing the overall 

conspicuousness of the leaf shape cue or signal, in line with the “amplifier hypothesis”. It 

may also be possible that these results indicate evidence for the “alerting hypothesis”, where 

leaf colour draws attention to the more informative leaf shape features. However, the only 

research supporting this hypothesis to date has come from multiple modalities e.g. visual and 

auditory cues (Sumby and Pollack 1954), tactile and visual cues (Spence et al. 1998, 

Macaluso et al. 2000), or vibration and visual cues (Hebets 2005). While colour vision could 

aid in a herbivores ability to discriminate A. pusilla, the size of a leaf will be ambiguous 

depending on its distance from the herbivore. Leaf morphology also varies throughout 

ontogeny and often as a response to exposed biotic and abiotic conditions (Nicotra et al. 
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2011). Therefore, a herbivore would likely need to discriminate between a range of leaf sizes 

both within and between species.  

A foraging herbivore would most likely encounter potential food sources in succession rather 

than simultaneously, it would therefore rely on memory to associate leaf morphology with 

unpalatability. The accuracy of discriminating between successively viewed objects decreases 

rapidly, owing to inefficiencies in coding and retrieving of memories, as shown both in 

humans (Uchikawa and Ikeda 1981) and honeybees (Dyer and Neumeyer 2005). However, 

discrimination abilities can be improved when associations of palatability are regularly 

reinforced (Blough 1959). If a herbivore’s ability to accurately discriminate between visually 

ambiguous food items, such as in potential mimicry cases, decreases over time due to 

degradation of memories, shorter feedback responses when eating food items from pre-

ingestive cues such as taste or smell rather than slower acting post-ingestive feedback would 

result in higher discriminability accuracy on subsequent choices. Knowing that a just eaten 

food item is desirable quickly, would allow for the herbivore to continue to browse or graze 

on that food item without delay, enabling stronger associations of palatability. When 

feedback was instant, subjects were generally more sensitive to cues or signals (Fig. 5.6) and 

were better at discriminating A. pusilla rather than when feedback was delayed. But 

interestingly, neither type of feedback generally had an effect on the discriminability of P. 

colorata (Fig. 5.5). Therefore, a model that provides slow feedback on its palatability would 

likely increase the uncertainty of subsequent discrimination tasks between potential models 

and mimics, benefiting a mimic. 

There was some evidence that as the proportion of models decreased, the protection of 

mimics through predator deception increased, as predicted under the frequency-dependency 

hypothesis. However, this was the case only when leaves were of similar size and under 

conditions where A. pusilla and P. colorata were easiest to discriminate (when leaf colour 

and shape traits were combined) (Figs. 5.8A and B). In all other cases under the conditions 

where subjects found it harder to discriminate A. pusilla (Fig. 5.5), there was no evidence that 

A. pusilla were any harder to discriminate when there were proportionately more P. colorata. 

Thus, only when subjects were the most confident in identifying A. pusilla did A. pusilla gain 

protection as the proportion of P. colorata increased. In all other circumstances these results 

are similar to those of McGuire et al. (2006) who interpreted the data as indicating that 

subjects were “over-analysing the problem they faced by adopting provisional rules in the 

hope of maximising their scores”. In this study however, apart from conditions when A. 
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pusilla and P. colorata leaves were coloured and of similar shape, the proportion of A. pusilla 

selected across the three ratios was relatively low; either close to, or below, 50%. And in 

almost all cases, the proportion of A. pusilla selected was lower than any proportion selected 

within the three ratios of the similar shaped coloured leaves (Fig. 5.8). It is likely that 

irrespective of how many there are, A. pusilla leaves under these conditions are at some form 

of discriminatory threshold. 

In the natural environment, cryptic or camouflaged prey may or may not be present at any 

given location, therefore predators do not know where to focus their attention. In this 

experiment, because of the way the survey was set up, the layout was identical on each 

screen, although A. pusilla and P. colorata were randomly distributed within them; thus, the 

subjects were likely to know where to focus their attention. Therefore, rather than testing for 

effects of increased crypticity, this experiment is actually testing how a visually complicated 

background affects the discriminability of shapes in a foreground similar to the 

heterogeneous habitat of plants, especially that of a typical habitat of A. pusilla and P. 

colorata as shown in Fig. 5.4. Visual camouflage can cover a number of strategies that aid in 

concealment and the prevention of detection and recognition (Stevens and Merilaita 2009a), 

including background complexity (Dimitrova and Merilaita 2012, 2014, Xiao and Cuthill 

2016). For both birds and humans, the number of lines and edges in the visual background, 

referred to in previous studies as “congestion”, has a significant impact on detectability of 

prey (Xiao and Cuthill 2016). When A. pusilla and P. colorata leaves were presented to 

subjects on a background image of a natural bush setting, subjects’ sensitivity to cues or 

signals decreased (Fig. 5.10B). This was mostly due to A. pusilla becoming slightly harder to 

discriminate (although P. colorata within the Dissimilar group became slightly easier to 

discriminate) (Fig. 5.10A).  

Plants are sessile organisms that vary in degrees of palatability for any particular herbivore. 

They are often surrounded by other plant species whose leaves vary in colouration, shape and 

size as well as overall structural morphology. This would have a twofold effect: (i) the greater 

number of surrounding and possible alternative food sources creates a visually complex 

environment in which to identify food, and (ii) it would be easier to identify alternative 

palatable food that is visually distinct from unpalatable food rather than those that are 

visually ambiguous. As the abundance of alternative prey items increases, predators are more 

likely to attack them and ignore ambiguous prey, reducing selection on the accuracy on a 

Batesian mimic (Lindström et al. 2004). Therefore, as mimics becoming slightly more cryptic 
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due to the visually disruptive background and as the leaves of any mimics and models will 

vary in size, if there is an abundance of alternative potential food plants available that are not 

as visually ambiguous as the mimic, then even a poor mimic would be protected from the 

herbivore. 

Human sensitivity to signals as measured by A, was overall driven by subjects’ ability to 

discriminate A. pusilla rather than P. colorata. This bias towards A. pusilla may be an effect 

of setting the costs and benefits equal (benefits = costs = 1). Whilst it is hard to estimate the 

true costs and benefits to a herbivore in a natural system, further studies should incorporate 

the effect of increasing the incentives (benefits) versus the increase in disencentives (costs) to 

see how this may influence subjects discrimination focus. An increase in costs in theory 

should lead to a more conservative approach taken than seen in this study whilst an increase 

in benefits should provide a higher incentive to attack. This may influence how subjects are 

able to discriminate mimics as the frequency of mimics to models varies, more in line with 

the frequency-dependent hypothesis than what was found in this study.  

In conclusion, this study demonstrates how leaf shape can be an informative trait used by 

potential herbivores for species discrimination, whilst other leaf traits may either enhance or 

distract within this process. However, exactly how may vary depending on the species of 

herbivore. It also highlights the importance of the multitude of other conditions a herbivore 

faces when trying to undertake discrimination tasks. Leaf shape, at least for humans, is the 

most informative leaf trait for discriminating between A. pusilla and P. colorata. And 

although leaf colour improved cue or signal sensitivity, when a herbivore is presented with a 

range of leaf sizes, its ability to correctly discriminate A. pusilla decreases. In a natural 

environment, the discriminability of A. pusilla would be further reduced given the complexity 

of the visual background on which leaves must be discriminated against. Modelling of 

selective pressure and experiments in Batesian mimicry suggest that predators mistaking 

models for mimics should drive the mimetic trait in models to evolve away (McGuire et al. 

2006, Franks et al. 2009). Interestingly, whilst fast feedback on subjects’ choices increased 

subjects’ discrimination abilities of A. pusilla, it had little effect on their ability to 

discriminate P. colorata. Feedback seemed to affect how accurately subjects were able to 

remember discriminable characteristics of the mimic rather than the model. Therefore there 

may be little selective pressure for a model to provide faster feedback on its palatability to a 

herbivore as this would have little effect on the likelihood of models being attacked.  



117 
 

As there is so much shape and colour variation between leaves, the ability to replicate 

discrimination tasks using fresh plant material would have been very difficult to do to the 

level that was made possible through the use of computers and humans as surrogate 

herbivores. This study, like others that use human surrogates, all tested how discriminatory 

tasks were performed on essentially simple shapes and colours. Where this study differs is 

that I applied these discriminatory tasks to shapes and colours present in the natural world. In 

doing so, I have highlighted in plants how under different natural conditions that a possible 

mimic can become harder to discriminate from its model, and therefore relevant for the 

evolution of Batesian mimicry. The ability to quickly train large numbers of humans is a huge 

advantage compared with other animals. However, for these results to be applicable to a 

particular herbivore, as with other human surrogate studies, cognitive and sensory abilities 

required for the level of the discriminatory task would have to be comparable with humans.  
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Chapter 6: General Discussion 

6.1 INTRODUCTION 

Brown and Lawton (1991) proposed over a quarter of a century ago, that the diverse 

morphologies we see in plant leaves may be, in part, a response to herbivory pressure. They 

identified mimicry between plant species as one way in which herbivores may have 

influenced the size and shape of leaves. As a defensive strategy, Batesian mimicry is a 

relatively common phenomenon amongst animals, but until I completed the research for 

chapter four, it had yet to be definitively demonstrated to function in plants. The Batesian 

mimicry hypothesis has been invoked in several studies where a similarity in leaf shape and 

colouration has been observed between two or more plant species, but there has been no 

empirical evidence that this similarity dupes a shared herbivore and correlates with increased 

fitness for the mimic. In my thesis, I tested whether Batesian mimicry could be responsible 

for the perceived similarities in leaf shape and colouration between the chemically defended 

Pseudowintera colorata and its purported mimic, Alseuosmia pusilla. 

6.2 Novel discoveries from this thesis 

This thesis presents the strongest empirical evidence to date in support of defensive Batesian 

mimicry complex in plants. My data satisfy the criteria for unequivocal proof of mimicry. 

That is: (i) both the mimic and a known model are attacked by the same herbivore; (ii) the 

herbivore is unable to distinguish between them; and (iii) this confusion increases the fitness 

of the mimic (Schaefer and Ruxton 2009, 2011).  

In chapter two, I established a spatially explicit morphometric analysis and demonstrated that 

the conspicuous leaf shape of the defended P. colorata is replicated by the relatively 

undefended A. pusilla across its entire growing range. In doing so, this is the first study that I 

am aware of that has compared leaf shape between two species at such a “high resolution” 

across an environmental gradient. Using this same approach in chapter three, I demonstrated 

that in a population of P. colorata and A. pusilla exposed to high mammalian herbivory 

pressure, leaf shape variation is reduced in both focal species, but not in other sympatric 

species. This is consistent with Batesian mimicry, wherein increased herbivory pressure 

selects for a stronger signal in the distinctive characteristic of the defended plant, and through 

the selection for mimicry, variation in the mimic’s phenotype converges on the model’s 

phenotype. Additionally, when alternative palatable food is preferentially targeted, P. 
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colorata increased in abundance and A. pusilla followed suit proportionately. Invertebrate 

herbivory was estimated to be similar on both species at both sites.  

In chapter four, I demonstrated that A. pusilla has a frequency-dependent protective 

relationship with P. colorata in the presence of red deer (Cervus elaphus scoticus), a 

relatively common introduced mammalian herbivore. I established that deer find A. pusilla 

more palatable than P. colorata, and that after eating a P. colorata individual, deer became 

reluctant to eat either P. colorata or A. pusilla. Although the two plants differ significantly in 

VOC emissions, deer were just as likely in the first instance to sample A. pusilla as they were 

P. colorata, and were, therefore, unable to use olfactory cues or to visually differentiate 

between the two species. Finally, as the abundance of P. colorata proportionately increased, 

herbivory damage to both species reduced overall, but more importantly, herbivory damage 

to individual A. pusilla reduced.  

In chapter five, I investigated how leaf characteristics of A. pusilla and P. colorata might be 

used as cues to differentiate between the two species under different conditions. Humans, as 

surrogate herbivores, found leaf size a distracting characteristic, and foraged more effectively 

when A. pusilla and P. colorata individuals were most similar in 94% of their shared shape 

variation. The trait, leaf colour, whilst unreliable by itself, acted to potentiate the trait, leaf 

shape, as a signal or cue. Fast feedback on species palatability improved accuracy on 

discriminating A. pusilla, but neither fast nor slow feedback improved discriminability on P. 

colorata. Finally, A. pusilla leaves were harder to discriminate when presented on a 

“disruptive” backdrop. 

6.3 The significance of establishing Alseuosmia pusilla as a Batesian mimic 

of Pseudowintera colorata 

My study is the first to demonstrate unequivocally that a relatively undefended plant species 

acts as a Batesian mimic in the presence of a visually similar, well defended model. In doing 

so, I satisfied the required criteria for proof of Batesian mimicry in plants as highlighted by 

Schaefer and Ruxton (2009, 2011). This also provides support to Brown and Lawton’s (1991) 

hypothesis that herbivores are, in part, responsible for the diversity of leaf shape in plants. 

The matter of the signal receiver in this mimicry complex not having shared an evolutionary 

history with either plant species, does not, I feel, lessen the significance of this study, but is 

exciting in its own right. Further, in this study I addressed a number of fundamental 



121 
 

hypotheses and restrictions plants likely contend with in the evolution and/or maintenance of 

mimicry. Below I discuss these in regards to my data in greater detail. 

6.3.1 Leaf shape similarity across the entire shared range 

Schaefer and Ruxton (2009) proposed that successful plant mimicry requires that the mimic 

and model converge in the perceptual world of an approaching herbivore such that it cannot 

easily distinguish between the two. However, leaves exhibit morphological plasticity and 

there is often considerable intraspecific variation in leaf shape even in the same environment 

(see section 1.1.2). Therefore, the leaf shape, size and colour of a putative mimic must be 

demonstrated to indeed overlap with the ranges of those of the model, and that any 

morphological convergence is more evident between individuals where the two species co-

occur. Additionally, for leaf shape to be effective as a visual deterrent, it would need to be 

sufficiently distinct from those of surrounding species. 

Until I had completed the research in chapter two, although a number of studies had proposed 

mimicry (see section 1.6.1), no studies have fulfilled these requirements for a purported plant 

Batesian mimicry complex. However, one study published by Gianoli and Carrasco-Urra 

(2014), demonstrated that the leaf shape of the vine Boquila trifoliolata, changes its leaf 

shape in 11 leaf traits to match those of several of its known hosts. While an intriguing result, 

there was no attempt to address if this was a localised occurrence, if the morphological 

convergence is always evident between individuals every time the species co-occur, or how 

the vine leaf shape correlated with host shape under different environmental conditions.  

In the above-mentioned study, as well as others that have attempted to address leaf shape 

differences using simple shape traits selected by the researchers, e.g. leaf length and width, 

there is a risk of attributing characteristics to mimicry that are not relevant to the intended 

signal receiver (e.g. eye-of-the-beholder mimicry; see section 1.4.3.2). By using a more 

robust technique of morphometric analysis, the human element is removed and all shape 

variation, perceived and unperceived, can be accounted for, allowing for an unbiased and true 

comparison of overall shape similarity. This is of particular importance, especially when the 

signal receiver is unknown.  

My morphometric analysis demonstrates how a robust technique can be applied to compare 

leaf shape variation within and between a purported mimic and model species, and how leaf 

shape responds spatially. It is also a reliable way to demonstrate whether leaf shape is a 

distinct characteristic within the environment, independent of human perception. 
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6.3.2 Leaf shape variability when exposed to high and low herbivory pressure 

The uniformity of warning signal is assumed to increase its efficacy (Müller 1879, Beatty et 

al. 2004, Rowland et al. 2007), yet variation in the strength of warning signals exists when 

there are trade-offs in associative fitness benefits and costs (see section 1.3.3). Likewise, 

mimics always experience selection to more closely resemble their models (Ruxton et al. 

2004), yet imperfect mimicry is common. A number of hypotheses have been invoked to 

explain how imperfect mimicry can be maintained (see section 1.4.2).  

My research in chapter three, is the first to address the response of leaf shape variation under 

increased herbivory pressure in the field. To date, studies have focused on how insect 

herbivores use leaf shape, demonstrating that leaf shape can influence the ovipositioning 

choice, consumption and performance, and act as a cue of a plants palatability (see section 

1.5), but none, to the best of my knowledge, has attempted to address how leaf shape 

responds to herbivory pressure. The response of leaf shape variation between P. colorata and 

A. pusilla and abundance of the two species between the two study sites, present support for 

the relaxed selection hypothesis (see section 1.4.3.1). However, rather than an increase in 

accuracy of mimicry, which was not seen, it appears that herbivores selected for an increase 

in signal strength (decreased variation in leaf shape seen only in P. colorata and A. pusilla), 

possibly to increase the distinctiveness of leaf shape from surrounding palatable species. 

6.3.3 Testing the Batesian mimicry hypothesis in plants 

Unequivocal proof of defensive Batesian mimicry requires evidence that: (i) both the mimic 

and a known model are attacked by the same herbivore; (ii) the herbivore is unable to 

distinguish between them; and (iii) this confusion increases the fitness of the mimic. Until I 

completed my research for chapter four, no study had attempted to, or satisfied these three 

criteria in plants. Furthermore, the finding that deer became reluctant to eat again after having 

eaten a P. colorata provides quantitative support for Augner and Bernay’s (1998) model for 

the evolution of Batesian mimicry in plants. 

The putative signal receiver in the A. pusilla-P. colorata Batesian mimicry complex is the 

now extinct moa; a group consisting of several species of ratite mega-herbivores commonly 

invoked in hypotheses to explain unusual plant growth forms in the New Zealand flora. 

While it is not possible to test whether moa avoid A. pusilla in the presence of P. colorata, 
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studies into other unusual New Zealand native plant forms have substituted extant ratite 

species in feeding trials (Bond et al. 2004, Pollock et al. 2007). Therefore, performing 

feeding trials on emu or ostriches may provide indirect evidence for the moa co-evolutionary 

hypothesis. The results from chapter four support what was observed in chapter three in the 

field. However, whether or not deer are acting as substitute species for moa, or these results 

are an example of exaptive Batesian mimicry, both pose interesting areas of discussion.  

In New Zealand, the role of introduced deer species functionally replacing moa (Caughley 

1988, Batcheler 1989), is a controversial topic (Atkinson and Greenwood 1989, Forsyth et al. 

2010, Lee et al. 2010, Wood et al. 2013). The role of substitute species is often highlighted in 

terms of providing a lost service that have a conservation benefit for other vulnerable species 

(Schlaepfer et al. 2011), although the benefits are argued to be often outweighed by the 

negatives (Vitule et al. 2012). The role of a substitute species in maintaining an adaptive 

function in other species does not appear to be addressed in research. Likewise, the evolution 

of traits within separate species that then get co-opted to act as signals that provide a fitness 

benefit through mimicry has not been studied yet either, and addressing how to prove this in 

most natural mimicry systems may be hard. However, these results are exciting as red deer, 

an introduced species now classified by many as a pest, react to the similarity between A. 

pusilla and P. colorata as predicted by Batesian mimicry theory. Therefore deer may be 

resurrecting an historic selection regime of extinct herbivores and leading to microevolution 

in plants. 

6.4 Leaf traits as cues and signals, and the function of feedback and backdrop 

How herbivores use plant traits as signals and cues, when they use them, and the factors 

involved in how they learn about them have not been well studied. To date, all we know 

about the use of signals comes from predator-prey foraging systems (Skelhorn et al. 2016). I 

modelled my study in chapter five on similar studies performed using humans as substitute 

predators (e.g. McGuire et al. 2006, Kikuchi et al. 2015). However, studies that use humans 

as surrogates have also exclusively only used computer generated prey to test how traits 

respond as signals. I wanted to test how images of real prey items with natural variation 

within traits could be used as signals.  
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6.4.1 Multidimensional signals in mimicry  

Multidimensional signals are ubiquitous in communication, yet overall it is still rare for 

mimetic signals to be studied within a multidimensional framework (Gaskett 2011, Rowe and 

Halpin 2013, Dalziell et al. 2015). In my study I found evidence of a characteristic within a 

trait (leaf size), that acted on perceptual biases of the surrogate herbivores, decreasing their 

sensitivity to honest signals. In relation to mimicry, this is a functional requirement within the 

perceptual exploitation hypothesis (see section 1.4.4.1). Human subjects continued to use leaf 

size as a defining characteristic when it was an obvious difference between individual leaves, 

but not necessarily between models and mimics. As leaf morphology, including leaf size, is 

highly variable within and between species, a foraging herbivore is likely to be presented 

with a range of leaf sizes at any given time.  

6.4.2 Multidimensional signals in leaves 

My results from chapter five demonstrate that leaves can act as cues and signals. Humans, as 

surrogate herbivores, used leaf traits and were able to discriminate between A. pusilla and P. 

colorata to varying degrees under different conditions. Leaf colour by itself was not 

informative. However, when combined with leaf shape, the sensitivity of respondents was 

greater than those who used leaf shape alone. Although not uncommon within predator-prey 

signalling (e.g. Hasson 1991, Hebets and Uetz 1999), this is the only example from within 

plants of the amplifying hypothesis.  

6.4.3 Feedback and backdrop 

Herbivores rely on feedback when selecting food in order to make associative connections 

between nutrient quality and secondary metabolite investment within a plant. Studies into 

feedback have focused on how feedback from post-ingestive cues (e.g. satiation) calibrate the 

sensory experiences from pre-ingestive cues (e.g. taste, colour) (Provenza 1995, Villalba and 

Provenza 2000, Werner and Provenza 2011). I was interested to see if the speed in which 

feedback was provided could affect the ability of signal learning. I am unaware of any other 

study that has focused on the role of feedback speed on discriminability. Faster feedback 

correlated with increased discriminability of the rewarding species (A. pusilla), however the 

speed of feedback generally did not affect the ability of subjects to avoid the unpalatable 

species (P. colorata). This suggests that the speed of feedback that is provided by a defended 

species is not likely to be under selection with an associated warning signal. Therefore, 

feedback speed is of interest in mimicry systems where mimics are at an advantage when the 
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unpalatability of a models defences is expressed slowly. For example, a feeling of un-

wellness from ingesting a secondary metabolite would benefit a mimic more than a powerful 

taste. 

Detectability of prey against background has also been well studied within predator-prey 

systems (Ruxton et al. 2004), yet how background might affect a foraging herbivore’s ability 

to detect food has received very little attention. The only other studies that have looked at the 

effect of background in plants have focused on colour matching of plants to background 

(Hernández et al. 2001, Fadzly et al. 2009, Burns 2010), or mentioned that variable leaf shape 

could blend into the background (Fadzly and Burns 2010). However, many plant habitats are 

associated with a number of plant species and are visually complex environments where 

herbivores must contend with a lot of signal noise. My study suggest that plants, by nature of 

their environment, are cryptic to some degree.  

6.4.4 Plant-herbivore communication 

My results from chapter five cannot be directly applied to a particular herbivore-plant 

interaction given that I used human surrogates. However, as there is good qualitative 

congruity found between the performance of humans and other animals in simple 

discriminatory tasks, it does demonstrate that leaf shape can act as a signal or cue. These 

results indicate why further research into plant-herbivore communication is important and 

that it could provide powerful insights into the functional significance of leaf morphology. 

6.5 CONCLUSIONS 

The diversity of leaf shapes and sizes is vast. Leaf morphology and colouration can be 

partially attributed as a physiological response to abiotic and biotic stresses plants face (see 

section 1.1). However, as reviews on the functional significance of leaf shape all highlight, 

there is a need for further investigation into the role of herbivores (Tsukaya 2005, Kidner and 

Umbreen 2010, Nicotra et al. 2011, Dkhar and Pareek 2014). My thesis provides further 

support to the few studies that demonstrate that leaf shape, size and colour are under selection 

by herbivores. In chapter two, I demonstrate a robust method of studying leaf shape that is 

independent of human perceptual biases. In doing so I established the similarity in leaf shape 

between A. pusilla and P. colorata. In chapter three, I showed that variation in leaf shape 

decreased in natural populations of the two species when exposed to high numbers of 

mammalian herbivores. Both species were also in higher abundance as predicted under 
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Batesian mimicry. In chapter four, I satisfied the requirements for A. pusilla to act as a 

Batesian mimic of P. colorata. I demonstrated that deer found A. pusilla more palatable than 

P. colorata. Deer were equally likely to make first contact with either species, but as the 

proportion of P. colorata individuals increased relative to A. pusilla, browsing on A. pusilla 

individuals reduced. In chapter five, I showed that leaf traits can act as signals or cues. I also 

demonstrated that plant-herbivore communication requires further study as a greater 

understanding of how herbivores use plant cues and signals will aid our understanding of the 

functional significance of leaf shape. Our understanding of how herbivores identify palatable 

and unpalatable food, when they use particular cues or signals, and the factors involved in 

how they learn about them will also aid our understanding of how a plant may act as a 

Batesian mimic of another plant to avoid herbivory. 
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APPENDICIES 

A. Additional information for Chapter 2 

A.1. Location of transect at Otaki Forks 

Plant material was collected along a 4.5km stretch of track in the Otaki Forks region of the 

Tararua Forest Park, New Zealand between the coordinates S40 53.30, E175 14.22 and S40 

54.46, E175 15.37. The collection area covered the elevational range of 470 – 870 m (Fig. 

A.1). Plant locations were recorded using a Garmin 60 GPS (Olathe, USA; accuracy: ± 2-10 

m). 

 

Fig. A.1. (A) Otaki Forks field site location (red shaded box) located in the Tararua Forest Park, New 

Zealand. Scale bar = 5 km. (B) Study transect line (red) following Fields Track at Otaki Forks. Scale 

bar = 500 m. 
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A.2. Shape Analysis 

When principal components (PC) 1-4 are plotted in two-dimensional space, there is overlap 

in the variation in leaf shape of the population of Pseudowintera colorata and Alseuosmia 

pusilla (Fig. A.2).   

 

Fig. A.2. Two-dimensional graphs generated by ± 6 standard deviations from the mean leaf shape 

along each principal component (PC) representing leaves of Pseudowintera colorata (red crosses) and 

Alseuosmia pusilla (green open triangles) as single points. Principal component analysis reduced 

98.1% of leaf shape variation between the two species into four PC’s (PC1-4). PC1 accounted for 

89.6% of total leaf shape variation, PC2: 4.1%, PC3: 3.4%, and PC4: 1%. Leaf shape variation 

between the two species is plotted along (A) PC1 and PC2; (B) PC2 and PC3; and (C) PC3 and PC4. 

 



129 
 

 A.3.  Shape Discrimination 

When the discriminant analysis was restricted to P. colorata and A. pusilla only, discriminant 

analysis incorrectly classified 6% of A. pusilla as P. colorata. For P. colorata, 29.9% were 

misidentified as A. pusilla (Table A.1). Thus, a total of 18% A. pusilla and P. colorata were 

misclassified. 

 

Table A.1.  Percentage of correct identification of species by cross validated discriminant analysis 

using the leaf margin landmarks. 

Original species group 
membership 

  

 Predicted species group membership based 
on leaf shape (%) 

    
A.p P.c 

   

Alseuosmia pusilla (A.p)     94.0 6.0    

Pseudowintera colorata (P.c)     29.9 70.1    

 

 

B. Additional information for Chapter 3 

B.1. Location of transect at Kapakapanui 

Plant material was collected along a 3.5km stretch of track in the Kapakapanui region of the 

Tararua Forest Park, New Zealand between the coordinates S40 55.15, E175 08.14 and S40 

54.66, E175 09.01. The collection area covered the elevational range of 517 – 715 m (Fig. 

B.1). Plant locations were recorded using a Garmin 60 GPS (Olathe, USA; accuracy: ± 2-10 

m). 
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Fig. B.1. (A) Kapakapanui field site location (red shaded box) located in the Tararua Forest Park, 

New Zealand. Scale bar = 5 km. (B) Study transect line (red) following Kapakapanui hut track at 

Kapakapanui. Scale bar = 500 m. 

 

B.2. Shape Analysis 

When principal components (PC) 1-4 are plotted in two-dimensional space, the overlap in the 

variation in leaf shape of the population of Pseudowintera colorata and Alseuosmia pusilla 

can be demonstrated within and between the “High Herbivore” site and the “Low Herbivore” 

site (Fig. B.2).   
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Fig. B.2. Two-dimensional graphs generated by ± 6 standard deviations from the mean leaf shape 

along each principal component (PC) representing leaves from the “Low Herbivore” site: 

Pseudowintera colorata (red crosses) and Alseuosmia pusilla (green open triangles), and the “High 

Herbivore” site: P. colorata (light red squares) and A. pusilla (light green triangles) as single points. 

Principal component analysis reduced 97.7% of leaf shape variation between the two species into four 

PC’s (PC1-4). PC1 accounted for 87.6% of total leaf shape variation, PC2: 4.7%, PC3: 4.3%, and 

PC4: 1.1%. Leaf shape variation between the two species is plotted along (A) PC1 and PC2; (B) PC2 

and PC3; and (C) PC3 and PC4. 

 

C. Additional information for Chapter 4 

C.1. Palatable control group species 

Hoheria sexstylosa and Griselinia littoralis saplings, two known palatable tree species to red 

deer (Cervus elaphus scoticus) (Nugent et al. 1997, Forsyth et al. 2002), were tested in the 
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presence of P. colorata as control groups. The leaves of H. sexstylosa and G. littoralis are 

visually dissimilar in leaf shape (Fig. C.1), and all individuals of both species presented to 

deer in each feeding trial were of similar height. 

 

Fig. C.1. Leaf morphology examples of, (A) Griselinia littoralis and (B) Hoheria sexstylos, two 

known palatable tree species to red deer (Cervus elaphus scoticus), used in feeding trials as control 

groups. Scale bar = 20 mm. 

D. Additional information for Chapter 5 

D.1. Leaf selection for Similar and Dissimilar groups 

Individual leaves were categorised as Similar or Dissimilar based on leaf shape 

characteristics only (not colour) from their principal component (PC) 1 and PC2 scores. PC1 

and PC2 accounted for 93.7% of the total leaf shape variation. The Similar group comprised 

model and mimic leaves that lay within a 1 S.D. ellipse of the PC1 and PC2 mean leaf shape. 

That is, a screen presented to a subject contained images of Pseudowintera colorata and 

Alseuosmia pusilla leaves either from within the P. colorata ellipse, the A. pusilla ellipse, or 

the overlap of the P. colorata and A. pusilla ellipses (Fig. D.1). Each screen therefore 

contained leaves with minimal difference in PC1 and PC2 scores. The Dissimilar group was 

made up of leaves from outside the 1 S.D. ellipses of the mean leaf shapes, but for each 

screen, the presented leaves of mimics were matched such that there was maximum 

difference in PC1 and PC2 scores from the presented leaves of models. That is, if images of 
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P. colorata were sourced from PC1 scores with negative S.D. values and PC2 scores with 

positive S.D. values (e.g. top left quadrant of the graph in Fig. D1), then images of A. pusilla 

were sourced from PC1 scores with positive S.D. values and PC2 scores with negative S.D. 

values (e.g. lower right quadrant of the graph in Fig. D.1). 

 

 

Fig. D.1. Images of leaves for the Similar and Dissimilar groups were selected based on their 

principal component (PC) 1 and PC2 scores. Similar grouped leaves were found within the 1 S.D. 

ellipses from the mean leaf shape of either species. Dissimilar grouped leaves were located from 

outside the 1 S.D. ellipses and from opposite quadrants from the PC1 and PC2 graph. 
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