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Abstract
The question of why some species are rarer than others is fundamental to understanding the ecology and evolution of both communities and lineages. It is predicted that
species with specialised ecological interactions will be at greatest risk of species rarity.
The Orchidaceae, which is known for specialised mycorrhizal and pollinator relationships, represents a suitable group to test the role of these ecological interactions in species rarity. I investigated the role of landscape characteristics, mycorrhizal specificity
and pollinator specificity in the high level of intrinsic rarity in Drakaea (Orchidaceae),
a genus well known for its highly modified flowers that achieve pollination through
sexual deception of male thynnine wasps.

Using in excess of 13,000 records in the Western Australian Herbarium, I conducted
an analysis of the biogeography and factors associated with rarity in the southwestern
Australian orchid flora. Highest levels of endemism were in regions characterised by
unique edaphic environments and naturally fragmented habitats. Further, a higher incidence of rarity exists in naturally fragmented habitats. The sexual deception strategy
for pollination was correlated with high levels of rarity. These results suggest that the
use of sexual deception may predispose Drakaea to rarity, though in some species,
their occurrence in naturally fragmented environments may also contribute to rarity.

DNA sequencing and field baiting studies were combined to test the role of mycorrhiza in orchid rarity in two communities of Drakaea. Sequencing of the ITS region
revealed that all five species studied use a single species of Tulasnella fungus. Further,
in vitro germination studies demonstrated that fungi isolated from each Drakaea species can support germination of the other species. A field baiting experiment showed
no significant difference in the number of microsites at which common and rare Drakaea germinated. Further, in all species germination occurred at sites where the parent
plants do not. As such, differences in mycorrhizal ecology are not contributing to the
differences in the abundance of Drakaea species in these communities.

Baiting across the known geographic range of each species of Drakaea confirmed that
seven species used a single thynnine wasp for pollination. In the three biogeographic
regions with sympatric hammer orchids, the rarest orchid was always visited by the
rarest pollinator. Further, the pollinators of rare species tend to occur at fewer sites un3

occupied by Drakaea than common species. Fruit set was generally high (mean of
51%), though was low in a subset of rare species. Fruit set was highest in small populations, providing a mechanism that facilitates survival of small populations. While the
strategy of sexual deception tends to yield high fruit set, particularly in small populations, in rare species expansion from existing populations is limited through the patchiness of pollinator populations.

Combining studies of biogeography, mycorrhiza and pollinators has demonstrated that
in Drakaea rarity is primarily correlated with the rarity of specific pollinators and
naturally fragmented habitats. Further, there was no evidence that specialised mycorrhizal relationship contributed towards the rarity of species. This approach to the
study of species rarity has enabled inference of causes of intrinsic rarity but also necessary information for the management of rare Drakaea. It is proposed that the use of
baiting techniques may be much more widely applicable in the study of rare species.
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Chapter 1 – General introduction
The study of species rarity

Rare species are those that occur in low abundance or have a restricted distribution
(Gaston 1994). The study and pursuit of rare species has long captivated biologists as
they seek to discover new and elusive species and understand their life history and origin. As the discipline of ecology has diversified from descriptive and autecological
research to studies of communities and the interaction of evolutionary and ecological
processes, the study of species rarity has become important in modern ecology. At the
community level, ecologists continue to pursue questions such as: why do communities contain disproportionately more rare species? Why are some communities more
diverse than others? What is the role of rare species in ecosystem function? And fundamentally, why are some species rarer than others? From an evolutionary perspective,
the study of rarity is critical in understanding the extinction of lineages while others
proliferate (Darwin 1859). Combining ecological and evolutionary perspectives in the
study of the causes of species rarity leads to a different trajectory. While detailed ecological studies provide modern proximate causes, the evolutionary history of a group
of species can reveal in some cases the ultimate causes of rarity through understanding
the geographical origins of the group and speciation processes that have given rise to
the current biota.

Over recent decades, an increasing proportion of ecological research falls under the
broad category of conservation biology – essentially the study of the processes threatening the persistence of species and communities, usually in the context of anthropogenic influences. It is inevitable that insufficient funds are available to study all threatened species, so conservation biologists must prioritise research efforts. While some
have proposed allocation of research effort in species conservation based on phylogenetic distinctiveness (May 1990) or evolutionary potential (Linder 1995), in most cases
effort is focused on rare species, based on the underlying assumption that they are
closest to extinction. This approach has led to a proliferation of research on rare species, including those that are intrinsically rare and those that have become rare through
human behaviour.
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Forms of rarity and their classification

While rare species are those of low abundance and/or small distribution, it is immediately apparent that within this broad category there are multiple patterns of distribution
and abundance that could be classed as rare. This is readily apparent by taking examples from the orchid flora of southwestern Australia. For example, Caladenia caesarea
subsp. maritima is common in its habitat of coastal granite outcrops, but is rare in that
it is restricted to only 5 km of coastline along a specific granite formation (Hopper &
Brown 2001). Alternatively, Drakaea concolor occurs in the specific habitat of slight
depressions in sandplain over a distance of 360 km, but is known from less than ten
populations (Hopper & Brown 2007). The most puzzling form of rarity is when a species has broad habitat preferences but remains rare in the landscape. This form of rarity
is exhibited by Prasophyllum triangulare, which occurs in a variety of woodland and
forest habitats but is rarely seen (Brown et al. 2008). Given the vastly different patterns of distribution classed as rare, the ecological and evolutionary processes underlying species rarity must differ between species. As a result, classification schemes have
been developed that group species with similar patterns of rarity and attempt to describe the mechanisms underpinning each type of rarity.

The most widely used classification of rare species is that of Rabinowitz (1981). This
classification considers three aspects of species rarity: geographic range, habitat specificity, and local population size. These categories are considered in a 2 × 2 × 2 table to
yield the seven possible combinations of rarity, with the category of wide geographic
range, wide habitat specificity and large local population size considered common.
While this scheme is useful for grouping species with similar distributional patterns, it
provides no information on the causes of rarity (Fiedler & Ahouse 1992). For example,
a geographically restricted species could be an old lineage persisting in part of the
landscape characterised by relictual habitat, or an incipient species that has formed in
allopatry from a widespread common species. These opposing situations imply very
different ecological and evolutionary histories for the populations being studied and
consequently different management approaches. In their classification of rarity, Fiedler
& Ahouse (1992) incorporated consideration of taxon age to take this situation into
account. However, in most cases, studies of rarity including the evolutionary history of
the group are beyond the means of those conservation biologists and land managers
trying to understand the current threatening processes of rare species.
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The causes of species rarity and approaches to their study

Reviews of the mechanisms causing species rarity have revealed few trends among
species (Gaston 1994; Bevill & Louda 1999; Murray et al. 2002). Fiedler (1987) and
Gaston (1994) surmised that the causes of rarity are predominantly idiosyncratic, and
that it is impossible to predict in advance for any one species the reasons responsible
for its rarity. Further, the mechanisms responsible for a species rarity may only operate
periodically (Gaston 1994), for example under conditions of severe environmental
stress or predation. When a potentially limiting factor is identified for a species, distinguishing the causes of rarity from the consequences of rarity poses a considerable obstacle. For example, has a high genetic load led to a species becoming rare or is it a
consequence of greater inbreeding in a small population? Similarly, density-dependent
effects may obscure causes of rarity (Kunin & Gaston 1993). Despite these issues, progress has been made into identifying the causes underlying species rarity through combining correlative, demographic, experimental and comparative approaches.

Establishing correlations between rarity and ecological traits was the earliest approach
to the study of species rarity and remains applicable today. While this approach cannot
attribute direct causes of rarity for any one species, it provides a useful guide for hypothesising the primary causes of rarity in the biota in general. Establishing the geographic pattern of rarity and its relationship to underlying environmental variables represented a critical step in the study of species rarity. This was initially achieved
through examining patterns of narrow endemics. Cain (1944) and Mason (1946a,b)
were among the first to make the link between edaphically unique environments and
short-range endemism, a trend that has been reported in numerous floras (e.g. Stebbins
& Major 1965; Kruckeberg & Rabinowitz 1985; Hopper & Gioia 2004). Further, isolated islands of habitat tend to be characterised by short range endemic species, with a
tendency for more isolated islands to have a higher incidence of endemism (Carlquist
1974; Kruckeberg & Rabinowitz 1985; Kessler 2002).

The proliferation of life history information in better studied floras has allowed for
tests of a wider range of ecological traits and their correlation with rarity. In some
cases this has reaffirmed the common correlation of geology and edaphically unique
environments with species rarity (Jacquemyn et al. 2005). In other instances, aspects
of reproductive biology such as reliance on pollination by animal vectors (Sakai et al.
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2002; Pilgrim et al. 2004) and seed dispersal mechanism (Kessler 2002) have been
found to be correlated with rarity. Gaston (1994) made the observation that while both
common and rare species exhibit low to medium dispersal capabilities, very few rare
species have high dispersal capabilities. An extension of these trait-based studies is to
test for a correlation between niche breadth and rarity, with the expectation that intrinsically rare species will be competitive in or adapted to a more limited range of conditions. While some support exists for a relationship between niche breadth and rarity
(Pyron 1999; Goulson et al. 2008), there is limited evidence that this is a general trend
(Burgman 1989; Gaston 1994; Thompson & Ceriani 2003; Williams et al. 2006).
However, quantifying the appropriate aspect of niche breadth requires background information on which aspects of niche breadth are under selection and are therefore relevant to studies of species rarity.

Comparison of ecologically similar, co-occurring congenerics provides a powerful approach to the study of species rarity. Identifying traits where the species differ can potentially provide a rapid approach for inferring the causes of rarity in the species of
concern. Further, comparisons of numerous such studies have the potential to elucidate
general trends in the possible causes underlying species rarity. Unfortunately, limited
studies have been undertaken and many have focused on only a small selection of potential traits and species, preventing generalisation (Bevill & Louda 1999; Murray et
al. 2002). However, it is already apparent that the traits relevant to rarity differ from
one study system to the next (Murray et al. 2002). Detailed comparative studies of rarity that focus on a range of life history traits have linked rarity to life history strategy
(Fiedler 1987; Rabinowitz et al. 1989; Byers & Meagher 1997). For example, Byers
and Meagher (1997) found that rare species were likely to colonise well in the short
term but would be limited by low reproduction in the long term. Alternatively, Fiedler
(1987) found that rare species had characteristics associated with climax communities
while common species were colonisers.

The ‘hierarchies of cause’ approach is a framework to determine the ultimate cause of
rarity, where the evolutionary history, population genetics and ecology of a rare species are well resolved. In this scheme, where taxa are classified by geographic extent
and age, a series of hypotheses are proposed representing a hierarchy of the likely
causes of rarity for each type of rarity (Fiedler & Ahouse 1992). Such an approach recognises that the evolutionary history of a taxon can play an important part in its current
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distribution and abundance. Causes of rarity are established on a species by species
basis, though knowledge of congeners can be used to strengthen the case and infer
evolutionary history. An example of this approach is the study by Yates et al. (2007)
of the rare granite endemic shrub, Verticordia staminosa (Myrtaceae). Yates et al.
(2007) demonstrated that the species consists of ancient, disjunct, strongly genetically
differentiated populations and that fire and climatic fluctuation had likely led to the
extinction of intervening populations from areas of suitable but currently unoccupied
habitat. Prolific flowering, high seed set and high seed viability suggest that reproductive biology is not playing a role in rarity of this species (Yates et al. 2007). As can be
seen from this example, the ‘hierarchies of cause’ approach enables the researcher to
determine both the ultimate causes of species rarity and infer their relative influence.

While determining the ultimate cause of species rarity requires an evolutionary perspective, many conservation biologists are interested in what is currently limiting the
distribution and abundance of the species. However, the general approach to the study
of the factors currently limiting rare species has received much criticism (Schemske et
al. 1994; Bevill & Louda 1999; Murray et al. 2002). In a review of studies of rare
plants, Schemske et al. (1994) concluded that factors under study are often chosen arbitrarily with little consideration for the biology of the species. Further, most studies
do not necessarily seek to establish those parts of the life cycle limiting the abundance
of a species. Rather, Schemske et al. (1994) (pg. 590) propose that studies of rare species should follow a three-step process: (i) determine if “the number of populations
and individuals of a species is increasing, decreasing or stable” (ii) determine “which
life history stages have the greatest effect on population growth and species persistence?” (iii) establish “what are the biological causes of variation in those life history
stages that have a major demographic impact?” In situations where time or funding is
limited or the species in question has a long life cycle, the use of common-rare comparisons in concert with background knowledge on the biology of the species under
study may guide the rapid determination of the life history stage with the greatest effect on species persistence. Further, the approach of Schemske et al. (1994) focuses on
factors limiting existing populations rather than factors limiting the species in other
sites and controlling abundance at larger scales. For these questions, experiments involving baiting methods to detect the presence of suitable microsites for germination
(e.g. Turnbull et al. 2000), the presence of symbiotic mycorrhiza (e.g. Brundrett et al.
2003) or pollinators (e.g. Janzen et al. 1982) may be needed to reveal causes of rarity
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at larger spatial scales.

The diversity of approaches adopted to determine the causes of species rarity has resulted in a disparate literature from which it is difficult to extrapolate general trends.
Further, this literature includes research with diverse aims including those seeking to
determine the ultimate cause of rarity in a single species, others aimed at determining
what is currently limiting the distribution and abundance of a species and several testing for a correlation between rarity and ecological traits across an entire flora. However, the presently available information provides the strongest support for the hypothesis that causes of rarity are largely idiosyncratic (e.g. Fielder 1987; Gaston 1994).
While correlational studies suggest that certain ecological traits are more likely to be
associated with rarity, their relative influence will be heavily affected by differences in
the evolutionary history and ecological interactions encountered by each species. Studies of rarity in relation to niche breadth suggest that in rare species with a relatively
specialised ecology, specialisation will have contributed to rarity in a subset of species.

An introduction to the Orchidaceae and their relevance to the study of species
rarity

The Orchidaceae is one of the most diverse plant families, with approximately 26,000
species (Royal Botanic Gardens, Kew 2009). The family is characterised by the fusion
of the stamens and style into a column (Nilsson 1992). Pollen is deposited on the pollinator from the tip of the column in coherent masses known as pollinia, which are deposited intact or as subunits onto the stigma of a small number of flowers (Nilsson
1992). This process results in highly skewed reproductive success within populations
(Tremblay et al. 2005) and the highly specific positioning of the pollen encourages
specialisation in the orchid’s use of pollinators (Nilsson 1992). The Orchidaceae are
also noteworthy for the reliance of many species on mycorrhizal fungi for germination
and annual growth (Rasmussen & Rasmussen 2009). Further, this relationship is exceptionally specific in some genera and in extreme cases can be species specific
(McCormick et al. 2004; Swarts 2007). In both the case of the pollinators and mycorrhiza, the relationship is highly asymmetric with the orchid heavily reliant on its
partner but not vice versa (Roberts 2003; Rasmussen & Rasmussen 2009). The asymmetric nature of these relationships and the level of specialisation often involved has
not only led to a proliferation of orchid research but also concerns about their ability to
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persist in a rapidly changing environment (Swarts & Dixon 2009).

Globally, the biggest threats to the conservation of orchids is the clearing of tropical
rainforest (Koopowitz et al. 2003), where the diversity of orchids is greatest (Cribb et
al. 2003). However, some diverse temperate areas have also been severely affected by
habitat removal, in particular southern Australia (Backhouse 2007). As knowledge of
the ecology of orchids grows, it is becoming apparent that a wide range of threats are
involved, including changing water tables, salinity and inappropriate fire regimes
(Brown et al. 1998; Koopowitz et al. 2003; Burgman et al. 2007). Causes of intrinsic
rarity in orchids are poorly resolved, though correlative studies have found a relationship between rarity and unique edaphic environments (Jacquemyn et al. 2005; Kull &
Hutchings 2006).

Research on the biology of rare orchids and strategies for their conservation is beginning to receive considerable attention. However, examination of the research presented
at the International Orchid Conservation Congress in 2007 (published in Lankesteriana, volume 7, No. 1-2), reveals that most orchid conservation research is still at the
stage of inventories, propagation and descriptive natural history studies. While such
studies retain an important role in orchid conservation, future work needs to focus on
limiting processes and techniques for alleviating them. For example, recent reviews of
orchid pollination in a conservation context have provided useful summaries of pollination strategies, specificity and levels of fruit set, but almost no information on the
role of pollinators in orchid rarity and changes in the pollinator community in response
to anthropogenic changes (Roberts 2003; Swarts & Dixon 2009). Likewise, reviews of
orchid mycorrhizal ecology by Zettler et al. (2003) and Swarts & Dixon (2009) revealed numerous studies on the identification of the endophyte, the specificity of the
relationship and the fungus’ role in carbon transfer, but almost no information on the
role of the mycorrhiza in limiting the abundance and distribution of wild orchids. To
progress orchid conservation biology, emphasis needs to be placed not only on the nature of the relationship between the orchid and its environment, but the influence of
this relationship on intrinsic rarity and conservation strategies.

Orchid pollination, with special reference to sexual deception

Since Darwin’s (1862) famous work ‘On the Various Contrivances by which British
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and Foreign Orchids are Fertilised by Insects’, orchid pollination biology has received
considerable attention from ecologists and evolutionary biologists because of the propensity towards specialised floral morphology and plant-pollinator relationships
(Nilsson 1992). The best known examples of orchids pollinated by one or few species
include the pollination of star orchids (Angraecum spp.) on Madagascar by longtongued hawk moths (Nilsson 1992), the pollination of numerous scent-offering
neotropical genera by male euglossine bees (Dressler 1968) and the attraction of sexually excited male hymenopterans through chemical and floral mimicry of a calling female (Coleman 1928). Specialisation on a few pollinator species and strong pollinatorinduced reproductive isolation have been implicated in the diversification of the family
(Schiestl & Schlüter 2009). Further, specialisation on a single pollinator species has
the potential to limit the distribution of the orchid and cause rarity as a flow on from
the ecology and abundance of the pollinator (Dressler 1968). Perhaps the best group to
test this idea is the sexually deceptive species, where baiting for pollinators with the
orchid has previously been used to investigate the ecology of pollinators (Stoutamire
1983; Peakall 1990; Peakall & Beattie 1996).

Pollination by sexual deception involves chemical and physical mimicry of a female
insect, resulting in the attraction of sexually excited males (Schiestl et al. 2003). Pollination is achieved as the male attempts to copulate or fly off with the femalemimicking labellum (Coleman 1928; Stoutamire 1974). It has been proposed that sexual deception evolved through increased pollen movement distances leading to increased offspring fitness (Peakall & Beattie 1996), a hypothesis that has received some
support from pollen tracking and capture-recapture studies of thynnine wasps (Peakall
1990; Peakall & Beattie 1996). The strategy has evolved in multiple lineages of Orchidaceae and is present in the neotropics (Singer et al. 2004; Blancoa & Barboza
2005; Ciotek et al. 2006), Europe (Paulus & Gack 1990), South Africa (Steiner et al.
1994) and Australia (Coleman 1928; Stoutamire 1974; 1983; Peakall 1989a; Bower
1996; Alcock 2000; Hopper & Brown 2006), where the diversity of sexually deceptive
genera is greatest. In the vast majority of cases recorded so far the pollinator is hymenopteran (see Blancoa & Barboza 2005 for the exception). However, given the paucity
of pollination studies on most tropical genera, many more pollination systems based on
sexual deception may remain to be discovered.

A key consequence of the sexual deception pollination strategy is the extremely high
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specificity of the orchid-pollinator relationship. In most cases, each orchid species is
pollinated by just a single species of sexually deceived pollinator (Coleman 1928; Peakall 1989a; Paulus & Gack 1990; Bower 1996; Bower & Brown 2009; Phillips et al.
2009b). Within sexually deceptive genera, there is a strong signal of phylogenetic conservatism with closely related orchids tending to use closely related wasps (Mant et al.
2002; Phillips et al. 2009b). There are only rare cases where a pollinator species is responsible for the pollination of more than one orchid species. In these cases, hybridisation is avoided through the orchids occurring in allopatry (Phillips et al. 2009b) or
through differential placement of pollinia on the insect’s body (Paulus & Gack 1990).
While sexual deception is highly specific, there is strong evidence for occasional gene
flow across species boundaries (Soliva & Widmer 2003; Mant et al. 2005a; Devey et
al. 2008).

Deceptive orchids on average set less fruit than rewarding species (Tremblay et al.
2005), a trend which has been implicated in species rarity at local scales (Neiland &
Wilcock 1998). Further, high levels of pollinator specificity could potentially lead to
low fruit set through low abundance or patchiness of the distribution of the single pollinator species. Investigations of sexually deceptive orchids have revealed a wide range
of fruit set values ranging from 0.03 – 55.6% (Peakall 1989a, 1990; Neiland & Wilcock 1998; Phillips et al. 2009b). However, the only study using comparison with
closely related species that are not sexually deceptive was that of Phillips et al.
(2009b), where it was shown that sexually deceptive Caladenia have lower fruit set
than food-deceptive Caladenia. These preliminary results suggest that sexual deception may result in lower fruit set, which could possibly contribute to species rarity.

While little is known of the role of pollinators in intrinsic rarity, enough is known
about pollination by sexual deception to develop hypotheses pertaining to the causes of
rarity in sexually deceptive orchids. It is predicted that the sexual deception strategy
will lead to a higher level of intrinsic rarity for orchids using this strategy. Should pollinator-mediated rarity exist, it may result from low fruit set in existing populations
through a relatively small pool of available pollinators, absence of the pollinator from
other potential habitats or patchiness of the pollinator in areas of otherwise suitable
habitat. The possibility for rapid reproductive isolation through small changes in floral
odour (Cozzolino & Widmer 2005) suggests that sexually deceptive species may often
be formed from small founding populations and that taxon age may also play an im21

portant role in species rarity.

Orchid mycorrhizal associations

Orchids engage in a symbiosis with mycorrhizal fungi where carbon is transferred
from fungus to orchid, with the fungal infection is maintained as coils of hyphae
within the cells of the orchid (Rasmussen & Rasmussen 2009). Fungal infection occurs
in the rhizome or patchily along the length of the roots (e.g. Ramsay et al. 1986). However, in a number of Australian genera infection occurs in a swollen area of underground stem known as the collar (Ramsay et al. 1986). In the terrestrial species of orchid investigated so far, the achlorophyllous seedling stage is completely dependent on
a mycorrhizal fungus for germination (Rasmussen & Rasmussen 2009) as orchid seeds
are dust-like and contain minimal reserves (Arditti & Ghani 2000). Some species remain dependent on the mycorrhiza for the entirety of the life cycle, while most are
photosynthetic and remain partially dependent on, or receive benefit from, fungal infection in adulthood (Rasmussen & Rasmussen 2009). In epiphytic species, endophytic
fungi are still present in the roots (e.g. Otero et al. 2007) but the evidence for the orchid requiring this relationship is weaker (Bayman et al. 2002).

Orchids exhibit a wide range of levels of specificity with mycorrhizal endophytes.
Many species of northern hemisphere terrestrial orchids are capable of using a wide
range of fungi. For example, Bidartondo & Read (2008) found up to nine species of
fungi occurring in Epipactis atrorubens at any one site. Alternatively, Cypripedium
use a narrow phylogenetic breadth of fungi with co-occuring species using different
fungi (Shefferson et al. 2007). Similarly, in the Western Australian orchid flora, there
are pronounced generic differences in the number of fungal species used by cooccurring orchids (Bonnardeaux et al. 2007; Swarts 2007). Not all fungi residing in an
orchid necessarily function in germination and annual growth, though the efficacy of
fungi has rarely been tested in the literature. Laboratory germination experiments have
shown that not all fungal isolates from an orchid perform equally well in germinating
seed (Otero et al. 2005; 2007; Bidartondo & Read 2008). In some species only a subset
of the fungi used by adult plants is used in seedlings (Bidartondo & Read 2008).
Therefore, it is preferable to confirm the efficacy of fungi isolated from wild seedlings
and adults to confirm that the fungus actually forms a symbiosis with the orchid.
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The technique of seed baiting, originally developed by Rasmussen & Whigham
(1993), has effectively been used to study the distribution of mycorrhizal fungi in the
wild. Baiting studies in temperate Australia and Europe have revealed that within orchid populations there are numerous patches of mycorrhiza unoccupied by orchids
(Batty et al. 2001a; Brundrett et al. 2003; Collins et al. 2007; Diez 2007; Jacquemyn et
al. 2007a; Swarts 2007). Despite their dust-like seed, seed dispersal distances are generally low (Jacquemyn et al. 2007a; Jersáková & Malinova 2007) leaving many suitable microsites unoccupied even at the local scale. Detailed baiting studies have revealed that germination is higher in close proximity to adult plants and in sites with
high organic matter (Batty et al. 2001a; Diez 2007). While mycorrhizal fungi can be
widespread (Irwin et al. 2007; Shefferson et al. 2007), only one study has examined
the role of the mycorrhiza in limiting the abundance or distribution of the orchid at the
landscape scale. In this case, it was shown that the orchid was tied to the same specific
edaphic conditions as the mycorrhiza (Swarts 2007). Given the critical role of the fungus during germination, future work remains in determining the role of mycorrhiza in
controlling orchid distribution and abundance at larger spatial scales.

While the nature of fungus-orchid interactions are becoming better understood and patterns of mycorrhizal specificity better resolved, the implications for the ecology of
wild orchids remain poorly understood. It is predicted that genera with more specific
mycorrhizal relationships will have a higher incidence of intrinsic rarity. However,
mycorrhizal specificity will not necessarily lead to rarity as the mycorrhiza used may
be widespread, abundant and/or a particularly effective symbiont. In those species that
do exhibit mycorrhiza-mediated rarity, rarity could arise from low abundance of the
fungus in suitable habitat at local or regional scales, absence of the fungus from otherwise suitable environments and differences in mycorrhizal efficacy across different
environments.

Studying rarity in Drakaea

While several reviews have cited specific mycorrhizal and pollinator relationships as
potential causes of rarity in orchids (Koopowitz et al. 2003; Roberts 2003; Swarts &
Dixon 2009), these hypotheses remain largely untested. The Orchidaceae of the Southwestern Australian Floristic Region are exceptional in that there are numerous genera
of orchids with highly specific pollinator and mycorrhizal relationships (Coleman
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1928; Stoutamire 1983; Ramsay et al. 1986; 1987; Peakall 1989a; Alcock 2000; Hopper & Brown 2007; Swarts 2007; Phillips et al. 2009b). This makes the region suitable
for the study of the roles of pollinator and mycorrhizal specificity in determining rarity
in orchids. Of the genera occurring in the region, Drakaea has the highest incidence of
rarity (Brown et al. 1998), with five of ten species listed as Declared Rare Flora under
the Wildlife Conservation Act (1950) and another presumed extinct (Hopper & Brown
2007). Drakaea are pollinated by sexual deception of male thynnine wasps (Stoutamire
1974), which respond very rapidly to bait flowers (Peakall 1990). Coupling a biogeographic analysis with baiting for pollinators and the presence of mycorrhiza provides an approach to elucidate the relative roles of these factors in intrinsic rarity of
species rarity of Drakaea.

Rationale and outline of the thesis

Given the extensive research effort dedicated to the conservation of the Orchidaceae
and the theoretical interest in determining the roles of symbiotic partners in causing
species rarity, it is remarkable that the factors responsible for species rarity in orchids
has so rarely been tested. Using Drakaea as a study system, I tested three alternate hypotheses explaining the high level of intrinsic rarity in sexually deceptive orchids:
Species rarity is correlated with biogeographic factors or habitat specificity
Species rarity is correlated with mycorrhizal specificity
Species rarity is correlated with pollinator specificity
Further, by considering these three potentially critical aspects of orchid rarity and
studying all nine extant species of Drakaea, I propose to refine hypotheses on the
causes of orchid rarity and test if the causes of rarity are idiosyncratic. Finally, this
comparative approach provides a robust comparison of the differences between common and rare congeners.

In this thesis, I take a tripartite approach to studying the intrinsic causes of rarity in
Drakaea. Firstly, using the entire southwest Australian orchid flora, I conducted an
analysis of biogeography and rarity to determine if species from particular geological
regions or habitats, or with particular pollination strategies or patterns of mycorrhizal
infection, have a predisposition towards rarity. Secondly, using a combination of seed
baiting and DNA sequencing, I tested for a correlation of mycorrhizal specificity and
abundance in rarity in two communities of Drakaea. Thirdly, I conducted the first test
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of the correlation of pollinator abundance with species rarity by combining a pollinator
baiting study with an analysis of fruit set for all extant species of Drakaea across the
1,500 km the range of the genus. In the general discussion I combine the results of
these three datasets to establish the strongest correlates with rarity in the genus, hypothesise factors limiting the abundance of each rare species of Drakaea and discuss
the implications of the study for understanding the causes of rarity in orchids and rare
flora generally.
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Chapter 2 - The Orchidaceae of southwestern Australia with special
reference to Drakaea (Hammer Orchids)
ORCHIDS OF THE SOUTHWEST AUSTRALIA: FLORISTIC REGIO:

Introduction

The Southwest Australian Floristic Region (SWAFR sensu Hopper & Gioia (2004)) is
a region of mediterranean climate on the southwest margin of the Australian continent.
The region is isolated from temperate eastern Australia and tropical northern Australia
by extensive deserts. The SWAFR is listed as one of 25 biological hotspots for conservation through its high floristic diversity and endemism and high degree of threat
(Myers et al. 2000). The mesic southwest corner is dominated by eucalypt forests and
woodlands. The adjacent semi-arid areas contain extensive areas of kwongan heath and
eucalypt woodland. Highest floristic diversity lies in the members of the Myrtaceae,
Proteaceae and Ericaceae that dominate the areas of kwongan heath (Hopper & Gioia
2004). The diversity is believed to have risen through repeated bouts of speciation arising from climatic fluctuation across an ancient, edaphically diverse landscape (Hopper
& Gioia 2004). The flora is characterised by extreme resilience to low nutrient conditions and fragmentation of populations but also vulnerability to disturbance (Hopper
2009).

Over 400 species of orchid have been recorded from the Southwest Austalian Floristic
Region, all of which are terrestrial (Brown et al. 2008). The sole evergreen species is
Cryptostylis ovata R. Br., while the remaining species die back to underground tubers
or more rarely rhizomes over the dry summer months (Ramsay et al. 1986; Brown et
al. 2008). The vast majority of species is endemic to the region with approximately 2%
extending into southeastern Australia (Jones 2006; Brown et al. 2008). Endemism is
also high at the generic level with six of 27 orchid genera (Drakaea, Elythranthera,
Ericksonella, Epiblema, Praecoxanthus, Spiculaea) in the SWAFR endemic there
(Brown et al. 2008).

The mycorrhizal ecology of the orchids of the SWAFR has been well studied compared with that of many other orchid floras. The work of Ramsay et al. (1986) identi27

fied five different patterns of mycorrhizal infection in southwest Australian orchids,
including collar infection, which is unique to Australia. The level of specialisation in
the orchid-fungus relationship varies considerably between genera. While Microtis has
a low level of specificity comparable to many European species (e.g. Bidartondo &
Read 2008) and utilises a variety of fungal genera (Bonnardeaux et al. 2007), the majority of species tend towards a specialised relationship (Ramsay et al. 1987; Bonnardeaux et al. 2007; Swarts 2007). The most specialised species are those in the Caladeniinae and Drakaeinae (Hollick 2004; Huynh et al. 2004; Swarts 2007), both of
which have the collar infection pattern (Ramsay et al. 1986). In these genera, species
may utilise just a single species of fungus, which has the potential to have profound
implications for both the ecology and conservation of the orchids.

The development of seed baiting techniques has allowed for detailed study of the distribution of mycorrhizal fungi in the wild. Originally developed by Rasmussen and
Whigham (1993), seed baiting involves placing orchid seed in fine mesh bags beneath
the soil surface and using the presence of germination to detect the presence of mycorrhizal fungi. The method has been progressively refined such that large-scale baiting studies incorporating multiple species can now be conducted (Brundrett et al.
2003). Studies in Western Australian have demonstrated that mycorrhizal fungi are
distributed more widely than the orchid species that they germinate within sites (Batty
et al. 2001a; Brundrett et al. 2003; Collins et al. 2007; Swarts 2007). The distribution
of the fungus is affected by environmental variables such as soil nutrients, levels of
organic matter and weed cover at small spatial scales (Batty et al. 2001a; Brundrett et
al. 2003). There is pronounced variation between the abundance of the mycorrhiza
used by different orchid species, but the nature of the difference can vary depending on
local environmental conditions (Brundrett et al. 2003).

Orchids in the SWAFR utilise a range of pollination strategies. Several genera, such as
Prasophyllum, Pyrorchis and Cyrtostylis, attract pollinators through the provision of a
nectar reward (Brown et al. 2008). A large proportion of Western Australian orchids
use food deception, where the orchid engages in a showy display to attract foraging
insects but provides no reward. This includes the large genera Diuris, Thelymitra and
many Caladenia (Beardsell et al. 1986; Bernhardt & Burns-Balogh 1986b; Indsto et al.
2006; Phillips et al. 2009b). There is evidence in some genera that the orchid uses
Batesian mimicry to attract pollinators (Beardsell et al. 1986; Indsto et al. 2006). How28

ever, in many species mimicry appears to be generalised where the orchid fits a general search image of nectar-producing the plant rather than a specific member of the
flora (Phillips et al. 2009b). In the nectar-producing and food-deceptive orchids studied so far, they attract a range of pollinators, predominantly bees and beetles (Peakall
1987; Peakall 1989a; Brown et al. 1997; Phillips et al. 2009b). Alternatively, the vast
majority of species pollinated by sexual deception use a single pollinator species
(Coleman 1930; Stoutamire 1983; Peakall 1989a; 1990; Alcock 2000; Hopper &
Brown 2007; Phillips et al. 2009b) making it one of the world’s most specialised pollination strategies.

Sexually deceptive orchids in southwestern Australia

The SWAFR has among the highest diversity of sexually deceptive orchids of any region. In Australia, the strategy has evolved to take advantage of members of several
families of hymenopteran. Cryptostylis are pollinated by the Ichnuemonid Lissiopimpla excelsa (Coleman 1930; Gaskett et al. 2008), Leporella is pollinated by the ant
Myrmecia urens (Peakall 1989a), Calochilus are pollinated by scoliid wasps (Jones
2006) and Arthrochilus, Caladenia, Chiloglottis, Drakaea, Paracaleana and Spiculaea
are all pollinated by thynnine wasps (Stoutamire 1983; Bower 1996; Alcock 2000;
Hopper & Brown 2006; 2007; Jones 2006; Phillips et al. 2009b). Further, each species
of wasp tends to pollinate only one species of orchid, though there are exceptions
(Gaskett et al. 2008; Phillips et al. 2009b), usually when closely related species of orchid occur in allopatry (Phillips et al. 2009b). Reliance on a single species of pollinator
leaves the orchid vulnerable to the abundance of its pollinator. While the role of relying on a single species of sexually deceived pollinator in species rarity has not been
tested, sexually deceptive Caladenia have lower fruit set than food-deceptive Caladenia (Phillips et al. 2009b).

The largest radiations of Australian sexually deceptive orchids occur in genera pollinated by sexual deception of thynnine wasps (Hopper & Brown 2006, 2007; Phillips et
al. 2009a, b). The thynnine wasps are a diverse southern hemisphere family with over
1,500 Australian species (G.R. Brown unpublished data) creating wide opportunity for
the diversification of sexually deceptive genera. Male thynnine wasps patrol over open
areas awaiting the emergence of calling females from beneath the soil surface
(Ridsdill-Smith 1970). Competition between males is intense for the small number of
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emerging females at any one time (Alcock 2000). Likewise, the wasps rapidly respond
to orchid flowers enabling picked orchid flowers to be used as bait to examine the
ecology of the wasps (Figure 2.1; Stoutamire 1983; Peakall 1990; Peakall & Beattie
1996) and the taxonomy of the orchids (Hopper & Brown 2001; Bower 2006; Hopper
& Brown 2007).

Rare orchids in southwestern Australia

The high diversity of orchids in the SWAFR, the high level of intrinsic rarity in some
genera and the massive removal of vegetation in some biogeographic regions has led
to 83 orchid species being listed as threatened flora in the SWAFR (Western Australian Herbarium 2009). The majority of these species are likely to have been intrinsically rare, though in some cases natural rarity has been exacerbated by human modifications to the landscape (Brown et al. 1998). The number of species recognised as
threatened is set to grow with further survey work and as taxonomic studies of large
genera such as Caladenia, Diuris and Pterostylis are completed. While removal of native vegetation is a major threat in regions such as the wheatbelt, the Swan Coastal
Plain and the Leeuwin-Naturaliste Ridge, a diversity of other threats have been recognised for orchids in the SWAFR (Brown et al. 1998). Inappropriate fire regimes, increasing salinity, groundwater extraction, weed invasion, declining rainfall and grazing
have all been cited as potential threats to the persistence of rare orchids in the SWAFR
(Brown et al. 1998). The number of intrinsically rare species and the potential range of
threats has led to a research program encompassing the fields of taxonomy (Hopper &
Brown 2001, 2004, 2006, 2007), propagation (Swarts 2007), ex situ conservation
(Batty et al. 2001b), mycorrhizal ecology (Ramsay et al. 1987; Batty et al. 2001a;
Brundrett et al. 2003; Hollick 2004) and more recently pollination (Hopper & Brown
2007; Phillips et al. 2009b) with the ultimate aim of species recovery (reviewed in
Swarts & Dixon 2009). However, ecological studies have been based on a restricted
subset of species and little is known about the intrinsic causes of rarity.

I:TRODUCTIO: TO DRAKAEA, THE HAMMER ORCHIDS

Drakaea (the Hammer Orchids) have one of the highest instances of intrinsic rarity of
any orchid genus. Of the ten described species, five are currently listed as Declared
Rare Flora (Brown et al. 1998) and one is presumed extinct (Hopper & Brown 2007).
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Distribution of the genus extends from the semi-arid Kalbarri sandplain in the north to
the forests of the south coast and eastwards to the coastal sandplain of the Esperance
district (Figure 2.2; Hopper & Brown 2007). Diversity is highest in the southern jarrah
forests, the Stirling Range and to the northeast of Boyup Brook (Hopper & Brown
2007; Figure 2.3; Figure 2.4). All species of Drakaea occur predominantly on grey
sands, with D. gracilis occasionally occurring on laterite (Hopper & Brown 2007). The
largest populations of Drakaea occur in open sandy areas recovering from disturbance
in the southern forests and low-lying sandy areas within Banksia woodland (Hopper &
Brown 2007; Figure 2.3).

Drakaea are pollinated by sexual deception of thynnine wasps (Stoutamire 1974), with
each species believed to use a different specific pollinator (Hopper & Brown 2007).
Drakaea produce a single flower per year that lasts for approximately three weeks depending on rainfall and ambient temperature. There is no evidence that any of the species are self-pollinated. The flower of Drakaea is one of the most highly specialised of
all plant flowers. The sepals and two of the petals are reduced to wispy brown strands
that serve no function in the open flower (Figure 2.4). Alternatively, the labellum has
not only been modified to resemble a female thynnine wasp, but is hinged part way
along its length. As the male wasp attempts to fly off with the flower, its momentum
causes the labellum to flick backwards flinging the wasp upside down into the column.
In D. glyptodon contact with the column was observed in 16% of the wasps that
alighted on the flower (Peakall 1990).

Drakaea produce a single heart-shaped leaf per year (ranging from 8 mm to 30 mm
wide depending on the species) that sits flush against the soil surface (Hopper &
Brown 2007). Drakaea are capable of reproducing clonally with 1-3 daughter tubers
forming on average 1.2 cm away from the adult plant in D. glyptodon (Peakall 1990).
Based on morphology, Drakaea are believed to use a single species of slow-growing
mycorrhizal fungus that resides in the collar region immediately below the soil surface
(Ramsay et al. 1986). There is some evidence that the mycorrhizal fungus is confined
to the same open sandy habitat as Drakaea (Hollick 2004).

Survey work for a recent taxonomic revision of Drakaea (Hopper & Brown 2007) has
produced new information on the distribution, abundance and habitat of Drakaea. Five
species of Drakaea (D. concolor, D. confluens, D. elastica, D. isolata and D. micran31

tha) have been recognised as recognised as Declared Rare Flora under the Wildlife
Conservation Act (1950). Below is a summary of the ecological information available
for each species of Drakaea. Little information is known about the biology of most
pollinator species except for distributional information attached to museum specimens.

Drakaea andrewsiae Hopper & A.P.Br – Lost Hammer Orchid (flowers September)

No current location is known for D. andrewsiae. Previous records are from the Tunney
and Gnowangerup districts (Hopper & Brown 2007). Given the extensive clearing and
paucity of suitable Drakaea habitat in this region (R.D. Phillips personal observation),
if D. andrewsiae still exists it is likely to be very rare.

Drakaea concolor Hopper & A.P.Br – Kneeling Hammer Orchid (flowers August September)

D. concolor is known from less than ten populations from east of Geraldton north to
the vicinity of the Murchison River gorges in Kalbarri National Park (Figure 2.2). An
outlying population of four plants has been reported in Watheroo National Park (A.P.
Brown personal communication). Populations in Kalbarri National Park occur in moist
sandy sites in heath or scrub (Hopper & Brown 2007). Southern populations near
Northampton and east of Geraldton occur where yellow sand intergrades with grey
sand downslope and are dominated by Ecdeiocolea monostachya under open shrubland
or woodland (Hopper & Brown 2007; Figure 2.3). The pollinator recorded for this species was originally identified as Zaspilothynnus gilesi Turner (Hopper & Brown 2007),
but is now recognised as a northern relative of this species (G.R. Brown personal communication). The pollinator of D. concolor is only known in museum collections from
specimens collected from D. concolor in the vicinity of Kalbarri.

Drakaea confluens Hopper & A.P.Br – Late Hammer Orchid (flowers late September
– November)

D. confluens is known from two disjunct populations, one northeast of Boyup Brook
and another in the Striling Range southwards towards the Porongorup Range (Hopper
& Brown 2007; Figure 2.2). There is also a record in 1930 from the Gnowangerup district. The Stirling Range population flowers in late September to October while the
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Boyup Brook population flowers from October to November (Hopper & Brown 2007).
The Boyup Brook population occurs in low-lying sandy sites associated with Kunzea
glabrescens Toelken and Banksia attenuata R.Br. in jarrah forest (Hopper & Brown
2007; Figure 2.3). In the Stirling Range, B. attenuata and jarrah also dominate, but
with a denser understorey (Hopper & Brown 2007). The Stirling Range population has
always been known from a series of relatively small populations, while northeast of
Boyup Brook D. confluens is locally common, albeit over a very small geographic
range. The pollinator of D. confluens has been observed northeast of Boyup Brook and
outside of the orchid’s distribution in the southern Jarrah forests near Northcliffe
(Hopper & Brown 2007). Based on photos it appears to be a species of Zaspilothynnus
or related genera.

Drakaea elastica Lindley – Glossy-leaved Hammer Orchid (flowers October - November)

D. elastica is a rare species endemic to the Swan Coastal Plain between Cataby and
Busselton (Hopper & Brown 2007; Figure 2.2). It is restricted to low-lying thickets of
K. glabrescens among Banksia woodland on grey sand (Carstairs & Coates 1994; Hopper & Brown 2007). The species may have once been locally common on the eastern
parts of the Swan Coastal Plain but because of extensive clearing for farmland and urbanisation, this species is known from less than six secure populations (Department of
Environment and Conservation 2008). At sites where D. elastica does occur, populations are often large but with significant variation in the number of plants producing
leaves between years (Carstairs & Coates 1994). Using allozymes, Carstairs & Coates
(1994) found pronounced genetic subdivision between populations of D. elastica. The
identity of the pollinator is unknown and it has been observed at a single location near
Capel (Hopper & Brown 2007). D. elastica is threatened by continued land clearance,
weed invasion and the negative affects associated with habitat fragmentation.

Drakaea glyptodon Fitz. – King-in-his-Carriage (flowers September - October)

D. glyptodon is the most common and widespread of the hammer orchids. Distribution
extends from Eneabba in the north, throughout the high rainfall parts of the southern
forests and eastwards to the sandplain east of Esperance (Figure 2.2). Habitat ranges
from kwongan heath to tall forest, but always on grey sandy soils (Figure 2.3). D. glyp33

todon is most common in disturbed sandy areas in the southern Jarrah forest where
populations may number thousands of plants. The pollinator of D. glyptodon is Zaspilothynnus trilobatus Turner (Peakall 1990). Based on records in the Western Australian Museum Z. trilobatus appears to be common and has been recorded from Eneabba
south to Manjimup.

Drakaea gracilis Hopper & A.P.Br – Slender Hammer Orchid (flowers late August –
early October)

Drakaea gracilis is known from several small, scattered populations from Dandaragan
south to the Lake Unicup area and eastwards to the Stirling Range (Hopper & Brown
2007; Figure 2.2). Centres of distribution are Lesmurdie in the Darling Range, the extensive area of wandoo woodland west of Brookton, northeast of Boyup Brook and the
Stirling Range (Hopper & Brown 2007). In the Lesmurdie area, D. gracilis regularly
occurs in open areas of laterite (Hoffman & Brown 1984), which is unique among
hammer orchids. In other parts of its distribution it tends to occur on grey sands in a
variety of woodland habitats, but often in close proximity to areas of laterite or over
massive laterite (Hopper & Brown 2007). Based on the photographs of Bert and Babs
Wells presented in Hopper & Brown (2007), the pollinator of D. gracilis appears to be
in the Thynnoides bidens Saussure complex.

Drakaea isolata Hopper & A.P.Br – Lonely Hammer Orchid (flowers September)

D. isolata is known from a single location near Lake Chinocup in the southeastern
wheatbelt (Brown et al. 1998; Figure 2.2). The habitat is mallee over sandplain heath
on grey sand. The main part of the population is on the slope down to the lake, though
scattered individuals occur through the surrounding mallee. Extensive searches of surrounding salt lakes have failed to detect any more populations (A.P. Brown personal
communication). The pollinator of D. isolata has not been observed.

Drakaea livida J. Drummond – Warty Hammer Orchid (flowers late August – October)

D. livida is a widespread and common species ranging from Watheroo National Park,
south to the southern jarrah forests and to the east of Albany (Figure 2.2). It occurs in a
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diversity of vegetation types but always on well drained sandy soils (Hopper & Brown
2007; Figure 2.3). D. livida is pollinated by Zaspilothynnus nigripes Guérin (Hopper &
Brown 2007), which is represented by numerous collections in the Western Australian
Museum ranging from 40 km south of Dongara down the west coast to Busselton.

Drakaea micrantha Hopper & A.P.Br – Dwarf Hammer Orchid (flowers September –
October)

D. micrantha is widespread through the higher rainfall parts of southwestern Australia
but is known from only a few widely scattered populations (Hopper & Brown 2007;
Figure 2.2). The species formerly occurred as far north as Perth on the Swan Coastal
Plain up until the 1980s (Hoffman & Brown 1984; Hopper & Brown 2007), but continued clearing of habitat has left the species extinct or extremely rare in this region. On
the Swan Coastal Plain it was restricted to low-lying K. glabrescens thickets on grey
sand. In the southern jarrah forest it occurs in small, disjunct populations and in a very
small proportion of apparently suitable habitat. The pollinator is known from one collection east of Margaret River in an area where the orchid is locally common (Hopper
& Brown 2007).

Drakaea thynniphila A.S. George – Narrow-lipped Hammer Orchid (flowers September - October)

D. thynniphila is common and widespread through the high rainfall parts of the lower
southwest from Margaret River eastwards to Albany (Hopper & Brown 2007; Figure
2.2). D. thynniphila is common in coastal woodlands and forests, often on consolidated
grey sand dunes (Hopper & Brown 2007). Further inland, the distribution of D. thynniphila is patchy, but it is common in the woodlands and forests north of Denmark
(Figure 2.3). The pollinator of D. thynniphila belongs to the genus Zaspilothynnus
(Hopper & Brown 2007), but has not been identified to species level.
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Figure 2.1: A Zaspilothynnus nigripes arriving at a Drakaea livida. This wasp species
is attracted to D. livida in prodigious quantities through the orchid releasing a floral
odour that mimics the sex pheromone produced by the female wasp. Upon arriving at
the flower, the wasp grasps the labellum and attempts to fly off with the dummy femlale in copula. The momentum of the wasp causes the hinge in the labellum to flip
bringing the wasp into contact with the column. Photo courtesy of Esther Beaton.
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Figure 2.2: Distribution of Drakaea based on records at the Western Australian Herbarium and from surveys during the present study.
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Figure 2.3: Drakaea habitat. Above left: Kunzea glabrescens thickets in Banksia attenuata woodland northeast of Boyup Brook, habitat of D. confluens, D. glyptodon, D.
livida and occasionally D. gracilis. Above right: Ecdeiocolea monostachya with scattered Myrtaceae and Proteaceae, habitat of D. concolor. Below left: sandy firebreak in
jarrah forest with K. glabrescens understorey, habitat of D. glyptodon, D. livida and D.
thynniphila. Below right: disturbed sandy area in jarrah forest with Taxandria parviceps and Acacia understorey, habitat of D. livida, D. glyptodon and D. thynniphila.
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Figure 2.4: Four species of Drakaea (Hammer Orchids). Above left: D. concolor,
above right: D. livida; below left: D. isolata; below right: D. confluens.
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Figure 2.5: Place names referred to in the text.
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Chapter 3 - Orchid biogeography and factors associated with rarity in
the Southwest Australian Floristic Region
I:TRODUCTIO:

Biogeography and the study of species rarity are closely linked. The correlation of biogeographic regions with environmental variables provides an initial step in determining the environmental variables responsible for controlling the distribution of species
and speciation. At more local scales, regions with high rates of local endemism suggest
that there is some environmental feature or historical event that has played a decisive
role in creating local endemics (Cox & Moore 2000) which, through their limited geographic range, are considered rare in many classifications (Gaston 1994). An interaction may also exist between speciation and rarity, particularly where species may have
recently formed (Fiedler & Ahouse 1992). A biogeographic analysis forms an important initial step in determining the prevalent correlates of rarity in a flora. The Orchidaceae are of particular interest in terms of the biogeography of rarity, not just because of
their tremendous diversity, but because of the possibility that mycorrhizal and pollinator specialisation is acting in concert with biogeographic factors.

The causes of orchid diversification and rarity are poorly resolved, though the prevalence of pollination by deceit (Cozzolino & Widmer 2005), the rapid effects of genetic
drift in small populations with highly skewed reproductive success (Tremblay et al.
2005) and mycorrhizal specificity (Otero & Flanagan 2006) have all been implicated in
the diversification of the family. Research combining the disciplines of pollination and
mycorrhizal biology could serve to elucidate the drivers of orchid diversification and
rarity and prove crucial to their conservation. Furthermore, habitat specialisation may
act in concert with these attributes to play a critical role in orchid diversification
(Gravendeel et al. 2004).

Pollination strategy may have profound effects on the process of speciation and the
level of intrinsic rarity. Compared to rewarding orchids, food-deceptive orchids have
lower fruit set (Neiland & Wilcock 1998; Tremblay et al. 2005) and lower genetic subdivision between populations (Cozzolino & Widmer 2005). Sexually deceptive species
have potentially even lower fruit set (Tremblay et al. 2005; Phillips et al. 2009b) but
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higher levels of pollen movement (Peakall 1990; Peakall & Beattie 1996). Levels of
specificity also vary between pollination strategy with food-rewarding species generally having the lowest pollinator specificity and sexually deceptive species the highest
(Cozzolino & Widmer 2005; Phillips et al. 2009b). Species showing a high degree of
pollinator specificity are considered most susceptible to rarity through their dependence on one or few pollinators. However, the level of specialisation of the pollinator is
also critical (Ashworth et al. 2004; Koh et al. 2005). As such, orchids exhibit variation
between pollination strategies in levels of fruit set, genetic subdivision and pollinator
specificity, which could all potentially influence diversification and rarity.

The ecology of the mycorrhizal fungus, the specificity of its relationship with the orchid and the phenology of infection may play a role in orchid speciation and rarity
(Swarts & Dixon 2009). Rare or highly specific symbionts could afford opportunities
for rapid genetic divergence in local allopatry, facilitating the origin of daughter species. The influence of the site of fungal infection on other aspects of orchid biology is
unknown. Most orchids are root or stem (rhizome) infected (Rasmussen 1995). However, Australasia is unique in also possessing orchids where the infection occurs primarily in a specialised sub-soil stem-collar at the base of the leaf (Ramsay et al. 1986).
In collar-infected species there is a single point of infection at leaf emergence with no
spreading roots to increase the probability of intersection with fungal inoculum in the
soil. Thus, patchiness in fungal distribution in soil may act to limit recruitment and
plant survival compared to root-infected species. The influence of infection site on rarity has not been investigated, but stem-collar infected Australasian species are more
threatened by soil disturbance than other species (Hopper & Dixon 2009; Dixon &
Tremblay 2009).

Delineation of biogeographic provinces and centres of rarity give an indication of the
broad-scale features responsible for species turnover, restricted distributions and historically, speciation events (e.g. Stebbins & Major 1965; Hopper & Gioia 2004).
Analysis of the factors associated with rarity could reveal if any strategy has a predisposition to rarity and may limit distribution at a more local scale. Coupling these two
approaches has the potential to provide initial clues into the features influencing orchid
speciation and rarity. The Orchidaceae of the Southwest Australian Floristic Region
(SWAFR, sensu Hopper & Gioia 2004) represent an ideal study group to adopt this
approach because of the diverse array of pollination strategies (Brown et al. 2008),
42

sites of mycorrhizal infection (Ramsay et al. 1986) and intrinsically rare species
(Brown et al. 1998).

Rarity can be defined in terms of abundance, distributional extent and habitat specificity. Rabinowitz (1981) combined these three variables to establish seven possible
forms of rarity. However, in the Western Australian flora, rare species tend to occur on
predictable soil types, although their local presence within soil types is far less predictable and linked to complex biological and environmental interactions over millions of
years (e.g. Byrne & Hopper 2008; Hopper 2009). To make a start in formulating testable hypotheses, the definition of rarity from Gaston (1994) was followed where rarity
is simply defined in terms of low abundance or small range size.

A general model for the patterns of richness and rarity for the flora of the SWAFR has
been presented by Hopper (1979) and expanded upon more recently by Hopper &
Gioia (2004). Based on species composition, four broad provinces have been delineated. In order of decreasing species richness the provinces are: the Transitional Rainfall Province (TRP, 300-600 mm rainfall per annum); the Southeast Coastal Province
(SCP, 300-600 mm); the High Rainfall Province (HRP, 600-1500 mm) and the adjoining Arid Zone (AZ, <300 mm). The TRP and SCP form the Transitional Rainfall Zone
(TRZ) with rainfall progressively decreasing inland. Nodes of particularly high species
richness and endemism occur in all of the more mesic provinces, but particularly in the
TRZ (Hopper & Gioia 2004). The high diversity in the TRZ arose from the more diverse topography and erosional dynamism and climatic fluctuation of the late Tertiary
and Quaternary creating the opportunity for repeated bouts of speciation (Hopper &
Gioia 2004). Given the unique relationships orchids have with their pollinator and mycorrhizal endophytes, the process may differ from those that have generated the remarkable floristic diversity and endemism of this region, which is dominated by
woody perennials.

Patterns of biogeography and rarity may help to resolve the influences of pollinator,
mycorrhiza, edaphic and historical events in determining speciation and rarity in the
orchids of the SWAFR. The following hypotheses were tested: (i) the pattern of orchid
species richness and endemism match those of the flora in general (ii) biogeographic
provinces for orchids correspond to climatic and edaphic variation (iii) the proportion
of rare species varies with site of fungal infection and pollination strategy (iv) natu43

rally more fragmented habitats have a higher incidence of rare species.

MATERIALS A:D METHODS

The distribution of 407 currently recognised native orchid taxa from the SWAFR
(Figure 3.1) was mapped as presence/absence data on a grid of quarter-degree cells
using the 13,267 independent records from the Western Australian Herbarium
(PERTH) as of June 2006. Based on collections of specimens, the Western Australian
Herbarium has the most accurate distributional data available for the Orchidaceae in
southwestern Australia (compare with Hopper 1983; Hoffman & Brown 1998; Jones
2006; Brown et al. 2008). Surveys underpinning major taxonomic revisions of most
Western Australian orchid genera have greatly improved knowledge of conservation
status and distribution (references in Appendix 1). The taxa that are poorly represented
in the Western Australian Herbarium are generally those recently recognised taxa
where extensive collections are yet to be made. For taxa that are poorly collected, but
have well known distributions, additional sites were included (Appendix 2). Taxa were
included if: (i) formally described, (ii) not yet formally described but listed as ‘phrase
name’ taxa on the Western Australian Herbarium database (these taxa are recognised
as distinct but are awaiting formal taxonomic description) (Western Australian Herbarium 2009) or (iii) while being included in the herbarium database only as an ‘aff.’ of
another species, they are known to be morphologically consistent and are awaiting
taxonomic description. The undescribed taxa included are detailed in Appendix 3 and
are illustrated in Brown et al. (2008). Diuris corymbosa Lindley was discounted from
all analyses on the basis that it is believed to represent a species complex with very
poorly known species boundaries (A.P. Brown unpublished data). Working in the
SWAFR, Hopper & Gioia (2004) found little difference between raw collection data
and that standardised for collection effort so no standardisation for collector effort was
undertaken. The larger size of the cells in the north of the region means there is a progressive increase northwards in a bias towards high taxon richness. However, the trend
evident in the present study is sufficiently strong that this bias is considered inconsequential.

To enable comparison with the patterns of richness exhibited by the flora in general,
taxon richness for all quarter-degree grid squares was plotted on a map of southern
Western Australia (Figure 3.2). A similar map encompassing all the flora of the
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SWAFR was presented in Hopper & Gioia (2004) and has been reproduced here
(Figure 3.3). A map of the number of rare taxa per cell was also produced (for definition of rarity see below).

The unweighted pair-group method with arithmetic averages (UPGMA) in Primer 5.0
(Belbin 1994) was used to delineate orchid biogeographic provinces. Euclidean distance was used as the measure for the distance matrix. Ordinations generated by Multidimensional Scaling (100 randomisations) were used to confirm the discreteness of
clusters. For comparison with the provinces and districts of the flora in general see
Figure 3.3 (modified from Hopper & Gioia 2004). Following the nomenclature of
Hopper & Gioia (2004), major biogeographic divisions are referred to as orchid provinces while minor divisions are referred to as orchid districts. Orchid provinces were
established using presence/absence of taxa in one-degree grid squares. A finer resolution for areas of higher taxon richness was achieved by repeating the UPGMA analysis
at the half-degree grid square scale. For both analyses, grid squares were only included
if they contained more than 15 taxa and more than a quarter of the grid square is terrestrial. The number of taxa endemic to each orchid district, the total number of taxa and
the area of the district were tabulated to enable calculation of percentage endemism
and endemism per unit area.

Rarity was defined in terms of abundance and distributional extent. Separate analyses
were conducted using mean abundance for each genus, mean distribution for each genus and the incidence of rarity based on abundance and distribution for each genus.
Incidence of rarity was included because, if means are used, the large number of herbarium records for a small subset of taxa could mask associations present in the remainder of the taxa. The number of independent specimen records in the Western Australian Herbarium was used as a surrogate measure of abundance (e.g. Holmgren &
Poorter 2007). A taxon was classified as rare if there were fewer than ten independent
herbarium records. Cases where the taxon had been collected on ten or fewer occasions but is known to be more widely distributed were not included as rare (A.P.
Brown unpublished data). Distributional extent was quantified by using the number of
quarter-degree grid squares a taxon was recorded from in the Western Australian Herbarium (e.g. Peat et al. 2007). Taxa were classed as rare if they were recorded from six
or fewer quarter-degree cells. This classification of rarity follows from Gaston (1994),
where rare taxa were the least abundant 25% of taxa. In the present study, this value
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was modified slightly to align the cutoff with a point where there was a natural disjunction in the species-abundance distribution. Distributional extent was not calculated
using minimum convex polygons formed from the locations of herbarium records because numerous taxa have naturally fragmented distributions or are known from outlying populations or individuals well beyond the regular distribution (for examples see
Hopper & Brown 2001, 2004, 2007). The number of rare taxa collected per quarterdegree cell in the Western Australian Herbarium was plotted for the SWAFR. For each
orchid biogeographic district, the average number of rare taxa per quarter degree cell
(in terms of both abundance and distribution) and the average proportion of taxa
classed as rare per cell were calculated.

For each genus, the mean number of herbarium records, the mean occupied grid
squares and the proportion (incidence) of rare taxa (in terms of both distribution and
abundance) were calculated. For the analysis of pollination strategy, Caladenia was
treated at the level of subgenus (Hopper & Brown 2001) because the genus is unique
in containing multiple origins of the sexual deception pollination strategy (Kores et al.
2001; Phillips et al. 2009b). Both food deception and sexual deception have been recorded in Caladenia subgenus Calonema and Caladenia subgenus Phlebochilus
(Stoutamire 1983; Phillips et al. 2009b). In Caladenia, means were calculated separately for each pollination strategy. Using genera as replicates, Kruskal-Wallis tests
were used to test for differences between pollination strategies and sites of myocrrhizal
infection in the (i) mean number herbarium records (ii) mean number of occupied grid
squares (iii) the proportion of rare taxa in terms of abundance, and (iv) the proportion
of rare taxa in terms of distribution. For the analysis of habitat, taxa were used as replicates and a Kruskal-Wallis test undertaken on abundance and distributional extent. In
all analyses, Kruskal-Wallis tests were used rather than ANOVA because the variances
were heterogeneous. For both analyses, when significant variation was detected,
Mann-Whitney U-tests were used to establish the source of the variation. All statistical
tests were undertaken in SPSS 11.0.

The classifications of genera into sites of fungal infection and mechanisms of pollination attraction are given in Table 3.1. Categories of fungal infection sites follow those
of Ramsay et al. (1986): (1) stem tuber infection – endophyte confined to swollen underground stems either as localised patches in outer cortical areas or throughout the
cortex, (2) underground stem infection – endophyte occurs in the vertical underground
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stem between the tuber and stem collar, (3) stem-collar infection – characterised by a
heavily swollen region situated just below the soil surface, (4) root infection – adventitious roots are patchily infected along their length, (5) root-stem infection – a combination of categories 3 and 4 where there is the presence of a collar and root infection. The
sole departure from this classification is for the genus Drakaea, which was originally
classed in category (5) but has since been found to have infection pattern (3) (K.W.
Dixon unpublished data).

Taxa were categorised by pollination strategy based on the published literature (Table
3.1) and field observations (A.P. Brown & R.D. Phillips unpublished data). Three
broad pollination strategies were recognised based on the mechanism of attraction:
food reward, food deception, and sexual deception. Taxa that self-pollinate but also
utilise one of these attraction mechanisms were included within the relevant attraction
category. The only cleistogamous taxon within the study region, Caladenia bicalliata
subsp. cleistogama Hopper & A.P. Brown (Hopper & Brown 2001), was discounted
from the analyses of pollination strategy. In cases where the mechanism of pollinator
attraction has not been recorded, taxa were classified on the basis of closely related
congeners. While Corybas, Pterostylis and Rhizanthella are known to be pollinated by
fungus gnats (Jones 2006; Brown et al. 2008), the mechanisms of attraction have not
been established (Adams & Lawson 1993) so these genera were omitted from analyses
involving pollination strategy.

For the analysis of habitat type, all taxa were classified according to habitats using
Hopper & Brown (2001, 2004, 2006, 2007), Brown et al. (2008) and the habitat descriptions provided with collections in the Western Australian Herbarium (Western
Australian Herbarium 2009). The definition of habitat used was that proposed Hall et
al. (1997); ‘habitat is the resources and conditions present in an area that produce occupancy – including survival and reproduction – by a given organism’. Because of the
rapid turnover of species in the SWAFR (Hopper & Gioia 2004), habitat classifications
were based primarily on edaphic conditions and to a minor extent rainfall. Taxa were
classified as occurring in the following habitat types (sensu Beard 1981): (i) coastal:
confined to coastal dune or limestone formations, (ii) granite: confined to shallow soils
on granite outcrops and inselbergs (Hopper et al. 1997), (iii) salt lake: confined to the
margins of inland salt lakes, (iv) swamp: confined to either permanent or seasonallyinundated swamps, creeklines and moist flats, (v) woodland: confined to forests,
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woodlands and heathlands and (vi) variable: occur in more than one of the above habitats. Taxa that typically occur in only one habitat but are rarely recorded in contrasting
habitats were classified under their typical habitat rather than being of variable habitat
preference. Forests, woodlands and heathlands represent continuous, generalised habitats in comparison to granite, salt lake and swamp habitats (Beard 1981) and were all
classed together under the woodland category. Many taxa are shared between forest,
woodland and heathland habitats and, when analysed separately, show no difference in
the proportion of rare taxa (R.D. Phillips unpublished data). The fragmented and continuous environments have a similar geographic extent, but fragmented environments
have a smaller total area. For each habitat type, the incidence of rarity (in terms of both
abundance and distribution) and the mean abundance and distribution based on herbarium records was calculated. Because of heterogeneity of variances a Kruskall-Wallis
test was used to test for differences between habitats and Mann-Whitney U-tests to establish the source of the variation.

RESULTS

Orchid biogeographic divisions and endemism

Orchid taxon richness was highest in the HRP, followed by the SCP, the TRP and the
AZ (nomenclature of regions follows Hopper & Gioia (2004)) (Table 3.2; Figure 3.2;
Figure 3.3). Coastal areas of the HRP had high richness with nodes occurring at the
Swan Coastal Plain, Leeuwin-Naturaliste Ridge, and the south coast between Walpole
and Albany. All of these regions contain relatively high rainfall and a diversity of edaphic environments, particularly forests (on varying soils), swamps and coastal dunes.

Using degree blocks, broad scale orchid biogeographic provinces corresponded closely
to the HRP, SCP and TRP presented in Hopper & Gioia (2004) (Figure 3.3; Figure
3.5). Within the TRP, this analysis recognised the Kalbarri and Northern Wheatbelt
regions as orchid districts (Figure 3.4). These areas of comparatively low diversity
were omitted from analysis at the half-degree scale. At the half-degree scale the following orchid districts were recognised (Figure 3.5): Darkan-Stirling Range, LeeuwinNaturaliste, Southern Forests, Swan (HRP), Brookton (margin of HRP), Fitzgerald,
Esperance (SCP), Northern Sandplain, Northern Wheatbelt, Southern Wheatbelt,
Southwest Wheatbelt (TRP). The Moore region was a discrete cluster that in the ordi48

nation was intermediate between the HRP and the TRP (Figure 3.6). This region lies
on the margin between the Swan and Northern Sandplain orchid districts and has no
taxon unique to it or with their centre of distribution within it. The Moore cluster was
included in the Northern Sandplain orchid district because of closer proximity to the
TRP sites in the ordination and having a relatively low taxon richness equivalent to
those observed in the Northern Sandplain.

The Leeuwin-Naturaliste, Southern Forests and Swan orchid districts had the highest
number of endemics for their areas (Table 3.2). The Esperance (SCP), Kalbarri and
Northern Sandplain (TRP) orchid districts had a moderately high level of orchid endemism. Kalbarri had a particularly high number of endemics relative to the taxon
richness. While the Northern Wheatbelt had a number of endemics similar to the districts of the HRP, it is over five times larger than the next largest district. As such, the
mesic southwestern districts and the Kalbarri district are the most significant regions in
terms of orchid endemism.

Rarity

A total of 85 taxa were classified as rare based on abundance and 107 based on distributional extent. Seventy-nine taxa were classed as rare under both definitions. The
number of herbarium records and distributional extent for taxa was strongly correlated
(R = 0.96). Accordingly, the geographic pattern of rarity was very similar when taxa
were classed as rare based on abundance or distribution (Figure 3.7). At the provincial
level, the HRP generally had the highest numbers of the rare taxa per cell. Within this
province, the Leeuwin-Naturaliste Ridge and the Swan Coastal Plain had exceptional
numbers of rare taxa (Figure 3.7). In the TRP, the Kalbarri district had a similar number of rare taxa to that exhibited by the HRP (Table 3.3). When rarity was considered
as the proportion of rare taxa, differences between provinces were minimal regardless
of whether rarity was considered in terms of abundance or distribution. However, in
both cases the Kalbarri district stood out as a region with an exceptional proportion of
rare taxa (Table 3.3).

The site of mycorrhizal infection showed no significant relationship with incidence of
rarity, abundance or distributional extent (Table 3.4). Pollination strategy showed no
significant relationship with mean abundance or mean distributional extent (Table 3.5).
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There was significant variation in the incidence of rarity between pollination strategies
when rarity was expressed in terms of abundance and distributional extent (abundance:
p = 0.028, distribution: p = 0.037, Kruskal-Wallis tests; Table 3.5). Sexual deception
had the highest incidence of rarity, food deception showed an intermediate level and
almost no rare taxa provide a food reward (Table 3.5).

When rarity was classified based on abundance or distribution, taxa with variable habitat requirements had the lowest incidence of rarity (Table 3.6). Woodland and coastal
areas were intermediate, granite and swamp had high incidence and salt lakes had an
extremely high incidence of rarity (Table 3.6). There was significant variation in the
abundance and distributional extent of taxa between habitats (p <0.001, Kruskal-Wallis
test; Table 3.6). Abundance and distributional extent were significantly higher for taxa
occurring in woodlands or with variable habitat preferences than in the remaining habitats (Table 3.6, p <0.05, Mann-Whitney U-tests). Of the remaining habitats, the sole
significant difference was between the greater abundance of swamp versus granitedwelling taxa.

DISCUSSIO:

Biogeography and orchid taxon richness

The Orchidaceae of the SWAFR show a markedly different pattern of taxon richness
to the remainder of the flora. For the majority of plant genera for which there are data
available highest taxon richness occurs in the TRZ, though there are exceptions, particularly among some genera of annuals and perennial herbs (Hopper 1979; Hopper et
al. 1992: Lyons et al. 2000; Phillips et al. 2009a). For the vascular flora in general,
nodes of high taxon richness occur at Mt Lesueur in the TRP, Stirling Range, Boxwood Hills (east of the Stirling Range) and Fitzgerald in the SCP, and the Swan
Coastal Plain centred on Perth (HRP) with several less prominent nodes in the TRP
(Hopper & Gioia 2004). Alternatively, orchids have their highest diversity in coastal
areas of the HRP (Figure 3.1), though some areas of high taxon richness are in common (e.g. Swan Coastal Plain). The high diversity in high rainfall regions may be attributable to greater habitat diversity and niche conservatism, with orchids being a predominantly mesic family (Cribb et al. 2003). In more arid parts of the SWAFR they
become increasingly associated with moist environments such as granite inselbergs
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(Hopper et al. 1997), ephemeral creeklines and floodplains. High taxon richness in the
HRZ indicates that a high proportion of taxa evolved here, necessitating an alternative
model of speciation to climatic fluctuation acting in concert with geological variability
in the TRP to drive diversification. While there is some evidence that the effects of climatic fluctuation may have influenced speciation and population genetic structure in
wetter regions (Wheeler & Byrne 2006), the unique pollinator and mycorrhizal specialisation in orchids may have played a pivotal role in diversification within the HRP.

Despite a different pattern of richness, orchids exhibit broadly similar phytogeographic
provinces to those of the entire flora (Figure 3.2; Hopper & Gioia 2004). Rainfall appears to determine main boundaries between provinces with the 600 mm isohyet being
closely correlated with the boundary of the TRP for both orchids and the entire flora.
At a more local scale, soil type is also critical (Hopper 1979). For example, the
boundaries between the Swan and Darkan-Stirling orchid provinces coincide with a
change from sandplain to predominantly lateritic soil. Similarly, the LeeuwinNaturaliste ridge forms a separate orchid province from the remaining high rainfall areas. Therefore, at regional scales rainfall is the dominant factor correlated with orchid
taxon turnover and speciation between regions, while at sub-regional scales edaphic
specialisation is a critical correlate.

The correlation of climatic and edaphic variables with taxon turnover and the boundaries between sister taxa, suggests that these environmental variables may play a role in
the speciation of orchids in the SWAFR. In the SWAFR, support for provincial
boundaries being regions favouring genetic divergence and speciation is accumulating
through population genetic and phylogeographic research in other families (e.g. Kennington & James 1998; Wheeler & Byrne 2006). At a finer scale, Bussel et al. (2006)
revealed that taxa from several families show genetic provenances within the Swan
Coastal Plain, either from north to south or between soil types. Because of insufficient
data for the SWAFR, it is unknown whether local specialisation for edaphic environment, turnover of pollinator species or turnover of potential mycorrhizal endophytes is
responsible for the changes in orchid composition across environmental gradients.

When considering the flora in general, areas of endemism largely coincide with centres
of high species richness, though there is a pronounced relative increase in endemism
on the northern sandplain (Hopper & Gioia 2004). In the Orchidaceae, areas of high
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endemism also tended to follow areas of high taxon richness (Table 3.2). This analysis
confirms the HRP as a centre of endemism but also brings attention to the Kalbarri district, which has a relatively high number of orchid endemics and a very high level of
endemism relative to the number of orchid taxa present. This provides further evidence
that the processes driving the accumulation of orchid diversity in the SWAFR may differ from those of the flora in general.

Rarity

The number of rare orchid taxa showed strong geographic variation. Because of high
taxon richness, regions in the HRP tended to have the highest number of rare taxa in
terms of both abundance and distributional extent (Table 3.2). Within the HRP, the
Leeuwin-Naturaliste Ridge, the Swan Coastal Plain and parts of the south coast had
exceptionally high numbers of rare taxa (Figure 3.7). The Leeuwin-Naturaliste Ridge
is a unique formation within the HRP of a granitic, fault-bounded horst of Precambrian
antiquity (Myers 1990) with diverse surface soils of granite outcropping, limestone,
laterite, coastal sands and loams. In the TRP, the Kalbarri region had an exceptionally
high number of rare orchid taxa. The Kalbarri region has a diverse geology including
sandplain, the granitic Northampton complex and is the only part of the SWAFR containing part of the Carnarvon Basin (Hocking 1990; Myers 1990). There are several
instances of taxa from species complexes usually associated with more mesic environments to the south that have persisted in occasional seasonally moist, relictual environments and speciated, resulting in a high level of orchid endemism (Brown et al. 2008;
Phillips et al. 2009a). The characteristics of these regions may indicate a role of unique
edaphic environment and a relictual state in the rarity of taxa.

Orchid taxa that are rare in terms of low abundance and/or restricted distributions were
most strongly associated with the naturally fragmented habitats of salt lakes, granites
and swamps within the SWAFR. While the semi-arid salt lakes often form continuous
systems along ancient palaeorivers (Beard 1999), the area of available habitat is restricted to a narrow, intermittent strip around the periphery of the lake that remains
non-saline but seasonally moist. The prevalence of naturally rare taxa from these geographically widespread habitats may be the result of the rarity of suitable habitat, low
colonisation possibilities because of the disjunct nature of suitable habitat or a radiation of taxa through allopatric speciation. In these habitats taxa extend their distribu52

tion further into drier regions than is typical (Hopper & Brown 2001, 2004; Brown et
al. 2008), providing further evidence that moist environments play a role in supporting
often rare, relictual taxa. The combination of geographic patterns of rarity and pronounced variation in rarity between habitats suggest that specialisation with edaphic
environment may be the primary determinant of intrinsic rarity of orchids in the southwest. This could arise directly from physiological specialisation with edaphic environment or indirectly through absence of suitable pollinators and mycorrhiza in other edaphic environments.

Pollination strategy was shown to have a significant association with the incidence of
rarity in terms of both abundance and distributional extent. Sexually deceptive taxa
have the highest incidence of rarity, very few food-rewarding taxa are rare, while fooddeceptive taxa possess an intermediate level of rarity. This relationship was not evident
when considering mean abundance and distribution and is most likely due to the large
effect that a small number of abundant taxa have on the means, particularly in monotypic genera. The difference in incidence of rarity could be driven through greater fruit
set from the provision of a reward. Orchids that produce floral nectar have higher fruit
set (Neiland & Wilcock 1998; Tremblay et al. 2005) and nectar supplementation can
result in a higher visitation rate (Jersáková & Johnson 2006). Furthermore, limited investigations of Ophrys and sexually deceptive Australian species have revealed, on
average, comparatively low fruit set (Tremblay et al. 2005; Phillips et al. 2009b).
However, some genera of sexually deceptive orchids that occur in the SWAFR show
high fruit set that is comparable to that in some rewarding species (Chapter 5).
Whether low fruit set results in rarity depends on the availability of orchid recruitment
sites and the presence of suitable mycorrhiza. This hypothesis must be evaluated by
combining studies on pollination ecology with data on the longevity of individual
plants and the availability of recruitment sites with suitable mycorrhizal endophytes.
An alternative hypothesis is that the specialisation for a single pollinator in sexual deception (e.g. Coleman 1930; Stoutamire 1983; Phillips et al. 2009b) leaves the orchid
vulnerable to changes in pollinator abundance. This is less likely to arise in foodrewarding or food-deceptive species, which attract a suite of foraging insects. This hypothesis would be supported if it is shown that rare species are associated with rare
pollinators.

Previous studies of rarity in orchids have focused on the role of pollination strategy
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with varying results. Neiland & Wilcock (1998) found that in Britain rarity is associated with non-rewarding species. Alternatively, in the Netherlands, orchid rarity is related to habitat rather than pollination strategy, with orchids confined to wet grasslands
and heathlands suffering greater losses than those confined to forests or calcareous
grasslands (Jacquemyn et al. 2004). In Estonia, species associated with calcareous
grassland and woodland habitats showed the greatest decline (Kull & Hutchings 2006).
The results of the present study support those of Neiland & Wilcock (1998). However,
the variation in conclusions from these four studies suggests that the drivers of rarity in
orchids are dependent on regional variation in anthropogenic impacts and biology of
the orchids.

It was predicted that collar-infected genera would show a greater predisposition to rarity through a perceived restricted ability to acquire fungal endophytes. However, there
was no evidence from this study that site of mycorrhizal infection is linked to rarity.
Furthermore, there are widespread and common genera in four of the five mycorrhizal
infection types. It is proposed that for Western Australian terrestrial orchids, the major
limiting factor on recruitment is seed arriving at a site with a suitable fungus for germination. If mycorrhizal associations do play a role in rarity, it is more likely to result
from specificity of the relationship or coarse differences in the distribution of fungi
within the environment in response to microhabitat.

An issue with any analysis of rarity in a human-modified landscape is the role of both
intrinsic and human-induced rarity. The present study was focused on the intrinsic features of the biology of taxa on rarity. However, how anthropogenic influences affect
the analysis must be considered. An inherent assumption is that anthropogenic influences will be equal on all pollination strategies, for all sites of mycorrhizal infection, in
all geographic regions and across all habitats. Data are not available to evaluate the
effect of anthropogenic effects on the breakdown of pollinator and mycorrhizal relations in the SWAFR. The anthropogenic influence varies considerably between regions
and habitats, particularly from land clearing (Shepherd et al. 2002), with highest impact on the woodlands of the TRP and woodlands and swamps of the Swan Coastal
Plain. In the TRP very few rare taxa occur in woodlands, so this will have negligible
impact on the analysis. Because of few early collections and a history of taxonomic
confusion (for examples see Hopper & Brown 2001, 2007), it is difficult to assess
whether the rare taxa on the Swan Coastal Plain were intrinsically rare. Given the spe54

cialised habitat requirements of most of the rare Swan Coastal Plain taxa (Hopper &
Brown 2001; Hopper & Brown 2007; Brown et al. 2008), they were probably always
uncommon or localised, but this position has been accentuated by land clearance and
habitat alteration. An additional influence was the consumption of some common orchids by Noongar Aboriginal people (Drummond 1842), present in the region for at
least 45,000 years (Allen & O’Connell 2003). An important area of future research
will be to examine the effects of anthropogenic change on species with differing habitat requirements, pollination strategies and mycorrhizal ecology.

Conservation implications

In the SWAFR, the diversity of the total flora cannot be used as a surrogate for assessing the importance of a region for orchid conservation and vice versa. Only a weak
correlation was present between the total flora and the Orchidaceae for both species
richness and local endemism. A similar result has been obtained on other continents at
a regional scale when testing for a correlation in species richness between different
groups of flora and fauna (Prendergast et al. 1993; Howard et al. 1998) and conforms
to the observation of Gaston (2000) that exceptions to patterns of biodiversity become
more prevalent at lower taxonomic ranks.

Restricted edaphic environments were the most strongly associated variable with rarity
in orchids of the SWAFR, in particular swamps, inland salt lake margins and granite
outcrops. The natural rarity and fragmentation of these habitats means that the orchids
may have evolved a genetic system that can cope with the associated inbreeding as
seen in some other SWAFR taxa (James 1965; Samson et al. 1988; Byrne & Hopper
2008; Hopper 2009). However, the maintenance of suitable habitats to facilitate dispersal events in the event that existing locations become unsuitable needs to be considered. While granite outcrops, although sometimes degraded, are reasonably well protected in conservation reserves, the other habitats remain under threat. Salt-lake margins are a vulnerable habitat through rising saline water tables resulting from the removal of up to 95% of the original vegetation in the Western Australian wheatbelt
(Anonymous 2006). Swamplands are generally well protected in the state forests in
southern Western Australia. However, the orchid-rich swamps of the Swan Coastal
Plain have been mostly cleared, and ephemeral swamps in the Leeuwin-Naturaliste
district are threatened by a current proposal to tap the Yarragadee aquifer to supple55

ment Perth’s declining water supply (Horwitz et al. 2008). The long term effects of
pervasive changes such as a pronounced reduction in rainfall (Li et al. 2005), changing
fire regimes (Brown et al. 1998) and disturbance from introduced pests (Brown et al.
1998) remains to be seen.

Future conservation efforts should take into account the propensity towards rarity in
sexually deceptive species. Because of the specificity of the plant-pollinator relationship, particular attention should be paid to the biology and requirements of the pollinator. In particular, if there are ample sites for recruitment, an increase in the abundance
of the pollinator may lead to an increase in orchid recruitment. With the exception of
the ant-pollinated Leporella (Peakall 1989a), all sexually-deceptive taxa in the
SWAFR utilise parasitic wasps (references in Table 3.1; Ridsdill-Smith 1970). Parasitoids are believed to be particularly sensitive to environmental change (Tscharntke &
Brandl 2004) making the biology of the wasps and the orchids they pollinate of particular concern. In the longer term, changes in the abundance of a pollinator may precede those of the orchid.
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4

1

4

1

Corunastylis

Corybas

Cryptostylis

4

5

4

4

3

55

Calochilus

3

13

3

2

Caladenia - Phlebochilus

3

7

Caladenia - Elevatae

3

4

3

24

Caladenia - Drakonorchis

3

48

Caladenia - Calonema

3

site

of taxa

156

Infection

:umber

Caladenia – all

Genus

sex

unknown

food

sex

food

sex

reward

food

sex

food

sex

Hoffman & Brown 1998;

reward

Coleman 1930

Brown et al. 2008

Brown et al. 2008

lips et al. 2009b

Hopper & Brown 2001; Phil-

Stoutamire 1974, 1983;

Reference

sex, food,

strategy

Pollination

0

25.0

0

75.0

43.7

23.1

0

14.3

50.0

29.2

35.4

34.6

distribution

% Rarity -

0

0

0

75.0

32.7

30.8

0

14.3

50.0

29.2

33.3

30.8

abundance

% Rarity -

39.0

11.2 ± 6.0

22.0

2.8 ± 0.8

13.3 ± 2.3

27.2 ± 7.1

33.5 ± 2.5

57.9 ± 18.8

19.5 ± 9.1

15.1 ± 3.1

15.5 ± 2.2

17.9 ± 1.7

mean (s.e)

Distribution -

76.0

20.2 ± 13.0

28.0

5.0 ± 1.8

22.2 ± 4.0

44.1 ± 13.5

45.0 ± 5.0

108.3 ± 30.2

32.7 ±17.8

23.6 ± 4.1

30.2 ± 4.1

33.2 ± 3.2

–mean (s.e)

Abundance

those defined in Ramsay et al. (1986). Pollinator attraction strategy: sex = sexual deception, food = food deception, reward = a food reward is pro-

known from six or fewer quarter-degree cells (distribution) or ten or fewer herbarium records (abundance). Sites of mycorrhizal infection refer to

as a measure of distributional extent. The number of independent herbarium records was used as a measure of abundance. Taxa were classed as rare if

pollination strategy and site of mycorrhizal infection. The number of quarter-degree blocks in which herbarium collections have been made was used

Table 3.1: Incidence of rarity, mean distribution and mean abundance of orchid genera in the Southwest Australian Floristic Region with reference to
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1

11

3

33

10

2

2

1

11

1

1

1

1

13

12

1

Cryptostylis

Cyanicula

Cyrtostylis

Diuris

Drakaea

Elythranthera

Epiblema

Ericksonella

Eriochilus

Gastrodia

Leporella

Leptoceras

Lyperanthus

Microtis

Paracaleana

Pheladenia

3

3

4

4

3

4

1

2

3

4

3

3

4

5

3

4

5

site

of taxa

4

Infection

:umber

Corybas

Genus

food

sex

reward

reward

reward

sex

reward

food

food

food

food

sex

food

reward

food

sex

unknown

strategy

Pollination

Rogers 1931

Hopper & Brown 2006

Peakall & Beattie 1989

Brown et al. 2008

Brown et al. 2008

Peakall 1989a

Jones 1985

Erickson 1965

Brown et al. 2008

Brown et al. 2008

Brown et al. 2008

1990; Hopper & Brown 2007

Stoutamire 1974; Peakall

al. 1986

Coleman 1933a; Beardsell et

Brown et al. 2008

2008

Peakall 1987; Brown et al.

Coleman 1930

Reference

0

58.3

7.7

0

0

0

0

27.3

0

50.0

0

60.0

33.3

0

27.3

0

25.0

distribution

% Rarity -

0

41.7

7.7

0

0

0

0

9.1

0

50.0

0

60.0

24.2

0

18.2

0

0

abundance

% Rarity -

106.0

8.6 ± 3.2

24.0 ± 5.9

50.0

72.0

79.0

14.0

22.9 ± 5.8

72.0

10.0 ± 9.0

85.5 ± 23.5

18.1 ± 6.6

11.1 ± 2.4

37.7 ± 14.5

22.3 ± 6.7

39.0

11.2 ± 6.0

mean (s.e)

Distribution -

171.0

12.1 ± 4.2

39.7 ± 11.2

90.0

112.0

133.0

22.0

43.9 ± 11.3

105.0

22.5 ± 21.5

142.5 ± 30.5

37.5 ± 14.2

41.6 ± 15.2

70.3 ± 29.9

40.9 ± 16.0

76.0

20.2 ± 13.0

–mean (s.e)

Abundance

59

26

66

2

1

1

37

Prasophyllum

Pterostylis

Pyrorchis

Rhizanthella

Spiculaea

Thelymitra

4

4

1

4

2

4

3

site

of taxa

1

Infection

:umber

Praecoxanthus

Genus

food

sex

unknown

reward

unknown

reward

food

strategy

Pollination

1986b; Dafni & Calder 1987

Bernhardt & Burns-Balogh

Alcock 2000

Brown et al. 2008

Balogh 1986a

1989b; Bernhardt & Burns-

1933b; Bates 1984; Peakall

Rogers 1913; Coleman

Brown et al. 2008

Reference

24.3

0

100

0

7.6

11.5

0

distribution

% Rarity -

16.2

0

100

0

4.5

3.8

0

abundance

% Rarity -

24.5 ± 4.8

42.0

5.0

52.5 ± 36.5

14.4 ± 2.4

24.0 ± 5.9

48.0

mean (s.e)

Distribution -

41.1 ± 8.8

65.0

10.0

89.0 ± 66.0

20.2 ± 3.9

43.5 ± 8.4

48.0

–mean (s.e)

Abundance
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ESP

N Darkan

BRO

Coastal

Greater Perth

SW

Esperance

Fitzgerald

N, S, E Muir

SF

FITZ

W Muir

Stirling

3

4

1

15

16

14

3

endemics

Gioia (2004)

Darkan,

:o. of

Hopper &

LN

DST

Southeast

High Rainfall

Orchid Province

size.

81

133

116

184

203

157

160

:o. of taxa

3.70

3.01

0.86

8.15

7.88

8.92

1.87

% Endemic
taxa

12

29

8

24

35

19

28

:o. of cells

0.25

0.14

0.12

0.62

0.46

0.74

0.11

Endemics/cells

6.75

4.59

14.50

7.67

5.80

8.26

5.71

Taxa/cells

43

38

61

86

103

74

73

Max.

18.7± 3.3

15.0 ± 2.1

34.0 ± 6.6

39.2 ± 4.8

43.4 ± 3.8

34.9 ± 4.0

25.1± 2.6

cell ± s.e.

Taxa per

of regions, see Figure 3.3 and Figure 3.5. Regions defined by Hopper & Gioia (2004) are for the entire vascular flora. Cells are a quarter-degree in

KAL = Kalbarri, NSP = Northern Sandplain, NWB = Northern Wheatbelt, SWB = Southern Wheatbelt, SWWB = Southwest Wheatbelt. For location

Brookton (margin of High Rainfall Province), FITZ = Fitzgerald, MESP = Mesic Esperence (Southeast Coastal Province), ESPM = Esperence mallee,

Region. Regions: DST = Darkan-Stirling Range, LN = Leeuwin-Naturaliste, SF = Southern Forests, SW = Swan (High Rainfall Province), BRO =

Table 3.2: An analysis of the taxon richness and endemism in the biogeographic districts of the Orchidaceae of the Southwest Australian Floristic
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Transitional Rainfall

Orchid Province

Wongan,

NWB

S Hyden

Narrogin

SWB

SWWB

Hyden

Lesueur

Kalbarri

N Fitzgerald

N Esperance,

1

2

15

10

13

0

endemics

Gioia (2004)

NSAND

KAL

ESPM

:o. of

Hopper &

109

88

134

147

77

91

:o. of taxa

0.92

2.27

11.19

6.80

16.88

0.00

% Endemic
taxa

20

28

292

56

48

36

:o. of cells

0.05

0.07

0.05

0.18

0.20

0.00

Endemics/cells

5.45

3.14

0.46

2.62

1.60

2.53

Taxa/cells

43

34

26

35

28

33

Max.

19.0 ± 2.4

8.8 ± 1.3

4.0 ± 0.3

10.6 ± 1.2

6.1 ± 1.0

8.4 ± 1.4

cell ± s.e.

Taxa per

Table 3.3: Geographic variation in the taxon richness of rare orchids in the Southwest
Australian Floristic Region. Cells were a quarter-degree in size. Taxa were classed as
rare if they are known from ten or fewer herbarium records (abundance) or six or
fewer quarter-degree cells (distribution). Regions: DST = Darkan – Stirling Range, LN
= Leeuwin – Naturaliste, SF = Southern Forests, SW = Swan (High Rainfall Province),
BRO = Brookton (margin of High Rainfall Province), FITZ = Fitzgerald, ESP = Esperance (Southeast Coastal Province), ESPM = Esperance Mallee, KAL = Kalbarri, NSP
= Northern Sandplain, NWB = Northern Wheatbelt, SWB = Southern Wheatbelt,
SWWB = Southwest Wheatbelt. For location of regions, see Figure 3.5. Regions defined by Hopper & Gioia (2004) are for the entire vascular flora. Numbers in bold are
those with exceptional levels of rarity.
Orchid

Hopper &

Rare taxa

Rare taxa

% of rare

% of rare

Province

Gioia (2004)

per cell -

per cell -

taxa per

taxa per

abundance

distribu-

cell rare -

cell rare-

tion

abundance

distribution

0.73 ± 0.18

1.08 ± 0.25

2.55± 0.64

3.77 ± 0.89

DST

Darkan,
Stirling

High

LN

W Muir

1.44 ± 0.49

1.44 ± 0.45

2.80 ± 0.91

2.87 ± 0.78

SF

N, S, E Muir

1.06 ± 0.20

1.51 ± 0.26

2.66 ± 0.54

3.49 ± 0.59

SW

Greater Perth

1.82 ± 0.28

2.23 ± 0.38

4.19 ± 0.63

5.53 ± 1.18

BRO

N Darkan

0.38 ± 0.18

1.12 ± 0.40

1.32 ± 0.78

2.81 ± 0.95

FITZ

Fitzgerald

0.62 ± 0.12

0.5 ± 0.15

4.21± 0.93

2.75 ± 0.80

ESP

Esperance

0.50 ± 0.17

0.60 ± 0.16

2.34 ± 0.82

2.74 ± 0.79

ESPM

N Esperance,

0.12 0.08

0.35 0.12

1.29 ± 0.93

2.69 ± 1.07

Rainfall

Southeast
Coastal

N Fitzgerald

Transitional

KAL

Kalbarri

1.95 ± 0.34

1.82 ± 0.36

14.64 ± 2.57

13.89 ± 2.76

NSAND

Lesueur

0.56 ± 0.12

0.80 ± 0.15

4.57± 1.02

6.13 ±1.06

NWB

Wongan,

0.14 ± 0.04

0.15 ± 0.04

1.30 ± 0.42

1.37± 0.42

SWB

Hyden
S Hyden

0.15 ± 0.08

0.2 ± 0.09

1.31± 0.83

1.59 ± 0.85

SWWB

Narrogin

0.32 ± 0.13

0.58 ± 0.14

2.41± 1.25

3.82 ± 1.07

Rainfall
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Table 3.4: Differences in the abundance, distribution and incidence of rarity in orchid
genera in relation to site of mycorrhizal infection in the Southwest Australian Floristic
Region. The incidence of rarity is the percentage of rare taxa based on either low abundance or restricted distribution. The mean is the parametric mean, while the statistical
test was a Kruskall-Wallis test. Classification of infection sites follows Ramsay et al.
(1986). Taxa were classed as rare if they are known from ten or fewer herbarium records (abundance) or six or fewer quarter-degree cells (distribution). n = number of

Abundance

Distribution

Incidence of rarity - abundance

Incidence of rarity - distribution

n

Mean ± s.e

Rank

χ2

p-value

Infection 1

2

16 ± 6.00

average
4.50

5.313

0.257

Infection 2

2

32.04 ± 11.87

10.50

Infection 3

9

82.25 ± 18.14

17.67

Infection 4

12

54.06 ± 10.76

13.75

Infection 5

2

45.29 ± 25.04

12.00

Infection 1

2

9.5 ± 4.50

5.239

0.263

Infection 2

2

18.67 ± 4.25

10.50

Infection 3

9

50.29 ± 13.29

17.11

Infection 4

12

32.99 ± 5.89

14.25

Infection 5

2

24.46 ± 13.21

11.50

Infection 1

2

50 ± 50

17.25

2.282

0.684

Infection 2

2

6.82 ± 2.27

17

Infection 3

9

15.62 ± 6.79

14.11

Infection 4

12

14.75 ± 6.98

13.95

Infection 5

2

0±0

7.5

Infection 1

2

50 ± 50

17

0.758

0.944

Infection 2

2

17.42 ± 9.84

16.75

Infection 3

9

18.91 ± 8.02

13.88

Infection 4

12

16.82 ± 7.08

13.375

Infection 5

2

12.5 ± 12.5

12.5

4.50
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Table 3.5: Differences in the abundance, distribution and incidence of rarity in orchid
genera in relation to pollination strategy in the Southwest Australian Floristic Region.
The incidence of rarity is the percentage of rare taxa based on either low abundance or
restricted distribution. The mean is the parametric mean, while the statistical test was a
Kruskall-Wallis test. Pollinator attraction strategy: sex = sexual deception, food = food
deception, reward = food reward is provided. Taxa were classed as rare if they are
known from ten or less herbarium records (abundance) or six or less quarter-degree
cells (distribution). Letters indicate significant differences at the p <0.05 level of significance (capital: higher value, lower case: lower value). n = number of genera.

Abundance

Distribution

Rarity - abundance

Pollination

n

Mean ± s.e.

Mean rank

χ2

p-value

sex

9

48.39 ± 12.97

13.11

0.609

0.552

food

13

65.21 ± 14.28

15.69

reward

8

63.81 ± 11.04

17.88

sex

9

27.96 ± 7.69

12.89

0.758

0.479

food

13

39.28 ± 8.79

15.65

reward

8

38.46 ± 6.68

18.19

sexAB

9

31.90 ± 8.86

20.28

7.12

0.028

13

14.92 ± 4.38

15.88

8

1.44 ± 1.01

9.5

9

32.43 ± 9.39

19.72

6.55

0.037

13

19.27 ± 4.98

16.27

8

2.40 ± 1.62

9.5

food

aC

reward

Rarity - distribution

SexDE
food

d

reward
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bc

e

Table 3.6: Differences in the abundance, distribution and incidence of rarity (in terms
of abundance and distribution) in orchid genera in relation to habitat in the Southwest
Australian Floristic Region. Variable refers to taxa that utilise more than one of the
listed habitats. For both mean abundance and mean distribution there is significant
variation between habitats (p <0.05, Kruskal-Wallis test). The source of the variation
was established using Mann-Whitney U-tests. Letters indicate significant differences at
the p <0.05 level of significance (capital: higher value, lower case: lower value).
Habitat

Total

Rare taxa

% rare

Abundance

Rare taxa

% rare

Distribu-

coastal

taxa
22

(abundance)
8

36.4

(± s.e.)
10.9 ± 1.7ab

(distribution)
7

31.8

tion (± s.e.)
7.3 ± 1.0ab

granite

25

9

36.0

10.5 ± 3.0abd

10

40.0

7.7 ±1.8ab

salt lake

6

4

67.0

6.8 ± 1.1abc

5

83.3

4.5 ± 1.3abc

swamp

72

21

29.2

18.9 ± 2.3abD

26

36.1

11.1 ± 1.3ab

variable

68

1

1.5

57.3 ± 7.3AC

2

2.9

34.7 ± 1.3AC

woodland

211

40

19.0

35.5 ± 2.8Bc

55

26.1

20.5 ± 1.5Bc
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Figure 3.1: The Southwest Australian Floristic Region (sensu Hopper & Gioia 2004)
with locations referred to in the text.

66

Figure 3.2: Taxon richness of orchids in the Southwest Australian Floristic Region.
Cells represent quarter-degree squares.
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Figure 3.3: Species richness and biogeographic regions for the Southwest Australian
Floristic Region for all plant taxa. Figure modified from Hopper & Gioia (2004).
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Figure 3.4: UPGMA cluster analysis of orchid taxon composition in one-degree
squares in the Southwest Australian Floristic Region. Only squares with more than 15
taxa recorded from them were included. Clusters were used to delineate orchid botanical provinces. Regions given are only approximate and were further refined by cluster
analysis at the half-degree scale before being classed as districts. Numbers adjacent to
the dendrogram refer to latitudes and longitudes of the degree cells.
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Figure 3.5: Orchid biogeographic provinces and districts of the orchids of the Southwest Australian Floristic Region. Dark grey = High Rainfall Province; light grey =
Southeast Coastal Province; white = Transitional Rainfall Province.
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Figure 3.6: A Multi-Dimensional Scaling ordination of the orchid taxa composition of
the orchid botanical districts of the Southwest Australian Floristic Region. Each point
represents a quarter degree square. While one ordination was produced, close-ups of
the different provinces have been presented to allow for readers to discern between
districts. (a) High Rainfall Province (b) Southeast Coastal Province (c) Transitional
Rainfall Province.
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Figure 3.7: Incidence of rarity of orchid taxa in the Southwest Australian Floristic Region. Cells represent quarter-degree squares. Taxa were classed as rare if they are
known from (a) ten or fewer herbarium records (abundance) or (b) six or fewer quarter-degree cells (distribution).
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Chapter 4 - Do rare terrestrial orchids have rare mycorrhiza? An experimental test with two communities of hammer orchid
I:TRODUCTIO:

All terrestrial orchids investigated thus far require a partnership with a mycorrhizal
endophyte for germination, progression to the seedling stage and annual growth
(Rasmussen & Rasmussen 2009). Dependence on the fungus is complete at the
achlorophyllous protocorm stage for carbon and nutrient uptake (Rasmussen & Rasmussen 2009). Most species establish photosynthesis but remain reliant on the fungus
for carbon and nutrients to varying extents (Cameron et al. 2006; Rasmussen & Rasmussen 2009). In orchids the presence of an appropriate fungus and its ability to support germination and growth of the orchid will be critical for the persistence and proliferation of orchid populations.

While levels of specificity are highly variable between species (e.g. Bonnardeaux et al.
2007; Bidartondo & Read 2008), orchids tend to form a mycorrhizal relationship with
a relatively narrow phylogenetic breadth of fungi in comparison with other types of
mycorrhizal relationships (Molina et al. 1992). Further, not all fungi used by the orchid
are equally effective at supporting germination and progression beyond the seedling
stage (Otero et al. 2005; Bidartondo & Read 2008).

While species rarity has been linked to a wide range of ecological traits (Schemske et
al. 1994; Bevill & Louda 1999), few studies have considered the role of mycorrhizal
fungi in species rarity (Swarts & Dixon 2009). A likely avenue for an orchid’s mycorrhizal relations leading to species rarity is through high specificity. Reliance on a
single fungus may place a greater limitation on the number of habitats that an orchid
can occur in and the availability of suitable patches within that habitat. Previous studies of orchid mycorrhizae have shown that some species use a small number of fungal
species as delineated by DNA sequencing (e.g. McCormick et al. 2004; Irwin et al.
2007; Swarts 2007; Huynh et al. 2009). However, the distinction must be made between phylogenetic specificity and ecological specificity. Several species use numerous closely related fungal species and have narrow phylogenetic specificity (e.g. Taylor & Bruns 1997; Shefferson et al. 2007; Ogura-Tsujita & Yukawa 2008). However,
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the use of several species may still provide ample opportunity to exploit different edaphic environments and geographic regions. Currently, the mycorrhizal endophytes of
too few rare orchids have been characterised to determine if orchid rarity is correlated
with mycorrhizal specificity, though early evidence suggests that this may not be the
case (Shefferson et al. 2007).

While mycorrhizal specificity may contribute to the rarity of an orchid species, the ultimate limiting factor is the distribution of suitable fungi in the landscape. The development of the seed baiting technique (Rasmussen & Whigham 1993; Brundrett et al.
2003), where packets of orchid seed are submerged below the soil surface, has enabled
investigation of the distribution of mycorrhizal fungi. Thus far, most studies have focused on the small scale of the distribution of fungi in relation to orchids within orchid
populations. Baiting studies in several ecosystems have demonstrated that the fungi are
more widespread than the orchid and that at local scales the increase of orchid populations is usually limited by seed arrival rather than the absence of suitable microsites
(Batty et al. 2001a; McKendrick et al. 2002; Diez 2007; Jacquemyn et al. 2007a). The
local distribution of fungi within sites is correlated with small scale variations in edaphic properties such as soil moisture, organic content, pH and nutrient levels (Batty et
al. 2001a; Diez 2007). These environmental correlates demonstrate the possibility for
environmental conditions to limit the abundance of mycorrhizal fungi and ultimately
the orchids that rely upon them. However, resolution of the role of mycorrhiza in orchid rarity at multiple spatial scales will require baiting in areas of both occupied and
unoccupied suitable habitat.

In the diverse orchid flora of the Southwest Australian Floristic Region (sensu Hopper
& Gioia 2004), the genus with the highest level of intrinsic rarity is Drakaea. The mycorrhizal ecology of the genus is largely unknown, though some species are known to
use a specific morphotype of violet-pink mucid fungus (Ramsay et al. 1986). Given
the high level of intrinsic rarity in Drakaea and the putative high mycorrhizal specificity, a series of hypotheses were tested to determine the role of mycorrhiza in intrinsic
rarity in the genus: (i) rare species use a small number of fungal species (ii) rare species have rarer fungi (iii) Drakaea have rarer fungi than co-occurring orchid genera
(iv) Drakaea fungus is more widespread than the orchid within and between sites (v)
the distribution of the fungus is related to microhabitat.

74

MATERIALS A:D METHODS

Study species and study sites

This study focused on two communities of Drakaea, each comprising one rare species
and co-occurring common congeners. The rare D. elastica is endemic to the Swan
Coastal Plain where it co-occurs with the comparatively common and widespread D.
glyptodon (Hopper & Brown 2007). On the Swan Coastal Plain, Drakaea tend to be
confined to the open, low-lying areas associated with Kunzea glabrescens and are
largely absent from the surrounding Banksia woodland (Hopper & Brown 2007). The
rare D. micrantha is widely scattered through apparently suitable habitat in the southern jarrah forests, where it co-occurs with the common D. glyptodon, D. livida and D.
thynniphila (Hopper & Brown 2007). In this region most large Drakaea populations
occur in disturbed areas such as regenerating clearings and along fire-breaks (Hopper
& Brown 2007). Both D. elastica and D. micrantha are recognised as Declared Rare
Flora under the Wildlife Conservation Act (1950).

Seed collection details

Seeds for baiting studies were collected from one or few sites for each species within
the study area (Table 4.1). Seed was collected from natural pollination events. For species where seed was collected from more than one site, seed batches were combined
and mixed prior to use. Seeds used for the in vitro experiment were collected from a
single site for each species (Table 4.1), with the exception of D. glyptodon. Seed of D.
glyptodon was collected from Northcliffe and Ruabon (Figure 4.1) but the seed batches
kept separate. Stems with a pollinated flower were picked just prior to dehiscence, approximately four weeks after pollination. Stems were placed in vials in the laboratory
and the seed capsules picked and placed in envelopes just as dehiscence began. Seed
was dried in the envelopes at 15ºC and 15% relative humidity for three months before
being placed in vials and refrigerated at 4ºC.

Fungal isolation and sequencing

Fungi were isolated from adult plants across the range of each species within the study
region during 2007 (Figure 4.1), including several sites where fungal baiting was un75

dertaken (Figure 4.2). Samples of D. glyptodon and D. livida from outside the study
area were not included. Samples were collected from between one and seven sites from
up to seven individuals per site. Fungi were also isolated from protocorms generated
during the in situ seed baiting study. Sequencing of isolates from both adults and wild
protocorms followed by in vitro germination permits confirmation of the fungi present
for the entirety of the life cycle and confirms their efficacy. This represents an advantage over direct sequencing from roots, at the expense of potentially missing fungi that
do not grow in culture. Fungi were isolated from adult plants using the method described in Ramsay & Dixon (2003). The infected collar was washed under tap water
before undergoing a series of three rinses in sterile water. Under a dissecting microscope the collar was mechanically broken open to release the peletons from the cortical
cells. Peletons were taken through a serial dilution where peletons were pipetted into a
series of large droplets of sterile water. Peletons were plated out onto Soil Solution
Equivalent (SSE) media with streptomycin sulfate. SSE media was made according to
the following recipe: for two litres, the medium contained 0.4g MES buffer, 1400 ml
of reverse osmosis water, 200 ml of stock solutions A, B and C (Table 4.2), 4 g of sucrose and 16 g of agar. The pH was adjusted to 5.5 by adding HCl or KOH. The medium was cooked using a microwave and autoclaved for 20 minutes at 121ºC and 1.05
kg/cm2 15-20 psi. After autoclaving, a total of 20 ml of streptomycin (1 g in 70 ml)
was added using a syringe and a sterile 22 µm Millipore filter attachment. Three weeks
after isolation, a subset of peletons for each species was scored for presence or absence
of growth. At this point individual peletons were subcultured onto separate SSE plates.
After a further four weeks, single hyphal tips were subcultured onto PDA media (3.9 g
Potato Dextrose Agar powder and 6.0 g agar to 500 mL of deionised water) to be
grown up for sequencing.

Fungal DNA was extracted based on the method of Gardes et al. (1991). There was
some variation in the pattern of fungal growth from plate to plate, but growth was generally most prolific along and just under the surface of the agar. Blocks of agar with a
thick concentration of surface hyphae were cut and sliced parallel to the upper surface
of the agar. DNA was then extracted from these upper slices. About 0.8 ml of fungi
and agar was ground with a mortar and pestle in a 1.5 ml Eppendorf tube until only
very fine chunks of tissue were visible. One milliliter of lysis buffer (2% CTAB, 0.1 M
Tris-HCl, 1.4 M NaCl, 0.02 M EDTA) and 5 µl of RNAase were added to the ground
tissue. Extracts were incubated for 40-60 minutes at 60-65ºC. Samples were centri76

fuged for ten minutes at 13,000 rpm and the supernatant transferred to a new Eppendorf tube. Proteins were extracted by adding 600 µL of 24:1 chloroform: isoamyl alcohol and shaking for 45-60 minutes. The extracts were spun at 11,000 rpm for 10 minutes before the aquaeous (upper) phase was transferred to a new Eppendorf tube.
Seven hundred microlitres of isopropanol was added and the extract stored at 20ºC for
30 minutes. After 20 minutes of centrifuging at 13, 000 rpm, all liquid was pipetted off
and the pellet washed in 500 µl of 70% ethanol. After removing the ethanol and allowing the pellet to dry, the DNA was resuspended in 60 µl of TE buffer.

Nuclear DNA from internal transcribed spacers 1 and 2 and the intervening 5.8s subunit of the ribosomal gene (hereafter referred to as ITS) were amplified using the primers

ITS1

(F)

(5’-TCCGTAGGTGAACCTGCGG-3’)

and

ITS4-Tul

(CCGCCAGATTCACACATTGA; Taylor & McCormick 2008) in a Corbett Cg1-96
thermocycler. The reaction mix for PCRs contained 5µl of fungal DNA, 10 µl of 5x
polymerization buffer, 6 µl of 25 nM MgCl, 12.8 µl of sterile H2O, 8 µl of ITS1F (3.2
µM), 8 µl of ITS4-Tul (3.2 µM) and 0.2 µl of TAQ polymerase. After a two minute
denaturation at 95ºC, amplifications consisted of 36 cycles. Each cycle consisted of a
one minute denaturation at 95ºC before an annealing step of two minutes at 50º C and
extension for one minute at 72ºC. The PCR was completed with a final extension
phase of eight minutes at 72ºC. PCR product was purified using the Agencourt AMPure PCR Purification System by Beckman Coulter. Sequencing was undertaken by
Macrogen Inc. (Seoul, Korea).

Sequences were visually aligned in Se-Al v2.0 (Rambaut 2002). A sequence of the ITS
region of a mycorrhiza from Chiloglottis valida D.L. Jones (Orchidaceae) was included as an outgroup (C. Linde & R. Peakall unpublished data) along with the most
similar sequences from Genbank. A phylogeny of the mycorrhiza associated with Drakaea was created using a Parsimony analysis in PAUP 4.0 (Swofford 2002). A heuristic search was undertaken using TBR branch swapping and 100 random addition sequences, saving a maximum of 200 trees per search. A Bootstrap analysis using 1000
replicates of SPR branch swapping was used to give an estimate of the robustness of
clades. A Maximum Likelihood analysis with bootstrapping was undertaken in RaxML
(Stamatakis et al. 2008).
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Cross specificity/germination trials

Germination trials were conducted using isolates from between four and six plants of
each species except for D. thynniphila. Fungi of D. glyptodon was used from two sites,
Northcliffe and Ruabon, which are in different biogeographic regions. For each isolate,
seed from D. elastica, D. micrantha and D. glyptodon (Ruabon population) was germinated on three subcultures and seed from D. glyptodon (Northcliffe population), D.
livida and D. thynniphila was germinated on another three subcultures. Germination
was undertaken on oats agar, consisting of 2.5 g of oats and 8 g of agar per litre, adjusted to pH 5.5. Seeds confined in packets of 90 µm mesh (approximately 150 seeds
per packet) were sterilised in 1% bleach for 35 minutes before being rinsed in three
batches of sterile water for three periods of 15 minutes. Seeds were spread on the surface of the plate of agar in separate portions of the plate. Seeds were scored for germination after 10 weeks according to the scheme and illustrations of Batty et al. (2001b),
which was modified from the original scheme of Ramsay et al. (1986): 0 – unimbibed
seed; 1 – imbibed seed with cracked testa; 2 – germination and development of first
trichomes; 3 - enlargement of protocorms and initiation of leaf primordium; 4 – further
enlargement of protocorm with first green leaf; 5 – seedling with first green leaf and
initiation of dropper.

Seed baiting

The seed baiting study was undertaken during the winter and spring of 2007. Investigations of the ecology of mycorrhiza in the field were undertaken using the seed baiting
technique originally developed by Rasmussen & Whigham (1993) and modified by
Brundrett et al. (2003). In this technique, seeds are confined within packets of fine
mesh submerged vertically immediately below the soil surface. The germination of
seed is used to detect the presence of mycorrhiza capable of forming a symbiosis with
the orchid. Each bait is made of 90 µm mesh, with 2 × 2 cm compartments made using
a heat sealer and each compartment containing the seeds of a different species. Approximately 150 seeds per species were used per seed bait. Seed baits were planted at
the beginning of June coinciding with the first heavy rains and removed in the last
week of September/first week of October coinciding with the drying of the soil during
spring. Seed baits were scored for germination by classification into the five categories
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defined by Batty et al. (2001b). Successful formation of a symbiosis was considered to
be when individuals reached stage three, where the protocorm is enlarged with many
trichomes. For an estimate of abundance, the presence or absence of germination to
stage 3 was used to calculate the proportions of seed baits where mycorrhiza capable
of supporting seedlings occurs. All proportions were Arcsin square-root transformed
prior to analyses.

An experiment was undertaken to test the hypothesis that Drakaea fungi are confined
to the open sandy areas in which the orchid primarily occurs in. This experiment was
conducted in the southern jarrah forest (Figure 4.2, Table 4.1). At each of three sites 30
seed baits were randomly laid within the open sandy area and 30 baits outside the open
sandy area. Baits outside the open area were distributed every 12 degrees, between 1
and 10 metres from the margin of the open sandy area. Six species were used in the
seed baits, all of which are common on sandy soils in the southern jarrah forest. The
species used were Drakaea glyptodon, Drakaea livida, Caladenia flava R. Br., Elythranthera brunonis (Endl.) A.S. George, Paracaleana nigrita (J. Drummond ex Lindley) Blaxall and Thelymitra crinita Lindley. D. glyptodon, D. livida and P. nigrita all
occur predominantly in open sandy areas while C. flava, E. brunonis and T. crinita all
occur in a variety of forested habitats (Brown et al. 2008). For each species, MannWhitney U-tests with sites as replicates were used to test for a difference in abundance
between the open sandy area and the surrounding forest. Analyses were undertaken in
SPSS 11.0.

In two different ecosystems, I tested if rare Drakaea use fungi of lower abundance
than common Drakaea. In both cases all sites were in suitable Drakaea habitat, but not
all of the study species occur at each site (Table 4.1). Nine sites were used in thickets
of K. glabrescens to test if the rare D. elastica uses mycorrhiza of lower abundance
than the common D. glyptodon. Six sites were used in the southern jarrah forest to test
if the rare Drakaea micrantha uses mycorrhiza of lower abundance than the common
D. glyptodon, D. livida and D. thynniphila. A student’s t-test (K. glabrescens thickets)
and a one-way ANOVA (jarrah forest) using sites as replicates were used to test for
differences in mycorrhizal abundance between species.

For D. elastica, D. glyptodon, D. livida and D. micrantha student’s t-tests were conducted between sites with and without the orchid present to test if sites with the orchid
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present had higher abundance of mycorrhiza capable of supporting germination. A
meta-analysis using the results of the t-tests was used to test if there was an overall significant relationship across the four species. Probabilities were summed across sites
and tested for significance using the method of Rosenthal (1984).

To test if Drakaea have lower mycorrhizal abundance than other southwest Australian
genera, we compared mycorrhizal abundance of Drakaea with the other genera used in
this study and results presented in the literature (Brundrett et al. 2003; Collins et al.
2007; Swarts 2007). From the Collins et al. (2007) study, only sites in natural bushland
were included. From the Swarts (2007) study, only the sites within the distribution of
the orchid species were included.

Microhabitat preferences of the mycorrhiza

To test if Drakaea mycorrhiza is associated with a particular microhabitat that may
limit the abundance of the fungus, environmental variables were quantified for a 30 ×
30 cm square surrounding the seed bait. The following variables were quantified: %
cover of total leaf litter, % cover of leaf litter of Taxandria parviceps (Schauer) J.R.
Wheeler & N.G. Marchant (jarrah forest only), % cover of eucalypt leaves (Eucalyptus
marginata Sm. and Corymbia calophylla (Lindl.) K.D. Hill & L.A.S. Johnson), %
cover of K. glabrescens leaf litter (K. glabrescens thickets only), % cover of Banksia
leaf litter (Banksia menziesii R. Br. and Banksia attenuata R. Br.; K. glabrescens
thickets only), % cover of herbs, % cover of moss, % cover of shrubs <1, % cover of
shrubs 1-2 m, % cover of shrubs >2 m, leaf litter depth and % cover of debris. All percentage cover values were estimated visually with the aid of a grid. At each point the
distance to and height of the nearest K. glabrescens was measured (K. glabrescens
thickets only). For each variable at each site a student’s t-test was conducted between
baits with and without successful formation of symbiosis (stage 3 or higher). To test if
there was on overall effect across sites, for each variable probabilities were summed
across sites and tested for significance using the method of Rosenthal (1984). In addition, environmental variables were averaged across the 30 points at each site and a linear regression analysis undertaken to test if any of the environmental variables were
associated with variation in mycorrhizal abundance between sites. The additional variable of altitude was included, which was measured using a Garmin GPSMAP 60CSx.
Following the regression analysis a Bonferroni correction was undertaken.
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RESULTS

D:A sequencing

A high proportion of peletons grew after isolation for each of the five study species,
suggesting that isolating fungi and growing them in culture has provided a comprehensive representation of the endophytes that occur within Drakaea. In all species, the
percentage of peletons that grew averaged in excess of 85%: D. elastica (86 ± 12 (s.e.;
n = 6)), D. glyptodon (92 ± 5 (n = 14)), D. livida (100 ± 0 (n = 13)), D. micrantha (95
± 5 (n = 6)) and D. thynniphila (94 ± 4 (n = 9)). On PDA media the fungi formed slowgrowing, orange-pink cultures (Figure 4.3).

The only sequences on Genbank with greater than 80% maximum identity and query
coverage were from Tulasnella tomaculum (AY373296), T. violea (AY373293) and T.
eichleriana (AY373292), all derived from McCormick et al. (2004). These three sequences were included in the alignment with the isolates from Drakaea. The final ITS
alignment contained 860 characters, of which 98 were parsimony informative. All sequences derived from Drakaea mycorrhizal fungi belonged to Tulasnella. However,
they were clearly distinct from the northern hemisphere species available on Genbank
and the fungus isolated from Chiloglottis valida. The mycorrhiza from Drakaea, including adult plants and wild protocorms, formed a monophyletic clade with 100%
bootstrap support in both the parsimony and maximum likelihood analyses (Figure
4.4). In a strict consensus tree, all nodes within this clade collapsed. Among the Drakaea mycorrhizal fungi, the most divergent sequences were 0.49% different, which is
less than the 1% and 3 % cut-offs previously used to define species in studies involving sequencing of mycorrhizal fungi (Tedersoo et al. 2003, 2008; Bidartondo & Read
2008). As such, sequencing of the ITS region of the mycorrhizal fungi indicates that
the five species of Drakaea in the present study rely on a single species of mycorrhizal
fungus.

Germination trials

Germination trials revealed highly variable germination between subcultures of the
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same isolate. For example, for those isolates that did support germination, germination
occurred in only 20 out of 47 plates. These differences are likely to have occurred
through differences in the environmental conditions within Petri dishes. Of the 61
plates where no germination was recorded, many of these are likely to be false negatives.

Isolates from all four species in the in vitro study supported germination (Figure 4.3).
Fungal isolates from D. elastica and D. glyptodon supported germination of every
Drakaea species, while isolates from D. livida and D. micrantha supported germination of one and four Drakaea species respectively (Table 4.3).

Mycorrhizal baiting studies

Comparison of open sandy areas and the surrounding jarrah forest demonstrated that
Drakaea mycorrhiza is largely confined to open sandy areas (Figure 4.5). While for C.
flava, E. brunonis, P. nigrita and T. crinita no difference in mycorrhizal abundance
was detected between habitats (C. flava: p = 0.658, z = -0.44; E. brunonis: p = 0.513, z
= -0.65; P. nigrita: p = 0.275, z = -1.09; T. crinita: p = 0.376, z = -0.88), for both Drakaea species mycorrhizal abundance was significantly higher within the open sandy
areas (D. glyptodon: p = 0.046, z = -1.99; D. livida: p = 0.037, z = -2.09).

There was no significant variation in the mycorrhizal abundance of the four jarrah forest Drakaea (p = 0.926; F = 0.154; Figure 4.6). Likewise, a student’s t-test of mycorrhizal abundance for the two Drakaea occurring in K. glabrescens thickets revealed
no significant difference (p = 0.76; t = 0.317; Figure 4.6). For each Drakaea species
there was no significant difference in mycorrhizal abundance between sites where the
orchid did and did not occur. However, a meta-analysis revealed that across all species
there was a significant trend of lower abundance at sites where the orchid does not occur (p = 0.021; z = 2.039; Figure 4.7).

Comparison of the mycorrhizal abundance between Drakaea and other southwest Australian orchid genera demonstrated that, when comparing baiting studies in the orchid’s
preferred habitat, Drakaea has a level of mycorrhizal abundance comparable or higher
than several common orchid genera (Table 4.7).
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Habitat preferences of the mycorrhiza

Regression analysis of environmental variables and the abundance of Drakaea mycorrhiza combined across species revealed no significant differences at p <0.05 for jarrah forest or K. glabrescens thickets. The only variable approaching significance was a
negative trend with altitude in K. glabrescens thickets (p = 0.072; R2 = 0.389; Table
4.4). Similarly, a meta-analysis of t-tests comparing environmental variables between
microsites with and without Drakaea mycorrhiza at each site, revealed no significant
differences after the use of a Bonferroni correction (p = 0.05/10 for jarrah forest; p =
0.05/9 for K. glabrescens thickets). Generally only a small number of the species in a
bait actually germinated (Table 4.6), suggesting that mycorrhizal abundance varies at
the scale of centimetres.

DISCUSSIO:

Evidence from sequencing of the ITS region and germination studies has demonstrated
that the species of Drakaea studied exhibit extremely high mycorrhizal specificity during the adult phase of the life cycle. All fungal sequences from adult plants of all five
Drakaea species belonged to the same species, based on the criterion of less than 1%
of changes of base pairs (Bidartondo & Read 2008). This species of fungus was also
present in the protocorms of three species. Further, in vitro this species of fungus supported germination of multiple species of Drakaea, regardless of the orchid species
from which the fungus was isolated. These lines of evidence demonstrate that the fungus can support the entire life cycle of Drakaea in the wild, though further protocorms
need to be sampled to establish if other fungi are also present at this stage. However,
the higher levels of specificity reported in seedlings compared with adult plants in
other orchid species (Bidartondo & Read 2008) suggests that this may not be the case.

Given the high mycorrhizal specificity detected in common Drakaea, it has been
shown that high mycorrhizal specificity does not necessarily lead to rarity. In these
cases the use of a single widespread fungal species has enabled the orchid to occupy a
wide distribution despite high specificity. Further, the mycorrhiza of Drakaea showed
comparable or higher abundance than other common southwest Australian genera
(Table 4.7; Brundrett et al. 2003; Collins et al. 2007; Swarts 2007), suggesting that
mycorrhiza are not limiting within suitable habitat. Alternatively, the observation that
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the mycorrhiza is primarily restricted to the specific habitat of open sandy areas suggests that it will place a major limitation on where Drakaea can occur within the landscape.

The restricted distribution of Drakaea fungi within the landscape raises the question of
why they are limited to such a specialised microhabitat. Drakaea fungi are much
slower growing than the fungi used by other Western Australian orchid genera. For
example, while the mycorrrhiza used by Pterostylis can cover a 55 mm Petri dish in
only 3 days on SSE media, fungi isolated from Drakaea never even reaches the edge
(K. Dixon et al. unpublished observation). The slow-growing Drakaea fungi may be
out-competed in high organic matter environments leaving them mostly restricted to
open sandy sites with minimal organic matter. This hypothesis should be evaluated
through experiments testing the competitive ability of Drakaea fungi with other soil
fungi under varying organic carbon regimes.

Understanding the role of fungi in limiting the distribution of the orchid within the
landscape necessitates an understanding of the ecological requirements of the fungus.
Previous studies have shown potassium and the presence of leaf litter (Batty et al.
2001a), soil moisture, organic matter and low pH (Diez 2007) to be correlated with
orchid mycorrhizal distribution. In the present study, no correlation between environmental variables and the presence of mycorrhizal fungi was detected at the scale of the
30 cm plot. However, in most cases there was pronounced variation in germination
between species within baits suggesting that Drakaea fungi may primarily respond to
variation in the environment at the scale of centimetres. Further, additional environmental variables not measured in this study may be important in controlling the distribution of the fungus.

Correlation of environmental variables and the level of mycorrhizal abundance at each
site could also give an indication of environmental variables that exert an influence on
variation in the abundance of Drakaea mycorrhizal fungi. In the present study, none of
the measured variables showed a significant relationship with mycorrhizal abundance.
That germination was higher at sites where the orchid occurs suggests that environment is playing a role in determining the distribution of orchid and/or fungus. In the
analysis of the Drakaea in K. glabrescens thickets, altitude was approaching significance and further testing is needed to determine if altitude does effect fungal distribu84

tion. Altitude is a strong correlate of soil moisture, which suggests that soil moisture
may have the greatest effect on mycorrhizal abundance within areas of broadly suitable
habitat. Such a relationship would conform to the observation that Drakaea in drier
areas usually occur in lower lying parts of the landscape (Hopper & Brown 2007; R.D.
Phillips unpublished observation).

Having shown that the rare D. elastica and D. micrantha are using the same mycorrhizal fungi as the common D. glypotodon, D. livida and D. thynniphila, it remains to be
determined what are the causes underlying rarity in these species. At the larger scale,
unoccupied habitat with suitable mycorrhizal fungi demonstrates that dispersal limitation may be important. At local scales, because of the excess of microsites that contain
mycorrhizal fungi, it can be inferred that Drakaea populations are limited partially by
the number of seed set events. Given that each Drakaea is believed to be pollinated by
a single species of thynnine wasp (Hopper & Brown 2007), if seed set is limiting population size and establishment it can be attributed to the ecology and behaviour of a single pollinator species.

Implications of high mycorrhizal specificity in the Drakaeinae

Review of the literature on the use of mycorrhizal fungi by orchids reveals several patterns of mycorrhizal specificity, which have different implications for the ecology of
the orchid. Some species have been shown to form relationships with a range of mycorrhizal fungi from a narrow phylogenetic breadth (Taylor & Bruns 1997; OguraTsujita & Yukawa 2008). Alternatively, other orchids use a small range of fungi at one
site but are capable of switching to different fungi in other parts of their distribution
(McKendrick et al. 2002; Martos et al. 2009). In these circumstances the orchid has
numerous species that it can form associations with and remain an ecological generalist. It also demonstrates the importance of sampling at multiple sites when determining
the level of mycorrhizal specificity of an orchid species. Alternatively, the rare Drakaea species investigated in this study use the same fungus across their distribution.
Further, the common D. livida and D. glyptodon have been shown to use the same fungus across their entire distribution (R.D. Phillips unpublished data). The level of specificity detected in Drakaea species has only previously been confirmed in Caladenia
huegelii (Swarts 2007), another terrestrial species from southwestern Australia, and
Liparis lilifolia in the eastern and mid-Western USA (McCormick et al. 2004). The
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present study includes five out of the nine extant species of Drakaea making this the
highest level of specialisation so far recorded in an orchid genus.

Review of the level of mycorrhizal specialisation exhibited by orchids in southern
Australia (Ramsay et al. 1986, 1987; Irwin et al. 2007; Swarts 2007; Bougoure 2008;
Huynh et al. 2009) suggests that the orchid flora of this region may have a relatively
high incidence of mycorrhizal specialisation compared with the terrestrial orchid floras
in temperate Eurasia and North America. The prevalence of relatively old, stable landscapes in southern Australia (Hopper 2009) affords the opportunity for specialisation
on a single/few mycorrhiza best adapted to the landscape conditions through minimal
edaphic changes over extended periods of time. However, the hypothesis of higher mycorrhizal specialisation in older landscapes needs to be investigated with more detailed
comparative studies.

The high level of mycorrhizal specialisation of species in the Drakaeainae and Caladeniinae may provide a mechanism that has contributed to the relatively high levels
of diversity and intrinsic rarity in some genera within these subtribes. High levels of
mycorrhizal specificity may facilitate reproductive isolation through reduced fitness of
hybrids, when the parent populations or species have specialised on different mycorrhiza. Further, using a specific mycorrhiza can potentially constrain the orchid to a
limited part of the landscape (Swarts 2007). Consequently, it is hypothesised that high
mycorrhizal specificity will be positively correlated with both diversity and intrinsic
rarity. Alternatively, in the case of Drakaea, strong conservatism in habitat preference
may favour retention of a single mycorrhizal fungus leading to a minimal role of mycorrhiza in diversification and speciation. Alternatively, other genera in the Drakaeinae
and Caladeniinae occupy a range of edaphic environments (Brown et al. 2008), with
endemism often associated with unique edaphic environments (Phillips et al. 2009a;
Chapter 3). In these cases there is a greater potential for fungi to play a role in rarity or
speciation through specialisation on fungi associated with specific geographic regions
or edaphic environments. Comparative mycorrhizal ecology studies of orchids from
multiple genera in the Drakaeinae and Caladeniinae would serve to elucidate the
mechanisms behind diversity and rarity in orchids with specific mycorrhizal associations.

86

Table 4.1: Locations of study sites for the Drakaea mycorrhizal baiting study. Region:
SCP = Swan Coastal Plain; SJF = southern jarrah forest. DE = D. elastica, DG = D.
glyptodon, DL = D. livida, DM = D. micrantha, DT = D. thynniphila. X = present at
site; Y = fungal baiting was undertaken at the site for the common-rare experiment; M
= fungi baiting was undertaken at the site for the microhabitat experiment; N = fungal
baiting was not undertaken at the site. * denotes sites where seed was collected from
for the in vitro experiment. † denotes sites where seed was collected for the in situ seed
baiting experiments. Specific details of sites have been withheld because of the rarity
of some of the orchids involved in the study.
Site

Fungal

Fungi

isolates

baiting

Region

DE

X

Capel

Y

SCP

Doman Rd

Y

SCP

DG

DL

Lakelands

DE

Y

SCP

X

X

X

Paganoni

DE

Y

SCP

X

X

X

Y

SCP
X

X

X

X*†

X

X

X

Peppermint Grove
Pinjarra

DG

Y

SCP

Ruabon

DG

Y

SCP

Sw Capel

DE

Y

SCP

Thomas Rd

Y

SCP

Canebrake

Y

SJF

X

X*†

DM

X*†

Denbarker

DG

N

SJF

X

X

Isle Rd

DL

N

SJF

X

X†

Mowen cutting

DM

Y

SJF

X

Mowen 22 (M)

Y

SJF

X

X

X

Mowen 29 (M)

Y

SJF

X

X

X

X†

Northcliffe

DG

Y

SJF

X*†

X

N Walpole

DG

Y

SJF

X

X

Rainbow Cave

DL

N

SJF

X

X*†

Y

SJF

X†

X

S Manjimup (M)
S Rocky Gully

DM

Y

SJF

X

Wilderness

DG

N

SJF

X†

W Walpole

DT

N

SJF

X†

DT

X

X*†

X†
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Table 4.2: Recipes used for stock solutions used in Soil Solution Equivalent (SSE)
media
Common name

g/L

Stock A
NH4NO3
KH2PO4
MgCl.6H20
NaCl

Ammonium nitrate
Potassium dihydrogen orthrophosphate
Magnesium chloride
Sodium chloride

0.4
0.0136
0.61
0.058

Stock B
CaSO4.2H20

Calcium sulphate

0.861

Stock C
FeEDTA(Na)

Iron

0.073
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Isolate

Lakelands 2*

Northcliffe 2a (5)*

Northcliffe 3a

Northcliffe 8b

Ruabon 1b (6)*

Ruabon 5

Rainbow Cave 6a*

Mowen Cutting 4a

Mowen Cutting 6a (4)*

Species

D. elastica

D. glyptodon

D. glyptodon

D. glyptodon

D. glyptodon

D. glyptodon

D. livida

D. micrantha

D. micrantha

obtained.

4

6

6

6

6

6

6

5

2

T:

1 (5)

0

1 (3)

0

1 (3)

2 (4)

2 (3)

1 (4)

DE

1 (5)

1 (3)

0

1 (3)

2 (5)

infected

1 (3)

1 (5)

DM

1 (3)

0

0

1 (3)

2 (5)

1 (3)

0

1 (3)

DG (R)

1

1

1

1

2

2

0

2

1

n

1 (3)

2 (5)

1 (3)

1 (3)

0

1 (3)

1 (4)

DG (:)

0

2 (5)

1 (3)

1 (3)

0

1 (3)

1 (5)

DL

0

2 (5)

0

1 (3)

2 (3)

1 (5)

1 (3)

DT

1

0

0

2

1

1

2

1

1

n

subcultures tested. n = the number of subcultures that supported germination with that combination of seeds. *isolates for which sequences have been

DG (R) = D. glyptodon (Ruabon Nature Reserve); DG (N) = D. glyptodon (Northcliffe); DL = D. livida; DT = D. thynniphila. TN = total number of

tion was observed. Numbers in parentheses is the highest germination state observed (see Batty et al. 2001b). DE = D. elastica; DM = D. micrantha;

Table 4.3: Germination of Drakaea seed on mycorrhizal fungi isolated from adult plants. Numbers refer to the number of plates on which germina-

Table 4.4: Regression of environmental variables against mycorrhizal abundance in
open sandy areas of the southern jarrah forest and Kunzea glabrescens thickets of the
Swan Coastal Plain. Values represent R2 for the regression. Numbers in parentheses
are significance values.
jarrah forest

Kunzea glabrescens thickets

% leaf litter – total

0.16 (0.432)

0.032 (0.644)

% leaf litter - Taxandria

0.084 (0.577)

% leaf litter - Eucalyptus

0.345 (0.119)

% leaf litter – K. glabrescens

0.128 (0.344)

% leaf litter - Banksia

0.460 (0.213)

% herb

0.005 (0.898)

0.008 (0.818)

% moss

0.0003 (0.973)

0.227 (0.195)

% shrubs <1

0.054 (0.656)

0.073 (0.481)

% shrubs 1-2

0.012 (0.833)

0.001 (0.986)

% shrubs 2+

0.045 (0.686)

0.007 (0.827)

leaf litter depth (mm)

0.172 (0.413)

0.072 (0.487)

distance to K. glabrescens (m)

0.001 (0.957)

height of K. glabrescens (m)

0.114 (0.374)

rainfall

0.137 (0.326)

altitude

0.389 (0.072)
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Table 4.5: Comparison of environmental variables between microsites with and without Drakaea mycorrhiza. For each site t-tests were conducted between microsites with
and without mycorrhiza. A meta analysis across sites was conducted using the method
given in Rosenthal (1984). Values represent p-values, while numbers in parentheses
are the Z score.
jarrah forest

Kunzea glabrescens thickets

% leaf litter – total

0.390 (-0.279)

0.233 (-0.727)

% leaf litter - Taxandria

0.383 (0.299)

% leaf litter – Eucalyptus and Corymbia

0.424 (-0.191)

% leaf litter - K. glabrescens

0.357 (-0.365)

% herb

0.236 (-0.720)

0.163 (0.984)

% moss

0.054 (1.606)

0.288 (0.560)

% shrubs <1

0.047 (1.67)

0.290 (0.555)

% shrubs 1-2

0.385 (0.296)

% shrubs 2+

0.448 (-0.130)

0.032 (1.849)

leaf litter depth (mm)

0.417 (-0.021)

0.474 (-0.065)

distance to K. glabrescens (m)

0.448 (0.131)

height of K. glabrescens (m)

0.377 (0.315)

% debris

0.464 (-0.091)
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Table 4.6: The number of species of Drakaea germinating in seed baits. Each seed
bait contained multiple 2 × 2 cm compartments with seed of one species in each compartment. In the jarrah forest baiting was conducted using D. glyptodon, D. livida, D.
micrantha and D. thynniphila. In the Kunzea glabrescens thickets D. elastica and D.
glyptodon were used.
Baits with germination

1 species

2 species

3 species

4 species

germinated

germinated

germinated

germinated

28

5

2

0

31

8

-

-

jarrah forest
35
K. glabrescens thickets
39
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Table 4.7: Comparison of the mycorrhizal abundance of selected southwest Australian
orchid genera. Values represent the mean proportion (± s.e.) of baits containing orchid
seed that germinated, averaged across sites. From Collins et al. (2007), only sites of
natural orchid habitat were included. From Swarts (2007) only sites within the distribution of each orchid species was included.
Brundrett et al.
2003
Caladenia arenicola Hopper & A.P. Brown

0.155 ± 0.033

Caladenia flava R. Br.

0.133 ± 0.060

Collins et al.
2007

Swarts 2007
0.054 ± 0.029

0.112 ± 0.036

0.102 ± 0.013

Caladenia huegelii H. G.
Reichb.

0.112 ± 0.048

Caladenia longicauda
Lindley

0.022 ± 0.010

Caladenia thinicola Hopper & A.P. Brown

0.022 ± 0.022

Disa bracteata Sw.

Present study

0.084 ± 0.020

0.017 ± 0.011

Drakaea elastica Lindley

0.093 ± 0.026

Drakaea glyptodon Fitzg.

0.092 ± 0.024

Drakaea livida J. Drummond

0.072 ± 0.025

Drakaea micrantha Hopper & A.P. Brown

0.073 ± 0.021

Drakaea thynniphila A.S.
George

0.056 ± 0.013

Elythranthera brunonis
(Endl.) A.S. George

0.076 ± 0.014

Microtis media R. Br.

0.489 ± 0.066

Paracaleana nigrita (J.
Drummond ex Lindley)
Blaxall
Pterostylis recurva Benth.
Pterostylis vittata Lindley
Pyrorchis nigricans R. Br.
Thelymitra crinita Lindley

0.017 ± 0.011
0.041 ± 0.010

0.033 ± 0.021
0.011 ± 0.011
0.033 ± 0.017
0.036 ± 0.012
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Figure 4.1: Location of collection sites of mycorrhizal fungi from Drakaea. DE = D.
elastica, DG = D. glyptodon, DL = D. livida, DM = D. micrantha, DT = D. thynniphila.
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Figure 4.2: Location of study sites for a mycorrhizal baiting study of common and
rare Drakaea. Grey dots represent sites where baiting was undertaken with D. elastica
(rare) and D. glyptodon (common). Black dots represent sites where baiting was undertaken with D. glyptodon (common), D. livida (common), D. micrantha (rare) and D.
thynniphila (common).
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Figure 4.3: Fungi of Drakaea elastica germinating seeds of D. glyptodon, D. thynniphila and D. livida on oats agar (left). Fungi of D. elastica being grown up for sequencing on PDA media (right).
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Figure 4.4: Caption on following page.
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Figure 4.4 (previous page): Phylogeny of the mycorrhiza isolated from Drakaea. The
tree represents one of 13,550 most parsimonious trees. All nodes within the Drakaea
mycorrhiza clade collapse in the strict consensus tree. Numbers above the line are
bootstrap values for parsimony analysis while numbers below the line are bootstrap
values for a maximum likelihood analysis. DG = Drakaea glyptodon; DE = Drakaea
elastica; DL = Drakaea livida; DM = Drakaea micrantha; DT = Drakaea thynniphila;
PROTO = fungi isolated from wild Drakaea protocorms. Genbank accessions: Tulasnella tomaculum (AY373296), T. violea (AY373293) and T. eichleriana (AY373292).
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Figure 4.5: Comparison of mycorrhizal abundance (mean ± s.e.) in five genera of
southwest Australian orchids in open sandy areas and the surrounding jarrah forest. CF
= Caladenia flava subsp. flava; DG = Drakaea glyptodon; DL = Drakaea livida; EB =
Elythranthera brunonis; PN = Paracaleana nigrita; TC = Thelymitra crinita. Dark
bars: in open sandy areas, open bars: in sandy jarrah forest
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Figure 4.6: The proportion of baits showing germination (mean ± s.e.) in common and
rare species of Drakaea in the southern jarrah forest and in Kunzea glabrescens thickets on the Swan Coastal Plain. DG = Drakaea glyptodon; DE = Drakaea elastica; DL
= Drakaea livida; DM = Drakaea micrantha; DT = Drakaea thynniphila. Grey bars
are rare species, white bars are common species.
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Figure 4.7: The proportion of baits showing germination (mean ± s.e.) in Drakaea
species at sites with (white bars) and without (grey bars) the orchid species present.
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Chapter 5 - A precarious existence: plant rarity correlates with pollinator rarity in the highly specific, sexually deceptive genus Drakaea
(Orchidaceae)
I:TRODUCTIO:

Through their critical role in reproduction of many angiosperms, pollinators may play
a decisive role in determining plant rarity. It is expected that plants reliant on one or
few species of pollinator will be most susceptible to pollinator driven rarity. However,
there is little evidence for pollinator availability or function playing a dominant role in
rarity of plants. Some studies involving an entire flora have shown that insectpollinated plants may be more prone to extinction than wind-pollinated plants (Sakai et
al. 2002; Pilgrim et al. 2004), while in the SWAFR a much higher proportion of rare
species are pollinated by vertebrates than the flora in general (Hopper et al. 1990). A
small number of studies have shown that rare plants can have lower fruiting success
(Fiedler 1987; Karron 1987; Burne et al. 2003; Rymer et al. 2005) while others have
found no difference (Witkowski & Lamont 1997; Young & Brown 1998). There is
some evidence that in highly specific plant-pollinator relationships, the distribution of
the plant may be constrained by the distribution of the pollinator (Dressler 1968).
However, no systematic study has been undertaken to determine if a correlation exists
between plant and pollinator rarity in plant species pollinated by one or few species.

The Orchidaceae is unusual among plant families for its high incidence of specialised
pollination systems (Nilsson 1992). Consequently, pollinators may play a greater role
in plant rarity in the Orchidaceae. While some areas of orchid pollination biology have
received considerable attention, few studies focus on the role of pollinators in orchid
rarity or the role of pollination biology in their conservation (Swarts & Dixon 2009).
Furthermore, no experimental tests have taken place on the role of pollinators in the
rarity of orchid species. By examining regional floras, it has been shown that orchid
species offering a reward of nectar to pollinators are less susceptible to rarity (Neiland
& Wilcock 1998; Chapter 3). While these studies are useful to focus investigations of
pollination ecology on particular pollination strategies, they cannot be used to infer the
causes of rarity of individual species.
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Of the specialised pollination strategies exhibited by the Orchidaceae, among the most
bizarre and most specialised is pollination by sexual deception of male hymenopterans,
a strategy unique in plants to orchids. In most cases orchids using this pollination strategy are pollinated by a single species of insect (e.g. Paulus & Gack 1990; Bower &
Brown 2009; Phillips et al. 2009b). The extreme specialisation on the part of the orchid leaves sexually deceptive species vulnerable in the event of a decline of their pollinator and could potentially lead to the orchid becoming rare as a consequence of the
ecology of the pollinator. With five of the nine extant species of Drakaea recognised
as rare (Hopper & Brown 2007), Drakaea exhibits an exceptionally high level of intrinsic rarity, raising the question of whether pollinator specificity has led to rarity in
the genus.

Given the high level of pollinator specificity and previous work suggesting that the
mycorrhizal associates are not responsible for rarity in two species (Chapter 4), it is
predicted that pollination ecology is playing a key role in the high level of intrinsic rarity in Drakaea. An investigation was undertaken of the role of pollinators in rarity
through limiting distribution at local and regional scales and their subsequent influence
on pollination rate. Further, a comparison of common and rare species was used to
identify potential processes causing rarity in Drakaea. Specifically, the hypotheses
were tested that (i) each Drakaea is pollinated by a single species of wasp (ii) geographic replacement of pollinators does not occur across the distribution of individual
Drakaea species (iii) rare Drakaea (based on number of records) have a rare pollinator
(iv) rare Drakaea (based on frequency of occupancy) have a rare pollinator (v) the
presence of pollinators in areas of otherwise suitable orchid habitat will be less frequent in rare Drakaea (vi) rare Drakaea have lower fruit set. This study involved all
nine extant species Drakaea (Figure 5.1) and is the first to my knowledge to test for a
correlation between plant and pollinator rarity.

MATERIALS A:D METHODS

Orchid sites

A survey of Drakaea populations of all species was undertaken throughout the distribution of the genus. The populations detected in this survey were used for (i) bait flowers for pollination studies (ii) quantifying the level of sympatry between Drakaea spe104

cies (iii) quantifying the abundance of each species in different geographic regions and
(iv) locating populations for quantifying pollination rate. Populations spanned a northsouth distance of approximately 830 km from Kalbarri to Walpole and a west-east distance of approximately 730 km from Margaret River to the east of Esperance (Figure
5.2). Populations were surveyed between August and October from 2005-2008. Population were located by searching locations already known by the author and local enthusiasts, recorded collection sites on Florabase (Western Australian Herbarium 2009)
and from searching areas of suitable habitat based on descriptions given in Hopper &
Brown (2007).

Identification and surveys of pollinators

Experimental baiting using picked orchids formed the basis of the pollinator observations. If present, pollinators rapidly respond to the stimulus of a novel flower arriving
usually within minutes, but often within seconds (Stoutamire 1974; Peakall 1990). For
all experiments, two bait flowers were used for each species involved. Bait flowers
were picked at the base of the stem and kept in vials of water for up to three weeks in a
portable refrigerator at approximately 4ºC. Bait flowers were allowed to rest loosely in
the vial rather then held rigidly upright because this reduced the chance of accidental
pollination while baiting. After use bait flowers were pressed and lodged as vouchers
in the Western Australian Herbarium (PERTH; Appendix 5).

To survey the distribution and abundance of each pollinator species and test for geographic replacement of pollinators, baiting for pollinators was undertaken at a total of
289 sites across the entire geographic range of each species of Drakaea (Figure 5.3).
Baiting was undertaken in August-October of 2006-2008. When moderate to large
populations of Drakaea were checked after the first warm day since the flowers
opened, pollinated plants were usually observed demonstrating that flowering time is
nested within pollinator flying times. For each species, baiting was only undertaken in
an area once more than 50% of the Drakaea individuals were in flower. In each year of
the study each orchid species was baited with, except for D. concolor, which was not
baited with during 2007 because of a severe drought in the Kalbarri region. Each site
was baited only once except for the sites adjacent to the only population of D. isolata,
where there were difficulties in locating the pollinator. Baiting was undertaken at these
sites with D. isolata once in 2007 and twice in 2008. Baiting was conducted when am105

bient temperatures exceeded 18ºC on days with little or no wind when wasps are most
active (Stoutamire 1983; Peakall 1990). Orchids were positioned in a row 50 cm apart
from each other at 90º to any breeze to minimise overlap of their odour plumes.
Voucher specimens of pollinators were collected for each biogeographic region and
identified with the assistance of G.R. Brown at the Museum and Art Gallery of the
Northern Territory. Vouchers were lodged at the Western Australian Museum and the
Museum and Art Gallery of the Northern Territory (Appendix 5). Undescribed species
were incorporated into a series of taxonomic revisions on the genera involved in the
pollination of Drakaea (G.R. Brown in preparation). The pollinator status for each species was confirmed by recording if the wasp attempted copulation with the flower, if
its thorax came into contact with the stigma and if Drakaea pollen was observed on
wild wasps. To test if each species of wasp only responds to one orchid, baiting was
conducted with multiple species of Drakaea simultaneously (mean = 2.9 ± 0.1 (s.e.),
max = 7).

At each site orchids were presented at six positions for two minutes each. Sites were
based in an area of open sandy habitat where the orchid could potentially occur,
though not necessarily in ideal habitat. In the case of D. gracilis, populations on the
crest of the Darling Range in open areas of laterite were included. Overall, Drakaea
occurred naturally at twenty-six percent of sites. In case wasps tended to occur primarily in the surrounding vegetation, baiting was conducted inside and outside of the open
area. The open area was split into three sections along its longest axis and baiting undertaken at a random point in each section. Outside of the open sandy area, baiting was
undertaken 10 m from its perimeter at 0º, 120º and 240º. For each site, baiting was alternated between inside the open area and outside the open area. The toss of a coin was
used to decide whether baiting started inside or outside the open area. In the case of D.
concolor and northern populations of D. glyptodon, which occur in areas of sandplain
heath of fairly consistent shrub density, the boundary of suitable habitat was less easily
defined. In these cases baiting was conducted in a 15 m × 30 m rectangle with bait positions at each corner of the rectangle and mid way along its two long sides, giving a
total of six baiting positions. As such, survey effort was equal in both baiting layouts.

Testing for cryptic species

For any species of orchid that attracted more than one species of pollinator I tested for
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cryptic species of orchid, where cryptic species are defined as morphologically indistinguishable populations that are ecologically or genetically reproductively isolated
(Phillips et al. 2009b). The initial test was to confirm if both species of pollinator responded to the same orchid individual. If they did not, I tested for cryptic species using
a method based on Bower (2006). In each trial two foreign plants were exposed for
three minutes while two local orchids were kept in a sealed container. After three minutes the local orchids were also exposed. If the available wasps repeatedly ignore the
foreign orchids but immediately respond to the stimulus of the local orchid this was
taken as evidence of production of a different allomone. Such a difference in pheromone chemistry is assumed to result in reproductive isolation should the populations
ever come into contact.

Relationship of orchid rarity with pollinator rarity

The relationship between the rarity of an orchid and that of its pollinator was tested
using two strategies. Firstly, SPSS 11.0 was used to test for a correlation between the
total number of orchid records and the total number of wasp records from the baiting
study. The number of orchid records included locations from the Western Australian
Herbarium and the present study. This method may be affected by survey effort and
focusing baiting within the range of the orchid. Secondly, a correlation between orchid
and pollinator rarity was tested for, with abundance expressed as the percentage of
suitable areas of habitat occupied within the orchid’s distribution based on the survey.
This method is independent of distributional extent and survey effort. This strategy
was employed for multiple regions with differing composition of Drakaea species.
These regions were delineated by containing a geographically restricted rare species
that co-occurs with several more common species (Figure 2.2) in a previously defined
biogeographic region (Chapter 3). The regions used were the Swan Coastal Plain (D.
elastica, D. livida, D. glyptodon), Boyup Brook-Stirling Range (D. confluens, D.
gracilis, D. glyptodon, D. livida) and the southern jarrah forests (D. glyptodon, D.
livida, D. micrantha, D. thynniphila). For each region the abundance of the orchid relative to the wasp was calculated, expressed as % of sites with the orchid - % of sites
with the wasp. If any species was consistently more abundant than expected on the basis of its pollinator, this would suggest some advantage at another stage of the orchid’s
life cycle.
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Does the pollinator limit distribution more in rare species?

The potential role of pollinators in limiting the distribution of orchids was investigated
at two spatial scales. At the regional scale, baiting was undertaken outside the known
distribution of the orchid species to test how strongly the distribution of the orchid and
that of the pollinator are correlated (Table 5.5). At the local scale, pollinators were surveyed at sites of suitable habitat unoccupied by the orchid but within its distribution.
For each species, the percentage of sites where the pollinator species occurred, and
therefore could function to maintain a population of the orchid, was calculated. Following Arcsin square root transformation, a difference was tested for between common
and rare species using a student’s t- test in SPSS 11.0. For analyses contrasting between common and rare species, the species listed as Declared Rare Flora, D. concolor, D. confluens, D. elastica, D. isolata, D. micrantha, were classed as rare. In addition, D. gracilis, which is known from relatively few, small populations was classed as
rare. The common species were D. glyptodon, D. livida and D. thynniphila.

Pollination rate and rarity

The proportion of pollinated flowers, population size and population area was recorded
for a total of 137 populations across all extant species of Drakaea. While pollination
rates were recorded across four years (2005-2008), pollination rates were only recorded in one year for each population. The exception was D. isolata, where pollination rate was recorded at the sole population in 2005 and 2007. Pollination rate for this
population was taken as the average for these two years. Pollination rate (the proportion of intact flowers with pollen deposited on the stigma) was used rather than fruit
set (the proportion of intact flowers that set fruit) because pollination rate is a measure
of pollinator effectiveness, while fruit set includes pollinator effectiveness, predation
and physiological and genetic constraints on fruit maturation. Because of heterogeneity
of variances, pollination rate was compared between Drakaea species using a
Kruskall-Wallis test and the source of the variation established using Mann-Whitney
U-tests in SPSS 11.0. When comparing between species, all populations were used regardless of size. A Mann-Whitney U-test was conducted to compare the median pollination rate between common and rare species. To confirm that differences in pollination rate were due to differences in pollinator abundance rather than the attractiveness
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of the orchid, the percentage of wasps approaching the orchid that then alighted on the
labellum was quantified during the 2008 flowering season.

Using D. glyptodon as a model species, a multiple regression analysis was undertaken
in SYSTAT 10 using the generalised linear modeling procedure to test if pollination
rate was related to population size, density or the interaction of these two factors. The
area of each population was approximated using the formula for an oval of area = Pi
(0.5a)(0.5b) where a = the length of the longest dimension and b = the length of the
dimension at 90 degrees to a. So that density could be included as a variable, populations were only included if they contained three or more flowering plants.

Resource or pollen-limited fruit set, self-compatibility

To determine if fruit set was resource limited, hand pollinations of up to ten plants
were conducted at between one and four populations of each species during spring
2008. To determine if Drakaea are self-compatible, for each species an experiment
was conducted where for up to ten plants one pollinium was used to self-pollinate the
plant and another used to cross-pollinate another plant. Relative seed quantity was approximated by the volume of the seed capsule. Dimensions of the fully formed seed
pod were measured using Vernier Callipers and the volume calculated using the formula 4/3πabc, where a, b and c represent half the length, width and height of the seed
pod. Student’s t-tests in SPSS 11.0 were used to test for a difference in seed pod volume between self-pollinated and cross-pollinated plants. The number of orchid records
was correlated with mean seed pod size to test if species that produce less seed tend to
be rarer.

RESULTS

Pollinator identification and specificity

Drakaea were recorded at 141 locations with a mean of 1.62 ± 0.06 (s.e.) species per
site (max = 4). The highest species richness of Drakaea occurred in the Stirling Range
(D. confluens, D. glyptodon, D. gracilis, D. livida), NE of Boyup Brook (D. confluens,
D. glyptodon, D. gracilis, D. livida) and parts of the southern Jarrah forest (D. glyptodon, D. livida, D. micrantha and D. thynniphila) (Figure 2.2). Using natural fruit set to
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confirm the presence of a suitable pollinator species at a site, the 6 × 2 minute baiting
survey successfully detected a pollinator on 39% of occasions (n = 64). While pollinators frequently responded to experimentally presented flowers when they are in close
proximity to a wild orchid, in some of these cases experimental flowers may have been
avoided because of previous interactions with orchids.

For seven of the eight Drakaea species for which pollinators were detected, only one
species of wasp was observed to pollinate flowers (Table 5.1). The species of wasp
involved differed between each species of Drakaea. Despite intensive baiting around
the sole known population and in similar habitat elsewhere, no pollinator has been observed for D. isolata, though the population naturally set fruit in each year of the study.
In each species of wasp, pollen was placed on the midline of the body, just forward of
the dorsal centre of the mesosoma. Of the species recorded pollinating Drakaea, six
Drakaea species were pollinated by Zaspilothynnus and one species by each of Thynnoides, Pogonothynnus and Zeleboria (Table 1). All species are currently undescribed
except for three species of Zaspilothynnus.

In seven of the eight species of Drakaea for which a pollinator was recorded, there was
no evidence of geographic replacement of pollinators. Drakaea livida was the only
species where more than one pollinator was confirmed. Using local flowers, it was determined that the sole population detected on the peak of the Darling Scarp was pollinated by Zaspilothynnus sp B. At all other locations D. livida was visited only by
Zaspilothynnus nigripes (Appendix 5). Likewise, bait flowers from all other tested
populations attracted only Zaspilothynnus nigripes. Subsequently it was tested if the
Darling Scarp population represented a cryptic, previously unrecognised species of
Drakaea. All analyses of rarity and fruit set involving D. livida did not include the
baiting data from the Darling Scarp. The wasp species that responded to Drakaea concolor in the present study, Pogonothynnus sp., differs from the wasp species recorded
from D. concolor in the early 1980s by Hopper & Brown (2007). The species recorded
by Hopper & Brown (2007) was Zaspilothynnus aff. gilesi.

Four instances were observed where a pollinator alighted on an orchid aside from its
typical orchid species (Table 5.2), representing 0.38% of the 1055 visitations. The observation of Zaspilothynnus trilobatus on a Drakaea confluens appeared to arise because the experimenter had mistakenly set up the odour plumes running in the same
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direction as the array of orchids. As the Z. trilobatus approached the D. glyptodon the
wasp instead alighted on the intervening D. confluens. Alternatively, the two instances
of Z. nigripes alighting upon D. thynniphila and one instance of Z. aff. dilatatus alighting upon D. livida appeared to represent responses that were not attributable to the direction of the odour plume.

A very small number of non-pollinating wasps were attracted to orchids during the
study. A single Thynnoides sp. B was observed to attempt copulation with a D. confluens outside the distribution of the orchid. At one location large numbers of Lophocheilus sp. approached within a metre of D. concolor but none alighted on the flower.
A single individual of Zaspilothynnus sp. C attempted copulation with D. glyptodon at
a site on the road to Black Point, where its typical pollinator, Z. trilobatus, also occurred. The body size of the few specimens of Z. sp. C that have been collected have
fallen within the range displayed by Z. trilobatus. On rare occasions Z. sp. C may function as an effective pollinator, though this remains unconfirmed.

Testing for cryptic species of orchid

Following the observation in September 2006 that D. livida attracts a different species
on the crest of the Darling Range compared to the remainder of its distribution, it was
tested if this population represented a cryptic species. In September 2008 two plants
were collected from both the populations at Canning Mills and southwest Margaret
River (Appendix 5). Baiting was conducted at Canning Mills on the Darling Scarp and
Pagonini Nature Reserve (Appendix 5). Eighteen trials were conducted at Canning
Mills Rd and five at Pagonini Nature Reserve. No wasps were captured at Canning
Mills. At Pagononi Nature Reserve, none of the Z. nigripes responded to D. livida
from Canning Mills but showed a consistent and rapid response to D. livida from Margaret River (Figure 5.4).

Rare pollinator, rare orchid - abundance

The total number of records of an orchid was strongly correlated with the number of
records of its pollinator (R = 0.76, Table 5.3; Figure 5.5). Within regions, the relationship between orchid and pollinator abundance provided support for the hypothesis that
rare orchids are pollinated by a rare wasp (Table 5.4). While the Darkan-Stirlings re111

gion showed a positive relationship between orchid and wasp abundance, this relationship was not clearly evident in the other regions. However, in each region the rarest
species of orchid had the rarest pollinator. Comparison of the abundance of orchids
with that of their pollinator revealed that in each region D. glyptodon was the most
common orchid relative to the abundance exhibited by its pollinator.

Rare pollinator, rare orchid - distribution

Of the eight species of Drakaea for which a pollinator was recorded, in three of the
species the pollinator was recorded outside of the distribution of the orchid (Table 5;
Figure 5.6). Pogonothynnus sp., the pollinator of D. confluens, was widespread but
scarce in the southern jarrah forest (Eucalyptus marginata, Myrtaceae) rather than being restricted to the Stirling Range and north east of Boyup Brook where D. confluens
occurs. Z. nigripes, the pollinator of D. livida, occurs in wetter parts of the Esperance
sandplain, 290 km to the east of the distribution of D. livida. The pollinator of D. thynniphila, Z. aff. dilatatus, was recorded on the southern-most part of the Swan Coastal
Plain and in the jarrah and Banksia attenuata forest northeast of Boyup Brook.

At the local scale, there was considerable variation in the potential for pollinators to
limit expansion into other areas of suitable habitat. The rare D. isolata, D. micrantha
and D. gracilis had their pollinator present at just 0, 2 and 8% respectively of unoccupied sites with suitable habitat. The two orchids that were least limited at the local
scale by the presence of their pollinator were the rare D. confluens (41%) and the common D. livida (50%). The remaining species ranged between 19% (D. concolor) and
27% (D. glyptodon). The mean percentage of unoccupied sites with the pollinator present was significantly lower for rare species (15.4 ± 6.4 (s.e.), mean based on untransformed data) than common species (39.9 ± 6.8 (s.e.); p = 0.031, t = 2.36; Table 5.3).

Pollination rate

Overall the pollination rate was very high with a mean percentage for the nine species
of 51.3 ± 19.6 (s.d.). Even in populations where wasp abundance was very low (0-1
detected in survey), pollination was often high, with 52% of these populations enjoying a pollination rate in excess of 50%. The pollination rate varied considerably between species ranging from 19.9% in D. concolor to 83.8% in D. isolata (Table 5.6).
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Pollination rate for common species was not significantly different from rare species
(Mann-Whitney U-test, p = 0.38 z = -1.03; common = 59 ± 2.3 % (s.e.), rare = 47.5 ±
9.6 %). In seven out of the 14 populations that contained a single flowering plant, this
flower was pollinated. The percentage of wasps tracking the odour plume that then
alighted on the flower was similar for all species, suggesting that differences in pollination rate reflected the differences in local pollinator abundance and efficiency rather
than differences in attractiveness between species.

Plotting pollination rate against population size for D. glyptodon suggested a log relationship between the two variables (Figure 5.6). Consequently, the log of population
size was used in the regression analysis. Regression analysis revealed a significant relationship between log-population size and pollination rate (p = 0.009, R2 = 0.196) but
no influence of density (Table 5.7).

Resource or pollen limited fruit set, self-compatibility or post-zygotic lethality

Levels of fruit set in the hand pollinations were consistently high across all species,
indicating predominantly pollen-limited fruit set (Table 5.8). All species of Drakaea
were shown to be self-compatible, with no self-pollinated plants aborting their fruit in
the hand pollination experiment. After self-pollination, all species yielded seed with
fully-formed embryos. Using t-tests, no species showed a difference in seed pod size
between self-pollination and outcrossed pollination events at p<0.05 (Table 5.8). Seed
pod size was not correlated with species rarity (R = -0.14).

DISCUSSIO:

Pollinator identity and specificity

Extensive baiting across the range of each species of Drakaea has mostly supported
the preliminary results of Hopper & Brown (2007) that each Drakaea is pollinated by a
single species of thynnine wasp that typically responds to a single species of Drakaea.
The sole exception was that a single population of D. livida appears to be pollinated by
a different species of wasp to that responsible in other geographic regions. As such, if
the pollination ecology of a Drakaea species is contributing to its rarity, this can be
attributed to the ecology of a single pollinator species. The only confirmed instances of
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a wasp responding to an orchid other than its typical species was the case of the pollinators of D. livida and D. thynniphila responding to the other orchid. This behaviour
may represent rare natural events as evidenced by the rare natural hybrids between
these two species (Hopper & Brown 2007; R.D Phillips unpublished observation).
These two species of wasp are much more closely related than the other pollinators of
Drakaea and may be using overlapping or similar compounds in their pheromone signal. The detection of only three responses out of 1055 observations where a wasp responded to a second species of Drakaea suggests that large numbers of observations
are necessary to detect the rare gene flow across species boundaries suggested by molecular studies (Mant et al. 2005a; Devey et al. 2008).

The relatedness of the pollinators of Drakaea suggests strong phylogenetic conservatism in the use of pollinators, but with occasional switches to other wasp genera. The
most parsimonious explanation of the pattern of wasp use is that ancestrally Drakaea
used Zaspilothynnus but that several species have switched to other genera, albeit
mostly those closely related to Zaspilothynnus (Mant et al. 2005b). However, this hypothesis requires testing using phylogenies of both orchid and pollinator. In Chiloglottis the vast majority of species are pollinated by eozeleboria but with one species pollinated by Eirone (Mant et al. 2002). Because of the tremendous diversity in Caladenia and the absence of a species complex level phylogeny, interpretation is more difficult but morphologically determined species complexes show pronounced conservatism in their use of wasp genera (Phillips et al. 2009b). As such, orchids that achieve
pollination through sexual deception of male thynnine wasps may be phylogentically
conservative in their use of pollinators. However, broad similarities in pheromone
chemistry between thynnine wasp genera may allow for regular switching by orchids
between wasp genera over longer time scales.

Baiting across the range of each species with local flowers is a simple method to detect
allopatric replacement of pollinators or allopatric cryptic species of sexually deceptive
orchid. Cryptic species of orchid have previously been revealed in the Australian thynnine wasp pollinated genera Caladenia and Chiloglottis through baiting (Bower 2006;
Bower & Brown 2009; Phillips et al. 2009b). In the present study, we provide evidence that the Canning Mills population of D. livida may represent a previously unrecognised species of Drakaea. This population is shown to be unattractive to Z. nigripes,
the typical pollinator of D. livida, but in 2006 was found to be pollinated by Z. sp. B.
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Where the remainder of the distribution of this possible cryptic species is remains unclear. Because of the scarcity of sandy areas on the crest of the Darling Range, D.
livida is rare in this area. D. livida from adjoining geographic areas (the Swan Coastal
Plain and Brookton) have both been shown to attract Z. nigripes rather than Z. sp. B.

An intriguing outcome of the present study is that the pollinator of D. concolor is different to that recorded by Hopper & Brown (2007) during their taxonomic studies in
the early 1980s. The pollinator collected by Hopper & Brown (2007) from Kalbarri
National Park is a species closely related to Z. gilesi. However, in the present study
Pogonothynnus sp. was attracted to D. concolor from Kalbarri National Park south to
Watheroo National Park. In the study of Hopper & Brown (2007) bait flowers were
collected from Kalbarri National Park, while in the present study they were collected
from 100 km further south in the Northampton area. Because of severe drought during
2006 and 2007 the population at Kalbarri did not flower, preventing the possibility of
testing if these two populations represent cryptic species or if the wasp species recorded from Kalbarri was a minor responder. An alternative hypothesis is that D. concolor is producing a chemical that is a component of the pheromone of the two species
of wasp.

Correlation between pollinator rarity and orchid rarity

Multiple analyses of the relationship between rarity of Drakaea and their pollinators
suggest that orchid rarity may be in part correlated with pollinator rarity. The first line
of evidence is the significant relationship between the number of wasp records and the
number of orchid records. However, this method is partially dependent on sampling
effort and the distribution of baiting locations. Secondly, a correlation between wasp
abundance and orchid abundance was tested for based on percentage occupancy within
geographic regions. Pollinator and orchid abundance was strongly correlated in the
Darkan-Stirling region. Further, in each region the rarest orchid was using the rarest
pollinator thus proving the first strong evidence that pollinator rarity can be associated
with plant rarity in specific pollination systems.

The percentage of sites unoccupied by orchids but with their pollinator present was
used as a metric for the opportunity for an orchid to increase in number of populations
through dispersal. Comparison of common and rare species revealed that, on average,
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rare species are more limited by pollinators at this local scale. In the most extreme
cases of D. isolata and D. micrantha, the pollinator was recorded at 0% and 2% respectively of unoccupied sites surveyed respectively. An investigation of the mycorrhizal ecology of Drakaea showed that all species use the same species of mycorrhizal
fungus (Chapter 4; R.D. Phillips unpublished data) and that the fungus is available in
most patches of unoccupied habitat (Chapter 4). The presence of the required mycorrhizal fungi and pollinators at unoccupied sites suggests that seed dispersal into
suitable sites can be limiting. For rare species, which tend to have a rarer pollinator,
the rarity of the pollinator further limits the ability of seed arrival events to lead to the
establishment of a population. This provides a mechanism by which rarity of a pollinator can lead to rarity of Drakaea at the regional scale.

While rarity of the pollinator appears to be an important determinant of the rarity of
Drakaea, other factors must also be influencing patterns of relative abundance. Comparison of the abundance of Drakaea and their pollinator species demonstrated that,
compared with other species, D. glyptodon is much more abundant than would be expected based on the abundance of its pollinator. D. glyptodon may have a greater
physiological tolerance for variation in soil moisture content, organic matter and nutrient levels. A further possibility is that the pollinator of D. glyptodon, Z. trilobatus may
have recently been more abundant but declined through changes in forest management
over recent decades.

At the regional scale, the distribution of the pollinator appears to be correlated with the
distribution of the orchid for five of the eight species of Drakaea where a pollinator
has been recorded. The proven exceptions are D. livida, D. thynniphila and D. confluens. The pollinator of D. livida, Z. nigripes, extends eastwards to the Esperance sandplain where it pollinates Caladenia decora by sexual deception (Phillips et al. 2009b).
The Esperance sandplain receives a similar quantity of rainfall to other regions that
support D. livida (Hopper & Gioia 2004; Hopper & Brown 2007). The expansion of D.
livida to the Esperance region may have been limited by the lower rainfall Fitzgerald
region that separates the Esperance sandplain from the Stirling Range and the southern
forests. In the case of D. thynniphila and D. confluens there is no obvious barrier limiting the expansion of the orchid. For D. thynniphila, where the pollinator extends to
drier areas of forest, the orchid may be limited by an inability to cope with drier climates. The reason behind the absence of D. confluens from the southern jarrah forest,
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where its pollinator is patchily present, remains unclear. This area is higher rainfall
than the area normally inhabited by D. confluens but, given the orchid’s tendency to
occur low in the landscape (Chapter 2), excessive moisture is unlikely to be the cause.
Establishing explicit determinants for the boundaries of geographic ranges will require
investigation of a range of demographic and physiological traits and resolution of the
evolutionary origin of Drakaea species.

Rarity and pollination rate

The pollination rates recorded for Drakaea (19.9 - 83.3%, mean = 51.7%) are very
high for a genus of orchid pollinated via deception. Even when allowing for the 3-15%
of pollinations that do not yield fruit (see Table 5.6), this is higher than that observed
in most deceptive orchids. In the review of Tremblay et al. (2005), deceptively pollinated species had a mean fruit set of 20.7 ± 1.7 (n = 130). Similarly, Drakaea are successful compared to other sexually deceptive genera such as the thynnine wasppollinated Caladenia (14 ± 3% (s.e.), number of species = 10; Phillips et al. 2009b),
the bee-pollinated Ophrys (22.9 ± 8.7%, n = 5; Neiland and Wilcock 1998) and the
ant-pollinated Leporella (17.8%, n = 1; Peakall 1989a). Cryptostylis is reported to have
exceptionally high fruiting success compared to other sexually deceptive orchids
(Gaskett et al. 2008). However, this study expressed fruit set in terms of the percentage
of plants in a population that are pollinated. If fruit set is expressed on a per flower basis, Cryptostylis has a level of fruit set lower than many other sexually deceptive orchids. The comparatively high fruit set in Drakaea demonstrates that when an appropriate pollinator is present the pollination system is highly effective. As a result, the
high incidence of intrinsic rarity in Drakaea cannot be attributed to chemical or morphological traits that result in low attraction of pollinators or a poor conversion of pollinator attraction into fruit set.

There was no consistent trend in the level of pollination rate between common and rare
Drakaea. While all common species had a pollination rate of above 50%, pollination
rate in the rare species ranged between 19.9% in Drakaea concolor and 83.8% in D.
isolata. In the case of D. concolor, the rate of removal of pollinia was very high (most
plants in the population had pollina removed) in 2005 but this yielded very few pollinations. Given the high fruit set in hand pollination experiments, our pollination rate
results can readily be interpreted in terms of the literature pertaining to fruit set and
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rarity. Previous studies comparing fruit set between common and rare species have
produced varying results, with only a subset of studies recording lower fruit set in the
rare species (Fiedler 1987; Karron 1987; Burne et al. 2003; Rymer et al. 2005). The
present study represents the most detailed test of the hypothesis of rare species having
lower fruit set. The results for Drakaea support a pattern where common species have
high fruit set and only a subset of the rare species exhibit low fruit set. Unless comparative studies include a large number of species it is expected that there will be pronounced variation in the relationship reported between rarity and fruit set.

Pollination rate and population size

The present study represents the most detailed study of the relationship between population size, density and pollination rate in an orchid species. A strong relationship exists between pollination rate and log population size, with the most rapid decrease at
small population sizes (Figure 5.7). Among sexually deceptive orchids, no relationship
of pollination rate or fruit set and population size has previously been detected (Peakall
1989a, 1990; Peakall & Beattie 1996), though all of these studies have used a small
number of populations. The high pollination rate in small populations combined with
self-compatibility may be an important mechanism for the persistence of Drakaea species. Even individual flowers are often pollinated (50% of occasions) demonstrating
that an individual recruitment event into an unoccupied site could found a new population. Further, the extreme attractiveness of the floral odour results in a high pollination
rate even when pollinator abundance is low. This will serve to buffer orchid populations against periods of low pollinator abundance. However, it means that declines in
pollinator communities cannot be reliably inferred through orchid pollination success.

The relationship of population size and fruit set is of particular interest in the context
of the mechanisms driving switches between pollination strategies. Differences between pollination strategies in the relationship of pollination rate and population size
could favour switches in pollination strategy at some population sizes. In species pollinated by food-foraging insects cases have been reported where fruit set increases with
population size (Jacquemyn et al. 2007b), where fruit set was highest at intermediate
population sizes (Brys et al. 2008) or shows no relationship with population size
(Johnson et al. 2009). Alternatively, in the sexually deceptive D. glyptodon, pollination
rate and ultimately fruit set is highest in small populations, with a high proportion of
118

populations containing a single flower achieving pollination (Figure 5.8). These observations suggest a mechanism for the proposed evolution of sexual deception from food
deceptive ancestors in the Drakaeinae and Caladeniinae (Kores et al. 2001; Phillips et
al. 2009b). The relatively high fruit set in small populations exhibited by Drakaea suggests that novel mutations leading to pollination by sexual deception may rapidly become established in small or nascent populations through relatively high fruit set. This
hypothesis could be evaluated through comparative studies in Caladenia, a genus
which contains both food-deceptive and sexually deceptive species (Stoutamire 1983;
Phillips et al. 2009b). However, such an advantage will not be detected in all cases, as
a large number of species may have inherited sexual deception through phylogenetic
conservatism. A further consequence of high pollination rates in small populations is
that any mutation which leads to the attraction of a new pollinator species could very
quickly spread through a population creating the opportunity for sympatric speciation.

Implications for conservation

Understanding the requirements of the pollinating wasps and the effects of a changing
environment on their ecology will be essential to the ongoing conservation of Drakaea. While generally high pollination rates suggest that the pollination system of Drakaea can be highly successful in a stable landscape, reliance on a single pollinator with
a relatively complex life cycle may leave the genus at risk in a landscape subject to
anthropogenic changes. Male thynnine wasps feed the female in copula by regurgitating food or flying her to nectar-producing flowers and allowing her to feed (RidsdillSmith 1970). After feeding, she is placed back on the soil surface, at which point she
burrows underground and locates a scarab beetle larvae on which she lays her eggs
(Ridsdill-Smith 1970). However, there is little ecological information on most species
and the taxonomy is poorly resolved. As a result, it is unclear what the effects of environmental change will be on the species involved in orchid pollination. The most widespread changes in the SWAFR in the last 100 years have been massive removal of native vegetation, particularly in semi-arid areas (Shepherd et al. 2002), changes in fire
regime (Hopper 2003) and a significant decrease in rainfall (Li et al. 2005). Observations of Pogonothynnus sp. during the present study have demonstrated some resilience to drought. Despite severe drought in 2006 and 2007 with an almost complete
absence of nectar-producing flowers on the Kalbarri sandplain in 2007, this species
was recorded in this region during 2008. This suggests either a flexibility of diet or the
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possibility that larvae can remain underground for more than one year. Frequent spring
burning by land managers may well have negative impacts on communities of nectarivorous insects. However, this issue has not been investigated in the SWAFR (van
Heurck & Abbott 2003).

Resilience to habitat fragmentation will also be important to numerous species of sexually deceptive orchids in southern Australia. In Drakaea, this will particularly be the
case for D. elastica and its pollinator, Z. gilesi. Currently Z. gilesi does occur in small
remnants. However, its rarity in parts of the landscape that are the longest cleared suggests that there may be a lag between clearing and extinction from remnants. Studies
on other communities suggest that species already rare in the community prior to fragmentation will be most likely to suffer local extirpation (Davies et al. 2000).
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Wasp species

Pogonothynnus sp.

Zaspilothynnus sp. A

Zaspilothynnus gilesi

Zaspilothynnus trilobatus

Thynnoides sp. A

unknown

Zaspilothynnus nigripes

Zaspilothynnus sp. B

Zeleboria sp.

Zaspilothynnus aff. dilatatus

Orchid species

Drakaea concolor

Drakaea confluens

Drakaea elastica

Drakaea glyptodon

Drakaea gracilis

Drakaea isolata

Drakaea livida

Drakaea livida

Drakaea micrantha

Drakaea thynniphila

attracted through sexual deception.

southern forests, Swan
Coastal Plain
Darling Scarp

Geographic region

X

X

X

X

X

X

X

X

X

Hinge flip and attempted copulation

X

X

X

Pollinia
removal

X

X

X

X

X

X

X

X

X

Contact with
stigma

X

X

X

X

X

X

Pollen observed
on wild wasps

X

X

X

Visitation of
wild orchids
observed

Table 5.1: Pollinator species in Drakaea and evidence obtained in this study supporting their role as pollinator. All pollinators are thynnine wasps
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23 (59)

0 (11)

n.d.

0 (24)

0 (28)

0 (18)

0 (18)

n.d.

n.d.

DC

DCF

DE

DG

DGR

DI

DL

DM

DT

DC

0 (25)

0 (15)

0 (37)

0 (12)

0 (44)

0 (44)

0 (24)

67 (65)

0 (11)

DCF

0 (29)

0 (28)

0 (40)

n.d.

0 (24)

0 (50)

55 (67)

0 (24)

n.d.

DE

0 (76)

0 (98)

0 (140)

0 (19)

0 (39)

160 (169)

0 (50)

1 (44)

0 (24)

DG

0 (24)

0 (16)

0 (30)

0 (13)

31 (95)

0 (39)

0 (24)

0 (44)

0 (28)

DGR

0 (1)

0 (8)

0 (19)

0 (38)

0 (13)

0 (19)

n.d.

0 (12)

0 (18)

DI

= D. livida, DM = D. micrantha, DT = D. thynniphila. No pollinator was observed for Drakaea isolata.

2 (76)

0 (98)

585 (150)

0 (19)

0 (30)

0 (140)

0 (40)

0 (37)

0 (18)

DL

0 (65)

14 (106)

0 (98)

0 (8)

0 (16)

0 (98)

0 (28)

0 (15)

n.d.

DM

120 (83)

1 (76)

0 (1)

0 (24)

0 (76)

0 (29)

0 (25)

n.d.

DT

confirmed to pollinate. DC = Drakaea concolor, DCF = D. confluens, DE = D. elastica, DG = D. glyptodon, DGR = D. gracilis, DI = D. isolata, DL

are for the wasp species that have been confirmed to function as a pollinator. Cells in red represent wasps alighting on orchids that they have not been

the orchid in the left hand column, numbers in parentheses are the number of sites in which each pair of orchids was used as bait flowers. Cells in blue

Table 5.2: Demonstration of pollinator specificity among species of Drakaea. Values are the number of wasps observed landing on the labellum of
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5 (59)
18 (61)
7 (67)
44 (155)
6 (88)
0 (37)
64 (143)
4 (105)
28 (82)

Drakaea concolor

Drakaea confluens

Drakaea elastica

Drakaea glyptodon

Drakaea gracilis

Drakaea isolata

Drakaea livida

Drakaea micrantha

Drakaea thynniphila

Sites with wasp records
(sites baited at in total)

43 (42)

2 (57)

50 (106)

0 (27)

8 (51)

27(108)

23 (26)

41 (22)

19 (21)

% of sites unoccupied by the orchid where the wasp was recorded (n)

occupied patches of Drakaea habitat where baiting was undertaken.

29

14

41

1

19

104

7

15

6

Orchid populations
recorded in this
study

42

23

59

0

18

101

8

3

4

Additional sites
from WAHERB

71

37

100

1

37

205

15

18

10

Total orchid records

The percentage of sites unoccupied by the orchid where the wasp was recoded only includes sites of suitable Drakaea habitat. n = the number of un-

Table 5.3: Abundance of the extant species of Drakaea and their thynnine wasp pollinators. WAHERB refers to the Western Australia Herbarium.

Table 5.4: The percentages of sites of suitable Drakaea habitat containing each species of Drakaea and their sexually deceived pollinators, in three geographic regions.
Numbers in parentheses after geographic region are the number of sites with Drakaea
present surveyed in that region. Numbers after orchid species names are the number of
sites the pollinator was surveyed for in that region. Numbers in brackets in the % sites
columns are the rank of that species for each region, with one of highest abundance.
‘Orchid – wasp’ is the % of sites with the pollinator substracted from the % of sites
with the orchid.
% sites (wasp)

% sites (orchid)

Orchid - wasp

D. confluens (33)

48 (1)

71 (1)

23

D. glyptodon (23)

13 (2)

66 (2)

53

D. gracilis (24)

0 (3.5)

38 (3)

38

D. livida (11)

0 (3.5)

19 (4)

19

D. elastica (30)

23 (3)

54 (3)

31

D. glyptodon (21)

29 (2)

85 (1)

56

D. livida (19)

79 (1)

69 (2)

-10

D. glyptodon (62)

39(2)

76 (1)

37

D. livida (62)

55(1)

20 (3)

-35

D. micrantha (62)

7 (4)

19 (4)

12

D. thynniphila (43)

37 (3)

34 (2)

-3

Darkan-Stirlings (n = 21)

Swan Coastal Plain (n = 13)

Southern Forests (n = 74)
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Table 5.5: Results of baiting for the pollinators of Drakaea outside of the orchid species distribution. Regions follow orchid biogeographic districts given in Chapter 3.
Species

Region (number of sites baited in the
region)

Drakaea concolor

Southern Wheatbelt (5)

0

Darkan Stirling (13)

0

Darkan Stirling (2)

0

Northern Wheatbelt (1)

0

Drakaea confluens

Southern Forests (21)
Drakaea elastica

Drakaea glyptodon

Drakaea gracilis

Drakaea isolata

Drakaea livida

Drakaea thynniphila

3 (2)

Leeuwin-Naturaliste (3)

0

Southern Forests (23)

0

Darkan Stirling (9)

0

Northern Sandplain (5)

0

Northern Wheatbelt (1)

0

Southern Wheatbelt (5)

0

Stirling (2)

0

Kalbarri (14)

0

Northern Wheatbelt (1)

0

Southern Forests (15)

0

Southern Wheatbelt (1)

0

Darkan Stirling (13)

0

Esperance Mallee (4)

0

Fitzgerald (2)

0

Northern Wheatbelt (1)

0

Southern Wheatbelt (8)

0

Darkan-Stirlings (2)

0

Esperance (10)

Drakaea micrantha

Wasps responding
(number of sites)

1 (1)

Northern Wheatbelt (1)

0

Southern Wheatbelt (5)

0

Esperance (10)

0

Southern Wheatbelt (8)

0

Darkan Stirling (8)

9 (3)

Leeuwin Naturaliste (4)

2 (1)

Northern Wheatbelt (1)

0

Swan (7)

4 (11)
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85.7 (n = 1)

no data

92.4 (n =1)

95.4 ± 0.03 (n = 4)

87.5 (n=1)

87.5 (n=1)

97.2 ± 0.03 (n = 4)

83.3 ± 0.03 (n=2)

95.3 ± 0.02 (n=4)

Drakaea concolor

Drakaea confluens

Drakaea elastica

Drakaea glyptodon

Drakaea gracilis

Drakaea isolata

Drakaea livida

Drakaea micrantha

Drakaea thynniphila

Average % fruit set - hand
pollinations

3 (10.5%)
0 (0%)
1 (4.3%)

55.5 ± 7.6 (n=19)B
45.4 ± 6.2 (n =16)d
58.2 ± 6.5 (n=23)CF

5 (62.5%)

23.9 ± 13.2 (n=8)abc
0 (0%)

2 (3.9%)

63.2 ± 3.8 (n = 51)ADE

83.8 (n = 1)

0 (0%)

55.6 ± 13.2 (n=4)

2 (16.7%)

0 (0%)

19.9 ± 10.1 (n = 3)ef
60.1 ± 12.0 (n=12)

Sites not setting
fruit (%)

Average natural % pollination

significantly higher value. Population size refers to the number of flowering plants.

1 – 69 (12.52)

1 – 55 (8.4)

1 – 74 (11.92)
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1 – 14 (5.62)

1 – 69 (17.5)

3 – 41 (21)

1 – 10 (5)

17 – 80 (36)

Population size range
(mean)

71.9% (n = 82)

100% (n = 4)

88.6% (n = 201)

No data

81.2% (n = 16)

91.5% (n = 47)

85.7% (n = 14)

90.1% (n = 81)

84.2 % (n = 19)

% of wasps alighting

the natural pollination column represent pairwise significant differences at p < 0.05 for Mann-Whitney U-tests, with letters in caps representing the

Table 5.6: Comparative pollination rate and percentage of pollinators alighting on the flower in common and rare Drakaea. Letters in superscript in

Table 5.7: Results of multiple regression analysis of the effects of log population size
and density on pollination rate in Drakaea glyptodon.
Effect

Coefficient

Std. Error

Std. Coef.

t

p

Constant

1.769

0.246

0

Density

-1.786

3.256

-0.404

-0.549

0.587

Population size

-1.018

0.37

-0.624

-2.754

0.009

Density * population size

3.722

4.495

0.652

0.828

0.413

Sum-of-Squares

d.f.

Mean-Square

F-ratio

p

Regression

1.26

3

0.42

4.027

0.014

Residual

3.858

37

0.104

Source
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Table 5.8: Comparative pod size of self-pollinated and cross-pollinated Drakaea. Values represent mm3. n = the number of seed capsules measured.
Average pod size for self ± s.e.

Average pod size for outcross ± s.e.

Drakaea concolor (n = 2,2)

1012 ± 9

804 ± 125

Drakaea confluens

No data

No data

Drakaea elastica (n = 5,3)

887 ± 131

1124 ± 178

Drakaea glyptodon (n = 9,7)

413 ± 35

401 ± 45

Drakaea gracilis (n = 3,2)

812 ± 87

1072 ± 430

Drakaea isolata (n = 2,1)

242 ± 80

219.06

Drakaea livida (n = 8,8)

1049 ±192

911 ± 223

Drakaea micrantha (n = 1,4)

418

341 ± 48

Drakaea thynniphila (n = 6,5)

962 ± 122

632 ± 141
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Figure 5.1: Seven species of Drakaea, from left to right: Drakaea thynniphila, Drakaea livida, Drakaea confluens, Drakaea gracilis, Drakaea elastica, Drakaea micrantha and Drakaea glyptodon.
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Figure 5.2: Place names referred to in the text.
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Figure 5.3: Location of sites at which baiting for the pollinators of Drakaea was undertaken.
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Figure 5.4: Testing for cryptic species of Drakaea livida. Trial conducted at Pagononi
Nature Reserve. For the first three minutes, orchids were presented from Canning
Mills. At the end of the third minute, additional orchids were presented from southwest
of Margaret River. All wasps responded to the orchids from Margaret River. The responding wasp was Zaspilothynnus nigripes. Bars represent means with standard errors.
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Figure 5.5: The relationship between the number of records of Drakaea and their pollinating thynnine wasp (R = 0.76). Each species of Drakaea is pollinated by a single
species of thynnine wasp, except for D. livida where a second pollinator has been recorded at one site. Orchid records include observations from the present study and the
location of collections in the Western Australian Herbarium. Wasp records only include observations from this present study.
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Figure 5.6: Distribution of Drakaea species with records of their pollinator from outside of the distribution of the orchid. For the pollinator, only records outside of the distribution of the orchid are shown.
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Figure 5.7: The relationship of population size and pollination rate for Drakaea glyptodon (R2 = 0.196).
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Figure 5.8: Approximation of the relationship between population size and pollination
rate in orchids pollinated by sexual deception (A) and food foraging insects (B,C,D).
The pollination rate at any given population size will vary between study systems with
the same pollination strategy. However, the relatively high pollination rate at low
population sizes for the sexually deceptive species suggests that under some circumstances, sexual deception could be an advantage at low population size. (A) Drakaea
glyptodon, a species pollinated by sexual deception of thynnine wasps (present study);
(B) Satyrium longicauda, a species pollinated by hawkmoths feeding on a nectar reward (Johnson et al. 2009); (C) Listera ovata, an orchid pollinated by a range of insects foraging on nectar rewards (Brys et al. 2008); (D) Orchis purpurea, an orchid
pollinated by a range of nectar foraging insects but without the provision of a reward
(Jacquemyn et al. 2007b).
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Chapter 6 - General discussion - Rarity in Drakaea and the implications for studies of rarity and conservation in orchids
Introduction

Since the formative work of Darwin (1862), the Orchidaceae has been a focus of evolutionary research for almost 150 years. A trend towards pollinator and mycorrhizal
specialisation in many genera (e.g. Taylor & Bruns 1997; Cozzolino & Widmer 2005)
has kept orchids at the forefront of ecology and evolutionary biology. The tremendous
species richness of the family, the charismatic appearance of many species and the diversity of threats to the preservation of orchid species had led to increasing recognition
of the need for orchid conservation programs (Dixon et al. 2003; Swarts & Dixon
2009). However, the implications of a reliance on often specific pollinator and mycorrhizal associations on intrinsic rarity and conservation of orchids is only now being
considered (Swarts & Dixon 2009). This thesis combines studies of biogeography, mycorrhizal ecology and pollination to elucidate the possible causes of the exceptional
level of intrinsic rarity in Drakaea, a genus endemic to the Southwest Australian Floristic Region. This study represents the first attempt, to my knowledge, to determine
correlations of both mycorrhizal and pollination ecology in rarity of orchids.

Correlates and causes of rarity in Drakaea

While correlative studies of ecological traits and species rarity cannot be used to determine the cause of rarity for specific species, such studies form a useful starting point in
informing factors that may be contributing to species rarity. Using all southwest Australian orchid species, it was shown that specific geographic regions and naturally fragmented habitats were associated with a high incidence of rarity (Chapter 3). The Kalbarri geographic region showed a particularly high incidence of rarity and endemism,
including a species of Drakaea, with most rare species tied to a small number of seasonally moist sites. Likewise, the habitat with the highest incidence of rare species is
the margins of inland salt lakes, a habitat also containing an endemic Drakaea. The
existence of these patterns across a range of genera with a range of life histories suggests a common underlying process related to environment, most likely through naturally fragmented suitable habitat. The advantage of baiting techniques allows for direct
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tests of whether mycorrhiza or pollinators are also correlated with these trends. The
high incidence of rarity among sexually deceptive orchids suggests that use of this
highly specific pollination strategy may be contributing to the high level of intrinsic
rarity in Drakaea.

Given the high level of specificity reported in the use of mycorrhiza by some species
of orchid (e.g. Huynh et al. 2004; McCormick et al. 2004; Swarts 2007), the distribution and abundance of suitable mycorrhiza may play a role in the scarcity of rare orchid species. This concept has only been directly tested in one previous study, where it
was shown that the availability of mycorrhiza was limiting the distribution of a rare
species of Caladenia (Swarts 2007). Alternatively, in Drakaea it was shown that in
two communities both rare and common species share the same single species of mycorrhizal fungus, which is present at sites unoccupied by the orchid (Chapter 4). Further, the fungus is known to be used by Drakaea beyond the regions under study (R.D.
Phillips unpublished data). As such, the use of a specific mycorrhizal fungus does not
appear to have caused rarity in Drakaea. However, Drakaea germinated more frequently at sites where the parent plant occurred (Chapter 4) suggesting that there may
be some interaction between the environment and the physiological requirements of
both plant and fungus that may contribute to where the orchid is capable of occurring
in sites with suitable soil.

Baiting for pollinators with the nine extant species of Drakaea demonstrated that each
orchid species was primarily pollinated by a single species of thynnine wasp (Chapter
5). Within regions, the rarest orchid species was associated with the rarest pollinator
species. Further, the pollinators of rare species were less frequently detected in unoccupied areas of Drakaea habitat, suggesting that they place a limit on the ability for the
orchid to expand and form new populations. Fruit set was generally high (>45%) but
was below 25% in a subset of rare species. Low fruit set may contribute to rarity in
some species but for the most part the strategy of sexual deception is very effective at
achieving fruit set in both small populations of plant and pollinator. The demonstration
of a correlation between orchid and pollinator rarity in Drakaea is the first direct evidence that use of a specific pollinator might lead to intrinsic rarity of plants.

Combining biogeographic, mycorrhizal and pollination data suggests that, while pollinators may play an important role in rarity of Drakaea at the regional scale, other fac138

tors may also contribute to the rarity of some species. Based on the results of the present study, the following are hypothesised to be the ecological causes of rarity in each
of the rare extant species of Drakaea:
D. elastica and D. micrantha – both species share the same mycorrhizal fungus
and germinate just as frequently in the wild as common co-occuring Drakaea
(Chapter 4). Further, both species readily germinate at sites where plants are
not present (Chapter 4). In the case of D. micrantha rarity can be directly attributed to the rarity of the pollinator. While pollination rate averages 45% at
sites where the pollinator does occur, Zeleboria sp. was found to occur at only
1.7% of sites not already occupied by the orchid, thereby providing a major
limitation on the expansion of D. micrantha into new locations (Chapter 5).
The rarity of D. elastica is likely to result from a combination of habitat loss
and rarity of the pollinator over much of its distribution. While the pollinator
was recorded from 23% of sites, the vast majority of these was in one small
portion of the distribution of the orchid (Chapter 5). For a 270-km stretch of
the 305 km distribution of D. elastica, only two individuals of the pollinator
were sighted during the present study.

D. concolor – D. concolor occurs in the comparatively dry Kalbarri region where
it persists in slightly lower lying areas of grey sand amongst the yellow sandplain (Hopper & Brown 2007). While its pollinator is widespread across the
sandplain (Chapter 5), D. concolor is limited to a habitat that is patchily distributed in the Kalbarri region. Consequently, the rarity of D. concolor may
primarily come from its specific habitat requirements. This is a similar scenario to that observed in several other orchid taxa in the comparatively dry
Kalbarri region that are restricted to a specific seasonally moist habitat and are
rare sister taxa of common species that primarily occur in moister, southern
regions (Phillips et al. 2009a; Chapter 3).

D. isolata – the rarity of D. isolata appears to be related to both habitat specificity
and rarity of its pollinator. Despite an intensive effort, particularly in areas of
suitable habitat near the sole population of D. isolata, the pollinator of D. isolata has not been located (Chapter 5). Interestingly, this population still set
fruit in each year of the study. This raises the possibility that the pollinator is
present at very low densities or that self-pollination has evolved as has been
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seen in a small number of sexually deceptive Caladenia (Hopper & Brown
2001; Phillips et al. 2009b). However, bait flowers of D. isolata did not selfpollinate once picked (R.D. Phillips unpublished data) as has been observed in
self-pollinating Caladenia (Phillips et al. 2009b). The region in which D. isolata occurs is very arid compared to the distribution of other Drakaea (Hopper
& Brown 2007; Figure 2.2). Further, the grey sand that most Drakaea require
is scarce in this region and restricted to occasional low-lying areas (R.D Phillips personal observation). The combination of these two factors results in very
few potential areas of habitat for D. isolata. Similarly, salt lake specialists had
the highest incidence of rarity of any group of Western Australian orchid with
specialised habitat preference (Chapter 3). Extensive clearing of native vegetation in the wheatbelt may have accentuated this position.

D. confluens – the causes of rarity in this species remain elusive. D. confluens is
restricted to the Stirling Range and immediate surrounds and a small area
northeast of Boyup Brook (Figure 5.6). Within both of these regions, D. confluens is one of the most common Drakaea and its pollinator is abundant
(Table 5.4). However, the pollinator species of D. confluens occurs widely but
scarcely through the southern jarrah forest (Figure 5.6). Given the high pollination rate seen in species with locally rare pollinators, it is unlikely that the
pollinator is too rare in the southern jarrah forests to support populations of D.
confluens. Alternatively, the orchid may be limited by its mycorrhizal partner
or its own physiology.

D. gracilis – while D. gracilis is relatively widespread, it is characterised by small,
scattered populations. The pollinator of D. gracilis was only recorded in lateritic jarrah forest of the Darling Scarp. While there is a small number of
populations of D. gracilis in this region, the majority occur in sandy areas in
woodland and forest (though often in close proximity to laterite; Hopper &
Brown 2007), a habitat where the pollinator was not recorded despite intensive
effort (baited at 34 sites). In support of the baiting data, pollination rate for D.
gracilis was among the lowest of all Drakaea (23.9%; Chapter 5). Further,
pollination occurred in only three of eight populations. As a result, many
populations may be reliant on seed arrival events to persist. It appears that
largely differing habitat preferences of plant and pollinator are leading to low
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pollination rates and ultimately scarcity of the orchid.

This study affirms the hypothesis that causes of species rarity are idiosyncratic, even
within the same genus. Further, factors limiting the distribution of rare species can also
vary between closely related species. For example, in Drakaea, while all species were
pollinated primarily or entirely by a single pollinator, this only contributed to rarity in
a subset of species. From a theoretical perspective, substantial evidence now exists that
rare species do not necessarily share common ecological or genetic traits (Fiedler &
Ahouse 1992; Gaston 1994; Murray et al. 2002; Chapter 5). Attempts to generalise
about the causes of rarity for conservation prescriptions based on life history and pollination syndrome should be treated with considerable caution (e.g. Franks et al. 2009).
As shown in the present study, marked differences can occur between closely related
species without any major difference in plant morphology, habitat, mycorrhizal associations or reproductive strategy.

This study focused on correlations with rarity in the biogeography section before attempting to establish the role of mycorrhiza and pollinator in limiting rare species.
However, these approaches alone can not prove the ultimate cause(s) of species rarity
and their relative influence. Evolutionary origin of the rare species may be of considerable importance (Fiedler & Ahouse 1992). For example, D. confluens could be rare
because it is a recent species that has yet to expand its geographical range to take advantage of other areas where its pollinator and mycorrhiza occur (Chapter 5; R.D. Phillips unpublished data). A molecular phylogeny would represent this first step to understanding if there is an evolutionary basis for rarity in Drakaea.

In addition to the factors tested in the present study, climatic and physiological variables may also play a role in determining rarity in Drakaea. For example, plants occurring in more arid areas may have fewer years when rainfall is sufficient for seed maturation and critically, where the orchid is able to build sufficient tuber reserves after
germination to survive the first summer. Similarly, an orchid may have ecophysiological tolerances that could limit the orchid to a subset of the range occupied by the mycorrhiza and pollinator that it requires.

Consideration of the different limiting factors for rare Drakaea species suggest that
differing approaches to management will be required depending on the species in141

volved. For example, in the northern populations of D. concolor, where the absence of
suitable microsites is strongly limiting but the pollinator is relatively widespread, management should focus on preserving the few sites that contain suitable microhabitat.
Alternatively, D. micrantha is not limited by the extent of its habitat, but is by the
abundance of its pollinator. In this species, management should focus on understanding the requirements of the pollinator and establishing new orchid populations in sites
where the pollinator has been detected. Further, the development of propagation and
reintroduction techniques for terrestrial orchids (e.g. Batty et al. 2006) creates the opportunity for programs aimed at establishing new populations of rare orchids into the
field based on suitable sites as determined through baiting studies.

As predicted for old, geologically stable landscapes (Hopper 2009), preliminary studies of both mycorrhizal and pollination ecology suggest a trend towards ecological specialisation in the orchids of the SWAFR. Consequently, the methods used in the present study may be applicable to a range of genera. For example, several genera that
attract pollinators through sexual deception of male wasps are characterised by high
levels of intrinsic rarity (Chapter 3). Similarly, while mycorrhizal ecology was shown
not to be limiting in the Drakaea species studied, evidence suggests that this is the case
in some Caladenia species (Swarts 2007). Application of this combination of baiting
techniques may prove widely applicable in determining the causes of rarity in other
Western Australian orchids.

Correlates and causes of rarity in orchids

The present study has demonstrated the potential for specific ecological and other interactions to lead to species rarity, in this case through the specificity of the strategy of
pollination through sexual deception. Given the prevalence of specialised pollination
strategies (Nilsson 1992) and mycorrhizal associations in orchids (e.g. McCormick et
al. 2004; Swarts 2007) and the large number of rare species, clearly such a phenomenon may be more widespread.

Several strategies have been used for investigating ecological causes of rarity, particularly correlative studies involving a community (e.g. Jacquemyn et al. 2005), comparisons between common and rare congeners (e.g. Fiedler 1987) and demographic studies
that determine the life history stage limiting population size (e.g. Byers & Meagher
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1997). Thus far, studies in orchids have primarily been limited to correlative studies
involving a European nation’s orchid flora. In these studies, correlates with rarity have
differed regionally, with the provision of a reward and habitat preference having different levels of association (Neiland & Wilcock 1998; Jacquemyn et al. 2004; Kull &
Hutchings 2006). While this work has provided a useful starting point, these studies
have several limitations in elucidating the causes of intrinsic rarity in orchids. Firstly,
European landscapes have a long history of intensive modification by humans and, as a
result, relative abundance is in a large part determined by recent management (e.g.
Janečková et al. 2006). Secondly, the effect of pollination is ultimately through fruit
set, which is affected by pollinator behaviour, pollinator abundance, the number of
pollinator species visiting a plant and aspects of the genetic system such as incompatibility and post-zygotic lethality. Finally, these studies have not tested the role of mycorrhiza, which is critical to the germination, growth and therefore persistence of orchid populations.

Given the requirement for most orchids of both pollinators and mycorrhiza, orchid rarity may often be driven through an interaction between mycorrhizal ecology and pollination biology. The interaction of these two facets is poorly developed theoretically
and few empirical data exist. Over longer time scales, Waterman & Bidartondo (2008)
proposed a model of trade offs based on specialisation of one interaction requiring being a generalist in the other. However, sufficient data already exist to disprove this
model (e.g. Huynh et al. 2004; Bonnardeaux et al. 2007; Swarts 2007; Chapter 4;
Chapter 5). Alternatively, the optimal interaction for an orchid in the use of mycorrhiza and pollinators will be influenced by a range of variables including the abundance and distribution of pollinators and mycorrhiza, differences in pollen removal and
behaviour between pollinator species, niche conservatism in the use of both pollinators
and mycorrhiza, the vigour of various potential mycorrhizal partners and habitat stability over long time periods. A strong interaction between pollinator and mycorrhiza is
most likely to occur when the orchid must occur in a specific part of the landscape to
achieve reproductive success and ultimately recruitment. For example, if the specific
pollinator occurs in one habitat type, selection may favour specialisation on the mycorrhiza most abundant in that habitat type. However, much theoretical and empirical
work is required to begin to elucidate the potentially complex interactions between
mycorrhizal and pollination ecology.
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Mycorrhizal ecology and pollination biology may interact to determine fundamental
ecological characteristics of orchid species such as population size, population fragmentation, abundance, distribution and habitat specificity. As a requirement for germination, the presence of the mycorrhiza places an initial limitation on the orchid in
terms of distributional extent and abundance within its range. In species with specific
pollination systems the pollinator may place a further limitation. The model most
strongly supported in Drakaea is that mycorrhiza may cause patchiness of the orchid,
but rarity is more likely to arise when patchiness is accentuated through the rarity of
the pollinator. Early evidence in Drakaea suggests that limitations to distribution do
not arise directly through the mycorrhiza. A useful future method might be modeling
of geographic niche based on the distribution of the mycorrhiza, pollinator, edaphic
conditions and the climatic envelope occupied by the orchid species. This would reveal
which of these variables has acted as the tightest constraint on orchid distribution.

Levels of rarity in orchid genera may represent an interaction between levels of specialisation, rarity and speciation rate. In groups with specialised ecological interactions, ecological speciation may be more frequent through rapid evolution of barriers
to reproduction (e.g. Cozzolino & Widmer 2005). However, such speciation events
will lead to additional specialised species with smaller distributions than that of the
ancestral species. Therefore, there may be a propensity for the generation of relatively
large numbers of rare species that may be vulnerable to rarity through ecological specialisation. For example, in orchids it has been suggested that speciation is more rapid
in clades of sexually deceptive orchids than food-deceptive orchids (Cozzolino & Widmer 2005). Further, evidence suggests in these genera that speciation may occur
through pollinator switching in either allopatry or sympatry (Mant et al. 2005a). Species formed in such a fashion are likely to begin from a small number of individuals
that have switched to the use of an alternative pollinator and may have a predisposition
to rarity. As such, future studies of orchid rarity should consider the potential hierarchy
of rarity for individual species including both ecological and genetic traits (Fiedler &
Ahouse 1992).

Development of experimental tests of rarity for ecological studies

The present study has demonstrated the utility of using baiting for pollinators to resolve the role of pollinators in rarity for plant species with a specialised pollination
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system. Several groups of plants stand out as candidates for experimental tests of the
role of specific pollinators in plant rarity. Baiting techniques using the floral chemical
attractants have been used to investigate the ecology of euglossine bee communities
(Dressler 1982; Janzen et al. 1982), though this technique has not been applied to the
study of rarity in plants reliant on euglossine pollination. Other specific insect pollinated systems such as the long-tongued flies in the Cape Region of South Africa
(Johnson 2009) and the pollination of figs by agaonid fig wasps (Janzen 1979) could
also be investigated if a census technique independent of any rare plants they pollinated can be established. Plants pollinated by specific bird species could also be investigated, not through baiting methods but because birds are readily detectable through
observation, by systematic survey.

Ideally, pollinator baiting should be combined with experimental tests of factors limiting plant distribution such as seed baiting (Turnbull et al. 2000) or mapping of potential habitat based on habitat preferences at known sites (e.g. Peakall et al. 2002). In
orchid studies, germination of the seed gives an estimate of the presence of fungus capable of supporting germination. However, there is a parallel literature of seed burial
experiments where germination is followed through to the formation of seedlings and,
in some cases, adult plants. The studies have been used to tease apart the influences of
seed, dispersal and microsite limitation to population size (Münzbergová & Herben
2005).

Interestingly, seed baiting techniques have been restricted to theoretical studies of the
limitations to population size and not applied to determine the factors limiting rare or
restricted species outside of orchids (see references in Turnbull et al. 2000; Münzbergová & Herben 2005). Further, baiting experiments have the potential to be used much
more broadly in the study of the ecology and evolution of plant communities. For example, at broader spatial scales it would enable testing of the role of environmental
variation in creating local endemism and biogeographic regions. Alternatively, testing
for homesite advantage between sister species or geographically distant congenerics
would begin to elucidate the role of local adaptation in speciation. As such, baiting
techniques have the potential to greatly advance knowledge on the ecological and evolutionary processes controlling plant distribution, rarity and endemism.
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Appendix 1: Taxonomic reviews of southwest Australian Orchidaceae from 1980 onwards.
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Appendix 2: The taxa in which herbarium records were supplemented with known
locations for analyses of taxa richness and biogeography (Chapter 3). Names in parentheses are the common names of the undescribed taxa illustrated in Hoffman & Brown
(1998) and Brown et al. (2008).

Caladenia bryceana subsp. cracens
C. longicauda subsp. Duke of New Orleans (Island Spider Orchid)
C. remota subsp. parva
C. saxicola
C. sp. Boyup Brook (Boyup Brook Spider Orchid)
C. sp. Tenterden (Tenterden Yellow Spider Orchid)
C. sp. Wyalkatchem (Wyalkatchem Spider Orchid)
C. wanosa
Cyanicula ixoides subsp. candida
C. nikulinskyae
Diuris aff. laxiflora (Western Granite Bee Orchid)
D. aff. magnifica (Arrowsmith Pansy Orchid)
D. aff. pauciflora
D. immaculata
D. sp. Darling Scarp (Darling Range Donkey Orchid)
Drakaea concolor
Eriochilus dilatatus subsp. brevifolius
Paracaleana alcockii
P. terminalis
Pterostylis aff. ciliata
P. aff. sanguinea (Crowded Banded Greenhood)
P. aff. sanguinea (Coastal Banded Greenhood)
P. aff. vittata (Small Banded Greenhood)
P. sp. Dwarf Shell (Dwarf Shell Orchid)
P. sp. Kalbarri (Kalbarri Shell Orchid)
P. frenchii
Thelymitra magnifica
T. sp. Murchison
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Appendix 3: A list of the taxa included in the analyses in addition to currently described taxa. Names in parentheses are the common names of the undescribed taxa illustrated in Hoffman & Brown (1998) and Brown et al. (2008). *There are two Pterostylis aff. ciliata: (1) eastern part of the Darling range (2) granite north of Esperance.

Caladenia longicauda subsp. Duke of New Orleans (Island Spider Orchid)
C. sp. Boddington (Boddington Spider Orchid)
C. sp. Boranup (Boranup Spider Orchid)
C. sp. Boyup Brook (Boyup Brook Spider Orchid)
C. sp. Brookton Highway
C. sp. Jarrah forest
C. sp. Julimar
C. sp. Moodiarrup
C. sp. Muir Highway (Lake Muir Spider Orchid)
C. sp. Scott River
C. sp. Tenterden (Tenterden Yellow Spider Orchid)
C. sp. Wandoo
C. sp. Wyalkatchem (Wyalkatchem Spider Orchid)
C. sp. Yuna
Calochilus sp. Boyup Brook (Boyup Beard Orchid)
Diuris aff. carinata (Augusta Bee Orchid)
D. aff. laxiflora (Canning Vale Bee Orchid)
D. aff. laxiflora (Western Granite Bee Orchid)
D. aff. magnifica (Arrowsmith Pansy Orchid)
D. aff. pauciflora
D. aff. porrifolia
D. sp. Darling Scarp (Darling Range Donkey Orchid)
D. sp. Dunsborough (Dunsborough Donkey Orchid)
D. sp. Three Springs (Dainty Donkey Orchid)
Pterostylis aff. aspera (Dwarf Shell Orchid)
P. aff. aspera (Kalbarri Shell Orchid)
P. aff. barbata (Dwarf Bird Orchid)
P. aff. ciliata *
P. aff. picta
P. aff. pyramidalis
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P. aff. roensis
P. aff. sanguinea (Crowded Banded Greenhood)
P. aff. sanguinea (Coastal Banded Greenhood)
P. aff. vittata (Small Banded Greenhood)
P. sp. Broad petals (Broad-petalled Snail Orchid)
P. sp. Cape arid
P. sp. Cape le grand
P. sp. Cauline leaves
P. sp. Clubbed (Clubbed snail orchid)
P. sp. Crinkled leaf
P. sp. Dainty brown (Dainty brown rufous greenhood)
P. sp. Elegant snail orchid
P. sp. Exserted labellum
P. sp. Extended dorsal sepal
P. sp. Fragile
P. sp. Granite
P. sp. Helena River (Helena River Snail Orchid)
P. sp. Inland
P. sp. Karri forest (Karri Snail Orchid)
P. sp. Late (Late Bird Orchid)
P. sp. Limestone (Limestone Snail Orchid)
P. sp. Small stature
P. sp. Southern granites
P. sp. Striped sepal greenhood
P. sp. Yellow-eared
Prasophyllum aff. gibbosum (Striped Leek Orchid)
P. aff. parvifolium (Scented Autumn Leek Orchid)
P. sp. Brookton Highway (Rare Leek Orchid)
Thelymitra sp. Murchison
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Appendix 4: Vouchers from study of Drakaea mycorrhizal ecology. Exact localities
withheld because of the presence of rare and endangered species at many of these sites.

Species

Location (date)

Drakaea elastica (RDP0004)

South of Rockingham (2/10/2007)

Drakaea elastica (RDP0123)

Southeast of Capel (24/10/2008)

Drakaea glyptodon (RDP0002)

Margaret River (20/10/2007)

Drakaea glyptodon (RDP0003)

Pinjarra (14/9/2007)

Drakaea glyptodon (RDP0014)

Margaret River (27/9/2006)

Drakaea glyptodon (RDP0018)

Ruabon (2/10/2006)

Drakaea glyptodon (RDP0117)

Margaret River (23/9/2008)

Drakaea livida (RDP0006)

West of Pinjarra (14/9/2007)

Drakaea livida (RDP0009)

Southwest of Margaret River (20/10/2007)

Drakaea livida (RDP0015)

Island Point Nature Reserve (24/9/2006)

Drakaea livida (RDP0019)

Southwest of Margaret River (2/10/2006)

Drakaea livida (RDP0021)

West of Walpole (29/9/2007)

Drakaea livida (RDP0125)

Southwest of Margaret River (5/9/2008)

Drakaea livida (RDP0137)

Northwest of Walpole (10/10/2006)

Drakaea micrantha (RDP0008)

East of Margaret River (20/10/2007)

Drakaea micrantha (RDP0012)

South of Rocky Gully (9/10/2006)

Drakaea micrantha (RDP0016)

East of Margaret River (15/10/2006)

Drakaea micrantha (RDP0118)

East of Margaret River (5/10/2008)

Drakaea thynniphila (RDP0011)

Peerabeelup (20/10/2007)

Drakaea thynniphila (RDP0119)

Peerabeelup (25/9/2008)

Drakaea thynniphila (RDP0129)

West of Walpole (9/10/2008)
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Mt Gregory (13/8/2008)

Stirling Range (9/10/2007)

Drakaea concolor (RDP0116, 0126)

Drakaea confluens (RDP0010)

Lake Gnartaminny
(19/10/2008)

Stirling Range National Park
(7/10/2008)

S Rockingham (2/10/2007)

Drakaea confluens (RDP0122)

Drakaea confluens (RDP0130)

Drakaea elastica (RDP0004)

Wasp appeared to be attracted to D. glyptodon

Location (date)

Bait flower

Yerina Springs Rd (12/8/2008)

Lophocheilus sp. (KP183)*

E Capel (1/11/2007)

Stirling Range (21/10/2008)

Zaspilothynnus sp. (KP197, 198,
200, 311, 312)
Zaspilothynnus gilesi (KP3-6)

Haddleton Nature Reserve (10/11/2008)

Eulin Crossing (21/10/2006)

Thynnoides sp. (KP300)

Zaspilothynnus sp.(KP315)

Stirling Range (21/10/2008)

Zaspilothynnus sp. (KP201, 254)

Lake Gnartaminny (20/10/2008)

Haddleton Nature Reserve (10/11/2008)

Zaspilothynnus sp. (KP 199, 202,
218)

Zaspilothynnus sp. (KP163, 164,
251)

Lake Gnartaminny (20/10/2008)

Stirling Range (11/10/2007)

Zaspilothynnus sp. (KP98,99,132)
Zaspilothynnus sp. (KP196)

N of Peaceful Bay (8/10/2008)

Zaspilothynnus trilobatus (KP129)

N of Wapole (24/10/2007)

Watheroo National Park, 24/8/2008)

Pogonothynnus sp.
(KP154,155,157,190-193)

Zaspilothynnus sp. (KP83)

Kalbarri National Park (13/8/2008)

Location (date)

Pogonothynnus sp. (KP156)

Wasp species

withheld. * a different specimen from the same population of orchids was used to attract pollinators.

Appendix 5: Orchid and wasp vouchers from studies in the pollination of Drakaea. Due to the rarity of many species, precise locations have been
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Location (date)
SE of Capel (24/10/2008)
Gibson (18/9/2007)
Margaret River (20/10/2007)

Pinjarra (14/9/2007)
E Ledge Point (30/8/2007)
Margaret River (27/9/2006)
Ruabon (2/10/2006)
Margaret River (23/9/2008)

Stirling Range (16/9/2008)
Warridale, 9/9/2006
Stirling Range National Park (7/10/2008)
Lake Gnartaminny (6/10/2008)
Lesmurdie (2/9/2008)
Watheroo National Park (30/8/2007)
Pinjarra (14/9/2007)
NE Boyup Brook (10/10/2007)

Bait flower

Drakaea elastica (RDP0123)

Drakaea glyptodon (RDP0001)

Drakaea glyptodon (RDP0002)

Drakaea glyptodon (RDP0003)

Drakaea glyptodon (RDP0013)

Drakaea glyptodon (RDP0014)

Drakaea glyptodon (RDP0018)

Drakaea glyptodon (RDP0117)

Drakaea glyptodon

Drakaea gracilis (RDP0017)

Drakaea gracilis (RDP0120)

Drakaea gracilis (RDP0121)

Drakaea gracilis (RDP0128)

Drakaea livida (RDP0005)

Drakaea livida (RDP0006)

Drakaea livida (RDP0007)

Zaspilothynnus nigripes (KP61)

Thynnoides sp. (KP172-174, 227-230)

Thynnoides sp. (KP81,82)

Yalgorup National Park (3/9/2007)

Canning Mills (3/9/2008)

Canning Mills (30/8/2006)

Stirling Range (16/9/2008)

Black Point Rd (12/10/2008)

Zaspilothynnus sp. (KP260)
Zaspilothynnus trilobatus (KP182)

Black Point Rd (12/10/2008)

N Walpole (24/10/2007)

Zaspilothynnus trilobatus (KP137)

Zaspilothynnus trilobatus (KP235)

E Walpole (24/10/2007)

Gibson (15/9/2006)

S Bunbury (1/11/2008)

Location (date)

Zaspilothynnus trilobatus (KP126-128)

Zaspilothynnus trilobatus* (KP121, 122)

Zaspilothynnus gilesi (KP185-188, 294, 295)

Wasp species

176
S Rocky Gully (9/10/2006)
E of Margaret River (15/10/2006)
E of Margaret River (5/10/2008)
Peerabeelup (20/10/2007)

Drakaea micrantha (RDP0016)

Drakaea micrantha (RDP0118)

Drakaea thynniphila (RDP0011)

Zaspilothynnus aff. dilatatus (KP36, 136)

Zeleboria sp. (KP175, 176, 261, 262)

Zeleboria sp. (KP49)

Drakaea micrantha (RDP0012)

Lake Muir (21/10/2006)

Zaspilothynnus nigripes (KP22,144)

NE of Lake Jasper (22/10/2007)

NE of Margaret River
(19/10/2008)

N Peaceful Bay (24/10/2007)

Canning Mills Rd (30/8/2006)

Scott River plain. (12/10/2008)

Capel (10/10/2006)

Zaspilothynnus nigripes (KP29, 30)

E of Margaret River (20/10/2007)

NW of Walpole (10/10/2006)

Drakaea livida (RDP0137)

Pagonini Nature Reserve .
(8/9/2008)

Pagonini Nature Reserve
(3/10/2007)

Zaspilothynnus nigripes (KP134)
Zaspilothynnus nigripes (KP159, 249)

Karnup Nature Reserve.
(3/10/2007)

Zaspilothynnus nigripes (KP37)

Drakaea micrantha (RDP0008)

Sw of Margaret River (5/9/2008)

Drakaea livida (RDP0125)

Torbay (29/9/2007)

Location (date)

Zaspilothynnus nigripes (KP93)

Zaspilothynnus sp. (KP105, 407)

W Walpole (29/9/2007)

Drakaea livida (RDP0021)

Canning Mills Rd (30/8/2006)

SW Margaret River (2/10/2006)

Drakaea livida (RDP0019)

Drakaea livida

Island Point (24/9/2006)

Drakaea livida (RDP0015)

Zaspilothynnus nigripes (KP39, 74, 91, 100,
101)

Zaspilothynnus nigripes (KP158)

SW Margaret River (20/10/2007)

Drakaea livida (RDP0009)

Wasp species

Drakaea livida

Location (date)

Bait flower
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Peerabeelup (25/9/2008)

Witchcliffe (27/9/2006)

W Walpole (9/10/2008)

Drakaea thynniphila (RDP0119)

Drakaea thynniphila (RDP0020)

Drakaea thynniphila (RDP0129)

Drakaea thynniphila

Location (date)

Bait flower

West Cape Howe National Park.
(29/9/2007)

Zaspilothynnus aff. dilatatus (KP90)

NW of Margaret River

Zaspilothynnus nigripes (KP160)

West Cape Howe National Park.
(1/10/2007)

Lake Gnartaminny (20/10/2008)

Zaspilothynnus aff. dilatatus (KP165, 250, 252,
253)

Zaspilothynnus aff. dilatatus (KP34, 35)

Scott River bridge (12/10/2008)

Scott River plain (12/10/2008)

Zaspilothynnus aff. dilatatus (KP225)

Zaspilothynnus aff. dilatatus (KP170, 210, 211)

Brockman Highway (12/10/2008)

Zaspilothynnus aff. dilatatus (KP209)

Scott River plain (19/10/2008)

Haddleton Nature Reserve
(25/9/2008)

Zaspilothynnus aff. dilatatus (KP167)

Zaspilothynnus aff. dilatatus (KP169, 171, 206,
222, 256)

West Cape Howe National Park
(8/10/2008)

Location (date)

Zaspilothynnus aff. dilatatus (KP166, 168, 205,
212, 213, 219-221)

Wasp species
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