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ABSTRACT

Sexual deception, entailing the pollination of flowers through chemical and/or morphological
mimicry of female insects, is one of the most remarkable pollination strategies to have
evolved. This thesis explores two Australian sexually deceptive orchid systems with

contrasting patterns of pollinator exploitation.

The first three chapters focus on the orchid genus Cryptostylis, a system with a unique case of
pollinator sharing - five Australian species, four of which are largely sympatric, all deceive
the same male ichneumonid wasp pollinator Lissopimpla excelsa. In Chapter One (published
in Biological Journal of the Linnaean Society), mark-recapture experiments were used to
investigate the consequences of ichneumonid pollination on pollen movement in C. ovata. A
high pollinator revisitation rate indicated some potential for self-pollination. In Chapter Two,
reproductive barriers contributing to the absence of hybrids between Cryptostylis species
were investigated. Pre-pollination barriers, assessed in field experiments, did not prevent
hybridisation. Hand cross-pollinations conducted among the four common Cryptostylis
species in a greenhouse all produced fruits, however seed mass and the percentage of formed
embryos were reduced in hybrids. Major differences in ploidy and chromosome number
likely explain this post-pollination fitness reduction. Two species of Cryptostylis were found
to be self-incompatible, marking the first case of self-incompatibility in the Diurideae. The
unique reproductive biology of Australian Cryptostylis, encompassing pollinator sharing,
self-incompatibility, and post-pollination reproductive isolation driven by large ploidy
differences, may indicate that its mode of diversification may differ greatly to those in other
sexually deceptive genera. Chapter Three presents the first phylogeny to encompass both
Australian and Asiatic Cryptostylis. An Australian origin of Cryptostylis is supported, with a
likely single subsequent dispersal event to Asia. Ploidy variation and geographic barriers

appear to have played a role in diversification across Cryptostylis.

In Chapter Four, the potential presence of pollination ecotypes in the sexually deceptive
Drakaea livida was tested for. Patterns of chemical diversity and pollinator availability across
the distribution of the species were investigated. Pollinator choice trials revealed the presence
of three discrete ecotypes each attracting its own pollinator species. Patterns of pollinator
availability did not correlate with ecotype distribution. Each ecotype possessed a significantly

different floral volatile composition. Using Partial Least Squares Discriminant Analysis
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(PLS-DA), the presence-absence of a subset of taxonomically informative compounds could
be used to accurately predict the ecotype of a flower. Different classes of
electrophysiologically active compounds were present in different ecotypes. These marked
differences in chemical composition between the ecotypes suggest either a long time since
their divergence and may hint at a scenario of convergent evolution of floral morphology. In
Chapter Five, the ecotype geographic ranges and methods of identifying the ecotypes were
investigated. Species distribution modelling predicted each ecotype to have a different core
range. Two ecotypes were widespread, while one had a limited distribution within
extensively cleared agricultural land, raising conservation concerns. PLS-DA correctly
identified the ecotype of a flower when labella extracts were made from pollinated flowers,
thereby providing a non-destructive identification technique. The pollinator specificity,
morphology, floral chemistry, and ranges of the ecotypes supported them as Evolutionary
Significant Units.

In conclusion, the ecological and evolutionary consequences of pollination by sexual
deception may vary extensively between plant taxa in accordance with their different patterns
of pollinator exploitation. The taxonomy, species richness of the pollinator group, and the
plant species to pollinator species ratio all influence the evolution and diversification of

sexually deceptive orchids.
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GENERAL INTRODUCTION

Angiosperms are the most diverse and species rich group of terrestrial plants, comprising
over 300,000 species and representing approximately 90% of terrestrial plant diversity
(Vamosi et al., 2018; Hernandez-Hernandez & Wiens, 2020). Their amazing diversity has
shaped ecosystems and may have even promoted diversification in other plant lineages
(Magallon & Castillo, 2009), for example in ferns through the provision of a complex habitat
(Schneider et al., 2004). Among the vascular plant clades, the angiosperms have the most
recent origin, making patterns of diversification easier to infer than in older lineages
(Silvestro et al., 2015; Vamosi et al., 2018). Angiosperm diversification has been influenced
by an interaction of intrinsic morphological characters and extrinsic environmental conditions
(Vamosi & Vamosi, 2011). Such a interaction is evident in biotic pollination, where specific
floral traits interact with pollinator availability to determine the pollinators employed and
their mode of attraction (Olesen & Jordano, 2002; Sargent & Otto, 2006; Vamosi & Vamosi,
2011). Biotic pollination is hypothesised to have played a major role in driving the
diversification of the angiosperms, (Stebbins, 1970; Grant, 1994; Johnson, 2006; van der Niet
& Johnson, 2012; Hernandez-Hernandez & Wiens, 2020), particularly in cases of specialised
pollination where only one or few pollinator species are involved (Kiester et al., 1984; Kay &

Sargent, 2009).

Lineages that have zygomorphic (bilaterally symmetrical) flowers are hypothesised to be
more likely to evolve specialised floral morphologies, and thereby more likely to evolve
specialised pollination systems (Johnson & Edwards, 2000; Sargent, 2004; Hernandez-
Hernandez & Wiens, 2020). An example of this process is suggested in the Orchidaceae - the
plant family with the highest incidence of specialised pollination systems (Tremblay, 1992;
Schiestl & Schliiter, 2009). Having a bilaterally symmetrical flower can restrict the
movement of the pollinator on the flower, and direct its approach, thereby allowing precise
placement of pollen on its body (Sargent, 2004). In orchids, the unique orchid morphology of
the column and pollinia further enable precise pollinator positioning. The column is
comprised of a fused style and stamens, which support the pollen filled pollinia. Pollen being
presented in pollinia (pollen grains bound together into a single mass), allows a large amount
of pollen to be transferred from pollinator to flower in a single visit, thus lowering the
number of pollinator visits required for successful pollination (Johnson & Edwards, 2000).

Precise pollinator positioning, with efficient pollen transfer mechanisms, can lead to



pollinator specificity and thereby to reproductive isolation and speciation in orchids (Sargent,

2004; Pauw, 2006; Waterman et al., 2011).

Orchids account for approximately 8% of the vascular plant flora, occurring on all continents
with the exception of Antarctica (Pridgeon, 1999-2014; Givnish et al.,, 2016). Orchid
distribution is potentially limited by that of their mycorrhizal symbionts (McCormick et al.,
2018), on which they are reliant for nutrient provision during germination and protocorm
formation (McCormick et al., 2012). Several mechanisms have contributed to the extreme
diversity of the Orchidaceae; evolution of pollinia, epiphytism, CAM photosynthesis, a
tropical distribution encompassing several cordilleras, the use of Lepidoptera and euglossine
bees as pollinators, and deceptive pollination strategies (Givnish et al., 2015). Approximately
one third of orchids achieve pollination through deceit and do not offer pollinators a nectar
reward (Ackerman, 1986; Tremblay et al., 2005). The mechanisms of deception are as
intriguing as they are varied, encompassing food deception, brood-site mimicry, shelter
imitation, pseudoantagonism, rendezvous attraction, and perhaps most remarkably, sexual

deception (Jersakova et al., 2006).

Pollination by sexual deception occurs in several hundred orchid species across Europe,
Australia, southern Africa, and South America (Gaskett, 2011; Xu et al., 2012; Bohman et al.,
2016). Almost 50% of known sexually deceptive orchid species occur in Australia, with this
pollination strategy having independently evolved at least six times (Kores et al., 2001;
Gaskett, 2011). Sexually deceptive orchids achieve pollination by visually and chemically
mimicking female insects (Schiestl et al., 2000; Gaskett & Herberstein, 2010; Ayasse et al.,
2011). Sexual behaviour is induced in pollinators that brings them into contact with the
orchids’ reproductive structures (Correvon & Pouyanne, 1916; Coleman, 1927; Schiestl et al.,
2003; Mant et al., 2005). At long range, pollinators are attracted to flowers by chemical
mimicry of female sex pheromones using floral semiochemicals (Kullenberg, 1961; Schiestl
et al., 1999; Ayasse et al., 2011; Bohman et al., 2014; Bohman et al., 2016). The unique floral
morphology of orchids has also enabled mimicry of pollinator shape. While orchids possess
the three petals and three sepals typical of a monocotyledon, the third petal is usually highly
modified and forms a lip-like insectiform labellum, which is also typically the site of
semiochemical release (Schiestl et al., 2000; Schiestl et al., 2003; Peakall et al., 2010; Falara
et al., 2013; Phillips et al., 2013; Bohman et al., 2014; Phillips et al., 2014b).



Typically, sexually deceptive orchids have a high degree of pollinator specificity, with each
orchid species usually attracting its own unique pollinator (Paulus & Gack, 1990; Peakall et
al., 2010; Phillips et al., 2017), though exceptions of pollinator sharing are noted (Cortis et al.,
2008; Gogler et al., 2009; Phillips et al., 2013; Bohman et al., 2017; Phillips et al., 2017).
This use of different pollinator species is a common barrier to hybridisation and introgression

in sexually deceptive orchids (Xu et al., 2011; Xu et al., 2012; Whitehead & Peakall, 2014).

While gnats (Blanco & Barboza, 2005; Phillips et al., 2014b), bee-flies (Ellis and Johnson,
2010), beetles (Tyteca et al., 2006), and ants (Peakall et al., 1987) can function as sexually
deceived pollinators, the majority of known sexually deceptive orchid pollinators are solitary
haplodiploid bees and wasps (Gaskett, 2011). Haploploidy may provide a level of resilience
to exploitation by orchids in that if females do not mate they can still produce male offspring
(King, 1987; Hardy, 1994; Gaskett et al., 2008). Therefore, a scenario where female mating is
inhibited by orchid exploitation of available males could result in the production of even
more naive males that could pollinate orchids in subsequent flowering seasons (Gaskett et al.,
2008). As long as some male-female pollinator mating still occurred allowing pollinator
persistence, this mechanism may potentially lead to improved orchid pollination rates over
evolutionary time (Gaskett et al., 2008). Pollinator mating is likely to occur despite the
presence of orchids given that males may learn to avoid dense patches of orchids (Wong &
Schiestl, 2002), females themselves may move out of orchid patches (Wong & Schiestl,
2002), and pollinator flight distances typically exceed the size of orchid colonies (Weinstein
et al., 2016).

For successful pollination, most sexually deceptive flowers only require the pollinator to
exhibit pre-copulatory behaviour, and not actual copulation (Gaskett, 2011). In Australian
sexually deceptive genera a large portion of wasps approach the flowers in their characteristic
zig-zag flight pattern but do not alight on the flower, and of those that do alight an even
smaller percentage attempt to copulate with and/or fly away with the labellum (Peakall, 1990;
Bower, 2006; Phillips et al., 2009; Phillips et al., 2013; Weinstein et al., 2016). This observed
difference in pollinator response strength is likely due to variation in the sensitivity of insect
sensory perceptions, as well as variation in the attractiveness of each orchid (Peakall, 1990).
Only in rare cases, such as that of Australian Cryptostylis, is the pollinator known to actually

ejaculate onto the flower (Gaskett et al., 2008).



This thesis explores two Australian sexually deceptive orchid systems with contrasting
patterns of pollinator exploitation, with a view to providing insights relevant both to
evolution and conservation. The first three chapters focus on Australian Cryptostylis.
Cryptostylis has an atypical pattern of pollinator exploitation, being renowned for its unusual
pollinator sharing - with five species all sexually deceiving the same ichneumonid pollinator
Lissopimpla excelsa. Cryptostylis is further unique in being the only known ichneumonid-
pollinated sexually deceptive orchid genus, with the majority of Australian sexually
deceptive orchids being pollinated by thynnine wasps. In Chapter One (published in The
Biological Journal of the Linnean Society) pollinator behaviour and movement are examined
to investigate the consequences of pollination by sexual deception of ichneumonids. In
Chapter Two, an assessment of the reproductive barriers contributing to the absence of
hybrids between Cryptostylis species, in spite of their shared pollinator and sympatry, is
conducted. In Chapter Three, the first phylogeny including both Australian and Asiatic

Cryptostylis species is presented to explore the evolutionary history of this unique genus.

Chapters Four and Five focus on the south-west Australian Drakaea livida, the Warty
Hammer Orchid, and its pollinators. This system was selected as its pattern of pollinator
exploitation deviates from the base expectation for sexually deceptive orchids of a one-to-one
plant pollinator relationship: the presence of multiple pollinator species in D. /ivida has been
reported (Bohman et al., 2012a; Bohman et al., 2012b; Phillips et al., 2014a; Phillips et al.,
2017). In Chapter Four, the presence of pollination ecotypes in D. /ivida is tested for. Patterns
of pollinator response and availability, and floral chemical variation across the range of D.
livida, are investigated. In Chapter Five, the conservation of the newly discovered D. livida
ecotype is addressed. Species distribution modelling, floral morphometrics, chemotaxonomy,
and genome size estimation are employed to define conservation units and determine

effective methods of identifying them.

One appendix is presented - “2-(Tetrahydrofuran-2-yl)acetic Acid and Ester Derivatives as
Long- Range Pollinator Attractants in the Sexually Deceptive Orchid Cryptostylis ovata”,
published in Journal of Natural Products. This paper describes the elucidation of an
attractant semiochemical present in Cryptostylis ovata that attracts its Lissopimpla excelsa

pollinator.



REFERENCES

ACKERMAN, J. D. (1986) Mechanisms and evolution of food-deceptive pollination systems in
orchids. Lindleyana. 1:2, 108-113.

AYASSE, M., STOKL, J., & FRANCKE, W. (2011) Chemical ecology and pollinator-driven
speciation in sexually deceptive orchids. Phytochemistry. 72:13, 1667-1677.

BLANCO, M. A., & BARBOZA, G. (2005) Pseudocopulatory pollination in Lepanthes
(Orchidaceae: Pleurothallidinae) by fungus gnats. Annals of Botany. 95:5, 763-772.

BoHMAN, B., FLEMATTI, G. R., BARROW, R. A., PICHERSKY, E., & PEAKALL, R. (2016)
Pollination by sexual deception—it takes chemistry to work. Current Opinion in
Plant Biology. 32, 37-46.

BOHMAN, B., JEFFARES, L., FLEMATTI, G. R., BYRNE, L. T., SKELTON, B. W., PHILLIPS, R. D.,
DixoN, K., W, PEAKALL, R., & BARROW, R. A. (2012a) Discovery of tetrasubstituted
pyrazines as semiochemicals in a sexually deceptive orchid. Journal of Natural
Products. 75:9, 1589-1594.

BOHMAN, B., JEFFARES, L., FLEMATTI, G. R., PHILLIPS, R. D., DIXON, K. W., PEAKALL, R., &
BARROW, R. A. (2012b) The discovery of 2-hydroxymethyl-3-(3-methylbutyl)-5-
methylpyrazine: a semiochemical in orchid pollination. Organic Letters. 14:10, 2576-
2578.

BoHMAN, B., PHILLIPS, R. D., FLEMATTI, G. R., & PEAKALL, R. (2017) (Methylthio) phenol
semiochemicals are exploited by deceptive orchids as sexual attractants for thynnine
wasps. Fitoterapia. 126, 78-82.

BoHMAN, B., PHILLIPS, R. D., MENZ, M. H. M., BERNTSSON, B. W., FLEMATTI, G. R.,
BARROW, R. A., DIXON, K. W., & PEAKALL, R. (2014) Discovery of pyrazines as
pollinator sex pheromones and orchid semiochemicals: implications for the evolution
of sexual deception. New Phytologist. 203:3, 939-952.

BOWER, C. C. (2006) Specific pollinators reveal a cryptic taxon in the bird orchid,
Chiloglottis valida sensu lato (Orchidaceae) in south-eastern Australia. Australian
Journal of Botany. 54:1, 53-64.

COLEMAN, E. (1927) Pollination of the orchid Cryptostylis leptochila. The Victorian
Naturalist. 44:1, 20-23.

CORREVON, H., & POUYANNE, A. (1916) Un curieux cas de mimétisme chez les Ophrydées.
Journal de la Société Naturelle Horticole de France. 4,29-47.

CORTIS, P., VEREECKEN, N., SCHIESTL, F., BARONE LUMAGA, M., SCRUGLL A., & COZZOLINO,
S. (2008) Pollinator convergence and the nature of species' boundaries in sympatric
Sardinian Ophrys (Orchidaceae). Annals of Botany. 104:3, 497-506.

FALARA, V., AMARASINGHE, R., POLDY, J., PICHERSKY, E., BARROW, R. A., & PEAKALL, R.
(2013) The production of a key floral volatile is dependent on UV light in a sexually
deceptive orchid. Annals of Botany. 111:1, 21-30.

GASKETT, A. C. (2011) Orchid pollination by sexual deception: pollinator perspectives.
Biological Reviews. 86:1, 33-75.

GASKETT, A. C., & HERBERSTEIN, M. E. (2010) Colour mimicry and sexual deception by
Tongue orchids (Cryptostylis). Naturwissenschaften. 97:1, 97-102.

GASKETT, A. C., WINNICK, C. G., & HERBERSTEIN, M. E. (2008) Orchid sexual deceit
provokes ejaculation. The American Naturalist. 171:6, E206-E212.

GivNIsH, T. J., SPALINK, D., AMES, M., LYON, S. P., HUNTER, S. J., ZULUAGA, A., DOUCETTE,
A., CARO, G. G., MCDANIEL, J., & CLEMENTS, M. A. (2016) Orchid historical
biogeography, diversification, Antarctica and the paradox of orchid dispersal. Journal
of Biogeography. 43:10, 1905-1916.



GIvNIsH, T. J., SPALINK, D., AMES, M., LYON, S. P., HUNTER, S. J., ZULUAGA, A.,ILES, W.J.,
CLEMENTS, M. A., ARROYO, M. T., & LEEBENS-MACK, J. (2015) Orchid
phylogenomics and multiple drivers of their extraordinary diversification.
Proceedings of the Royal Society B: Biological Sciences. 282:1814, 20151553.

GOGLER, J., STOKL, J., SRAMKOVA, A., TWELE, R., FRANCKE, W., C0ZZOLINO, S., CORTIS, P.,
SCRUGLI, A., & AYASSE, M. (2009) Ménage A Trois—Two Endemic species of
deceptive orchids and one pollinator species. Evolution. 63:9, 2222-2234.

GRANT, V. (1994) Modes and origins of mechanical and ethological isolation in angiosperms.
Proceedings of the National Academy of Sciences. 91:1, 3-10.

HARDY, L. C. (1994) Sex ratio and mating structure in the parasitoid Hymenoptera. Oikos, 3-
20.

HERNANDEZ-HERNANDEZ, T., & WIENS, J. J. (2020) Why are there so many flowering plants?
A multi-scale analysis of plant diversification. The American Naturalist. 195:6, 948-
963.

JERSAKOVA, J., JOHNSON, S. D., & KINDLMANN, P. (2006) Mechanisms and evolution of
deceptive pollination in orchids. Biological reviews. 81:2, 219-235.

JOHNSON, S., & EDWARDS, T. (2000) The structure and function of orchid pollinaria. Plant
Systematics and Evolution. 222:1-4, 243-269.

JOHNSON, S. D. (2006) Pollinator-driven speciation in plants. Ecology and evolution of
flowers, 295-310.

KAy, K. M., & SARGENT, R. D. (2009) The role of animal pollination in plant speciation:
integrating ecology, geography, and genetics. Annual Review of Ecology, Evolution,
and Systematics. 40, 637-656.

KIESTER, A. R., LANDE, R., & SCHEMSKE, D. W. (1984) Models of coevolution and speciation
in plants and their pollinators. The American Naturalist. 124:2, 220-243.

KING, B. H. (1987) Offspring sex ratios in parasitoid wasps. The Quarterly Review of
Biology. 62:4, 367-396.

KORES, P.J., MOLVRAY, M., WESTON, P. H., HOPPER, S. D., BROWN, A. P., CAMERON, K. M.,
& CHASE, M. W. (2001) A phylogenetic analysis of Diurideae (Orchidaceae) based on
plastid DNA sequence data. American Journal of Botany. 88:10, 1903-1914.

KULLENBERG, B. (1961) Studies in Ophrys pollination. Zoologiska Bidrag frdan Uppsala. 34,
1-340.

MAGALLON, S., & CASTILLO, A. (2009) Angiosperm diversification through time. American
Journal of Botany. 96:1, 349-365.

MANT, J., BRANDLI, C., VEREECKEN, N. J., SCHULZ, C. M., FRANCKE, W., & SCHIESTL, F. P.
(2005) Cuticular hydrocarbons as sex pheromone of the bee Colletes cunicularius and
the key to its mimicry by the sexually deceptive orchid, Ophrys exaltata. Journal of
Chemical Ecology. 31:8, 1765-1787.

McCorMICK, M. K., LEE TAYLOR, D., JUHASZOVA, K., BURNETT JR, R. K., WHIGHAM, D. F.,
& O’NEILL, J. P. (2012) Limitations on orchid recruitment: not a simple picture.
Molecular Ecology. 21:6, 1511-1523.

McCoRrMICK, M. K., WHIGHAM, D. F., & CANCHANI - VIRUET, A. (2018) Mycorrhizal fungi
affect orchid distribution and population dynamics. New Phytologist. 219:4, 1207-
1215.

OLESEN, J. M., & JORDANO, P. (2002) Geographic patterns in plant—pollinator mutualistic
networks. Ecology. 83:9, 2416-2424.

PAuLus, H. F., & GACK, C. (1990) Pollination of Ophrys (Orchidaceae) in Cyprus. Plant
Systematics and Evolution. 169:3-4, 177-207.



PAuw, A. (2006) Floral syndromes accurately predict pollination by a specialized oil-
collecting bee (Rediviva peringueyi, Melittidae) in a guild of South African orchids
(Coryciinae). American Journal of Botany. 93:6, 917-926.

PEAKALL, R. (1990) Responses of male Zaspilothynnus trilobatus Turner wasps to females
and the sexually deceptive orchid it pollinates. Functional Ecology. 4:2, 159-167.

PEAKALL, R., BEATTIE, A., & JAMES, S. (1987) Pseudocopulation of an orchid by male ants: a
test of two hypotheses accounting for the rarity of ant pollination. Oecologia. 73:4,
522-524.

PEAKALL, R., EBERT, D., POLDY, J., BARROW, R. A., FRANCKE, W., BOWER, C. C., &
SCHIESTL, F. P. (2010) Pollinator specificity, floral odour chemistry and the
phylogeny of Australian sexually deceptive Chiloglottis orchids: implications for
pollinator - driven speciation. New Phytologist. 188:2, 437-450.

PHILLIPS, R., BROWN, G., DIXON, K., HAYES, C., LINDE, C., & PEAKALL, R. (2017)
Evolutionary relationships among pollinators and repeated pollinator sharing in
sexually deceptive orchids. Journal of Evolutionary Biology. 30:9, 1674-1691.

PHILLIPS, R. D., FAAST, R., BOWER, C. C., BROWN, G. R., & PEAKALL, R. (2009) Implications
of pollination by food and sexual deception for pollinator specificity, fruit set,
population genetics and conservation of Caladenia (Orchidaceae). Australian Journal
of Botany. 57:4, 287-306.

PHILLIPS, R. D., PEAKALL, R., HUTCHINSON, M. F., LINDE, C. C., XU, T., DIXOoN, K. W., &
HOPPER, S. D. (2014a) Specialized ecological interactions and plant species rarity:
The role of pollinators and mycorrhizal fungi across multiple spatial scales.
Biological Conservation. 169, 285-295.

PHILLIPS, R. D., SCACCABAROZZI, D., RETTER, B. A., HAYES, C., BROWN, G. R., DIXON, K.
W., & PEAKALL, R. (2014b) Caught in the act: pollination of sexually deceptive trap-
flowers by fungus gnats in Pterostylis (Orchidaceae). Annals of Botany. 113, 629-641.

PHILLIPS, R. D., XU, T., HUTCHINSON, M. F., DIXON, K. W., & PEAKALL, R. (2013)
Convergent specialization—the sharing of pollinators by sympatric genera of sexually
deceptive orchids. Journal of Ecology. 101:3, 826-835.

PRIDGEON, A. M. (1999-2014) Genera Orchidacearum. Oxford University Press, Oxford, UK.

SARGENT, R. D. (2004) Floral symmetry affects speciation rates in angiosperms. Proceedings
of the Royal Society of London. Series B: Biological Sciences. 271:1539, 603-608.

SARGENT, R. D., & OTTO, S. P. (2006) The role of local species abundance in the evolution of
pollinator attraction in flowering plants. 7The American Naturalist. 167:1, 67-80.

SCHIESTL, F. P., AYASSE, M., PAULUS, H. F., LOFSTEDT, C., HANSSON, B. S., IBARRA, F., &
FRANCKE, W. (1999) Orchid pollination by sexual swindle. Nature. 399:6735, 421-
421.

SCHIESTL, F. P., AYASSE, M., PAULUS, H. F., LOFSTEDT, C., HANSSON, B. S., IBARRA, F., &
FRANCKE, W. (2000) Sex pheromone mimicry in the early spider orchid (Ophrys
sphegodes): patterns of hydrocarbons as the key mechanism for pollination by sexual
deception. Journal of Comparative Physiology A. 186:6, 567-574.

SCHIESTL, F. P., PEAKALL, R., MANT, J. G., IBARRA, F., SCHULZ, C., FRANKE, S., & FRANCKE,
W. (2003) The chemistry of sexual deception in an orchid-wasp pollination system.
Science. 302:5644, 437-438.

SCHIESTL, F. P., & SCHLUTER, P. M. (2009) Floral isolation, specialized pollination, and
pollinator behavior in orchids. Annual Review of Entomology. 54, 425-446.

SCHNEIDER, H., SCHUETTPELZ, E., PRYER, K. M., CRANFILL, R., MAGALLON, S., & LUPIA, R.
(2004) Ferns diversified in the shadow of angiosperms. Nature. 428:6982, 553-557.



SILVESTRO, D., CASCALES - MINANA, B., BACON, C. D., & ANTONELLI, A. (2015) Revisiting
the origin and diversification of vascular plants through a comprehensive Bayesian
analysis of the fossil record. New Phytologist. 207:2, 425-436.

STEBBINS, G. L. (1970) Adaptive radiation of reproductive characteristics in angiosperms, I:
pollination mechanisms. Annual Review of Ecology and Systematics. 1:1, 307-326.

TREMBLAY, R. L. (1992) Trends in the pollination ecology of the Orchidaceae: evolution and
systematics. Canadian Journal of Botany. 70:3, 642-650.

TREMBLAY, R. L., ACKERMAN, J. D., ZIMMERMAN, J. K., & CALVO, R. N. (2005) Variation in
sexual reproduction in orchids and its evolutionary consequences: a spasmodic
journey to diversification. Biological Journal of the Linnean Society. 84:1, 1-54.

TYTECA, D., ROIS, A. S., & VEREECKEN, N. J. (2006) Observations on the pollination of
Ophrys fuciflora by pseudo-copulating males of Phyllopertha horticola in northern
France. Journal Europdischer Orchideen. 38:1, 203-214.

Vamosl, J. C., MAGALLON, S., MAYROSE, 1., OTTO, S. P., & SAUQUET, H. (2018)
Macroevolutionary patterns of flowering plant speciation and extinction. Annual
review of plant biology. 69, 685-706.

Vamost, J. C., & VAMosL, S. M. (2011) Factors influencing diversification in angiosperms: at
the crossroads of intrinsic and extrinsic traits. American Journal of Botany. 98:3, 460-
471.

VAN DER NIET, T., & JOHNSON, S. D. (2012) Phylogenetic evidence for pollinator-driven
diversification of angiosperms. Trends in Ecology & Evolution. 27:6, 353-361.

WATERMAN, R. J., BIDARTONDO, M. 1., STOFBERG, J., COMBS, J. K., GEBAUER, G.,
SAVOLAINEN, V., BARRACLOUGH, T. G., & PAUW, A. (2011) The effects of above-and
belowground mutualisms on orchid speciation and coexistence. The American
Naturalist. 177:2, E54-E68.

WEINSTEIN, A. M., DAVIS, B. J., MENZ, M. H., DixoN, K. W., & PHILLIPS, R. D. (2016)
Behaviour of sexually deceived ichneumonid wasps and its implications for
pollination in Cryptostylis (Orchidaceae). Biological Journal of the Linnean Society.
119:2, 283-298.

WHITEHEAD, M. R., & PEAKALL, R. (2014) Pollinator specificity drives strong prepollination
reproductive isolation in sympatric sexually deceptive orchids. Evolution. 68:6, 1561-
1575.

WONG, B. B., & SCHIESTL, F. P. (2002) How an orchid harms its pollinator. Proceedings of
the Royal Society of London. Series B: Biological Sciences. 269:1500, 1529-1532.

XU, S., SCHLUTER, P. M., & SCHIESTL, F. P. (2012) Pollinator-driven speciation in sexually
deceptive orchids. International Journal of Ecology. 2012, 1-9.

XU, S., SCHLUTER, P. M., SCOPECE, G., BREITKOPF, H., GROSS, K., COZZOLINO, S., &
SCHIESTL, F. P. (2011) Floral isolation is the main reproductive barrier among closely
related sexually deceptive orchids. Evolution. 65:9, 2606-2620.



CHAPTER ONE

Behaviour of sexually deceived ichneumonid wasps and its implications for pollination

in Cryptostylis (Orchidaceae)

Weinstein AM, Davis BJ, Menz MHM, Dixon KW, & Phillips RD

Published in Biological Journal of the Linnean Society

This study was conceptualised by A Weinstein in consultation with all authors. Field work
was conducted by A Weinstein, M Menz, R Phillips, and B Davis. Data from the long
distance pollinator movement experiment were analysed by M Menz, all other data were
analysed by A Weinstein. Original draft preparation was conducted by A Weinstein. Review

and editing was conducted by all authors.



w

LIN NE /} § F..z%{ BIOLOGICAL

SOC Y AR Journal .. \

Biological Journal of the Linnean Society, 2016, 119, 283—-298. With 6 figures.

Behaviour of sexually deceived ichneumonid wasps and
its implications for pollination in Cryptostylis
(Orchidaceae)

ALYSSA M. WEINSTEIN'?3* BELINDA J. DAVIS?3, MYLES H. M. MENZ3*,
KINGSLEY W. DIXON?35 and RYAN D. PHILLIPS!?3

'Evolution, Ecology and Genetics, Research School of Biology, The Australian National University,
Canberra, ACT, 0200, Australia

2Kings Park and Botanic Garden, The Botanic Gardens and Parks Authority, Fraser Avenue, West
Perth, WA, 6005, Australia

3School of Plant Biology, The University of Western Australia, Crawley, WA, 6009, Australia
“Institute of Ecology and Evolution, University of Bern, Baltzerstrasse 6, 3012, Bern, Switzerland
SDepartment of Agriculture and Environment, Curtin University, Bentley, WA, 6102, Australia

Received 2 February 2016; revised 29 March 2016; accepted for publication 1 April 2016

Pollination via sexual deception is hypothesised to be associated with more frequent outcrossing and greater
pollen dispersal distances than strategies involving food-foraging behaviour. In this study, we investigated the
behaviour and movement distances of Lissopimpla excelsa (Hymenoptera: Ichneumonidae), and their implications
for the pollination of the sexually deceptive Cryptostylis ovata (Orchidaceae). Pollinator observations revealed
that while L. excelsa will alight on multiple flowers within a single visit to a patch of orchids, the frequency of
attempted copulation decreases with successive visits, suggesting that pollinator learning may inhibit within-
patch pollen transfer. Mark-recapture demonstrated that 25% of wasps revisited inflorescences within a day and
50% revisited within a week. Despite the apparent site fidelity of some individuals, L. excelsa often move over
large distances (maximum = 625 m), and are capable of dispersing pollen between patches. To resolve the
consequences of pollination by sexual deception of ichneumonids, we compared our results with those from
studies of other sexually deceptive systems. While pollination rates were comparable with other sexually
deceptive orchids, L. excelsa showed high rates of column contact and moved over large distances relative to
other sexually deceived pollinators. Among sexually deceptive orchids in general, the frequency of column contact
was not correlated either with the frequency of pseudocopulation or with pollination rate. These results suggest
that the consequences of pollination by sexual deception may vary extensively between plant taxa due to
variation in floral traits, and behavioural differences between pollinator groups. © 2016 The Linnean Society of
London, Biological Journal of the Linnean Society, 2016, 119, 283-298.

KEYWORDS: Cryptostylis ovata — Lissopimpla excelsa — mark-recapture — pollen dispersal — pollina-
tion — pollinator learning — sexual deception.

INTRODUCTION orchids, which effect pollination through floral mimi-
cry of female insects (Coleman, 1927b; Kullen-
berg, 1961; Stoutamire, 1974; Schiestl et al., 1999;
Gaskett & Herberstein, 2010), outcrossing and pollen
dispersal may be greater because the insects are
searching for mates rather than moving between
nearby plants while foraging (Peakall & Beattie,
1996; Peakall & Schiestl, 2004). These predictions
have received some empirical support, with high
*Corresponding author. E-mail: alyssa.weinstein@anu.edu.au outcrossing rates reported for the thynnine-pollinated

Deceived pollinators typically avoid repeat visits to
rewardless plants, potentially leading to higher
rates of outcrossing and greater offspring fitness
(Dressler, 1981; Peakall & Beattie, 1996; Johnson
& Nilsson, 1999; Jersakova, Johnson & Kindlmann,
2006; Ellis & Johnson, 2010). In sexually deceptive
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sexually deceptive orchids Caladenia tentaculata
(Peakall & Beattie, 1996), Chiloglottis valida, and
Chiloglottis aff. jeansii (Whitehead, Linde & Peakall,
2015). In contrast, in the ant-pollinated Leporella
fimbriata, outcrossing is low due to both extensive
pollen transfer within large clonal patches and
occasional revisitation to flowers (Peakall & James,
1989).

In sexually deceptive orchids the primary trait
involved in pollinator attraction is chemical mimicry
of the sex pheromones of female insects (Kullen-
berg, 1961; Schiestl et al., 1999, 2003; Bohman
et al., 2012, 2014). Due to the high specificity of
insect mating signals, sexually deceptive systems
typically involve specialised plant-pollinator rela-
tionships, in which each orchid species has one or
few pollinator species (Paulus & Gack, 1990; Phil-
lips et al., 2009, 2014a; Peakall et al., 2010; Gas-
kett, 2011). The reproductive success and offspring
fitness of a sexually deceptive orchid will therefore
be strongly dependent upon its efficacy at eliciting
pollinator sexual attraction, and upon the mate
search behaviour and home range of its specific pol-
linator species. Surprisingly, some elements of the
behaviour of sexually deceived pollinators remain
poorly studied, despite their importance for plant
fitness. For example, detailed studies of the extent
and temporal period of pollinator revisitation are
mostly lacking (though see Whitehead & Peakall,
2013). Further, most detailed studies of the beha-
viour of sexually deceived pollinators have focused
on thynnine wasps (e.g. Peakall (1990), Peakall &
Beattie (1996), Alcock (2000), Menz et al. (2013),
Whitehead & Peakall (2013), De Jager & Peakall
(2015) but see Peakall (1989), Peakall & Schiestl
(2004), De Jager & Ellis (2014)).

A diversity of families of solitary wasps, bees and
flies is known to be involved in pollination by sexual
deception (Paulus & Gack, 1990; Ellis & dJohnson,
2010; Gaskett, 2011; Phillips et al., 2014b). The con-
trasting life histories of these groups may have dif-
ferent consequences for pollen movement and
reproductive success. In an unusual case of pollina-
tor sharing, the ichneumonid wasp Lissopimpla
excelsa Costa pollinates all five Australian species of
Cryptostylis, and is the only member of the Ichneu-
monidae known to visit sexually deceptive flowers
(Coleman, 1927a, b, 1929, 1930a, b, 1938; Nicholls,
1938). The Cryptostylis—L. excelsa system is further
unusual in that it is one of only two documented
cases in which the sexual attraction of deceived polli-
nators to flowers can lead to pollinator ejaculation
(Coleman, 1931; Erickson, 1951; Blanco & Barboza,
2005; Gaskett, Winnick & Herberstein, 2008). While
it is likely that floral odour plays a role in pollinator

attraction to Cryptostylis flowers (Coleman, 1930a;
Schiestl, Peakall & Mant, 2004), recent evidence sug-
gests that colour mimicry but not shape mimicry
may also be important for pollinator sexual attrac-
tion or detection of the flower upon approach (Gas-
kett & Herberstein, 2010; Gaskett, 2012).

At present, the courtship and mate searching
behaviour of L. excelsa and its consequences for the
pollination of Cryptostylis remains poorly known. In
the majority of studied ichneumonid species, male
courtship behaviour involves antennal vibration and
wing fanning displays followed by anntenation with
females, with subsequent copulation if the male is
accepted (Fisher, 1959; Juillet, 1959; Kugler & Woll-
berg, 1967; Spradbery, 1969; Cole, 1970; Morey,
1971; Vinson, 1972; Slobodchikoff, 1973; Dowell &
Horn, 1975; Barrows, 1976; Gordh & Hendrickson,
1976; Crankshaw & Matthews, 1981; Rotheray,
1981; van Veen, 1982; Dyer & Landis, 1997). If
rejected by the female, males often continue to exhi-
bit courtship behaviour (Spradbery, 1969; Gordh &
Hendrickson, 1976; Crankshaw & Matthews, 1981;
Rotheray, 1981; van Veen, 1982). There is strong
experimental evidence that male ichneumonids are
attracted via a sex pheromone (Heatwole, Davis &
Wenner, 1964; Cole, 1970; Vinson, 1972; Rotheray,
1981; Jewett & Carpenter, 1999). However, while
antennal glands have been suggested to play a role
in courtship via transfer of a contact pheromone (Bin
et al., 1999; Kolarov & Giirbiiz, 2007; Klopfstein,
Quicke & Kropf, 2010; Steiner et al., 2010), the sex
pheromone has yet to be resolved for any ichneu-
monid. There have been few studies investigating
ichneumonid mate searching behaviour, with move-
ment distances reported for just five species (Juillet,
1959; Heatwole & Davis, 1965), ranging from a maxi-
mum of 37 m for Eulimneria rufifemur (Juillet,
1959), to a maximum of 107 m for Ephialtes ruficollis
(Juillet, 1959).

The present study aimed to investigate the beha-
viour and spatial movement patterns of Lissopim-
pla excelsa, and their implications for the
pollination of Cryptostylis ovata R.Br. The beha-
viour of L. excelsa was investigated at multiple
spatial scales relevant to pollen movement: on a C.
ovata inflorescence, within C. ovata patches, and
between C. ovata patches. A combination of obser-
vations of artificially presented C. ovata patches,
and mark-recapture techniques were implemented.
Further, we aimed to investigate the consequences
of ichneumonid pollination by comparing pollinator
movement distances, pollinator sexual attraction to
a flower, and pollination rate between the Cryp-
tostylis system and other sexually deceptive sys-
tems in the literature.

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, 119, 283-298
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METHODS
STUDY SYSTEM

The genus Cryptostylis is comprised of 25 species,
found through south-east Asia, Australia, and New
Guinea, and extending to New Zealand (Pridgeon,
Cribb & Chase, 2001). Five species are present in
Australia, with Cryptostylis ovata R.Br. occurring
exclusively in southwestern Australia (Brown et al.,
2008), and C. erecta, C. hunteriana, C. leptochila, and
C. subulata occurring in eastern Australia, sometimes
in sympatry (Gaskett, 2012). Cryptostylis ovata flow-
ers between November and March, and relies on
reserves of moisture in its tubers during this period
(Pate & Dixon, 1982). This long flowering period is
due to the sequential opening of flowers along the
raceme (Pridgeon et al., 2001). Racemes typically
have 10-15 flowers (maximum observed = 24), one to
three of which are usually open at any given time.
Plants typically form clonal patches (Dodd et al.,
1984) that in some cases can have over 100 leaves
and support more than 10 racemes, although they
also occur as isolated individuals (single leaf).
Cryptostylis ovata is pollinated solely by the ichneu-
monid wasp Lissopimpla excelsa Costa (Coleman,
1929, 1930b). Visiting wasps land on the resupinate
labellum and reverse into the flower until their abdo-
men comes into contact with the column (Fig. 1). This
reversing behaviour is essential for pollination —
removal of pollinia is effected as the dorsal side of the
apex of the abdomen contacts the viscidium (Van der
Pijl & Dodson, 1966). Once positioned, the wasp forms
a falcate curve with its abdomen and begins copula-
tory probing (Coleman, 1927b), although this beha-
viour is not required to effect pollination. The typical

Figure 1. A male Lissopimpla excelsa on a flower of
Cryptostylis ovata. The insect has reversed into the
flower, bringing pollinia from another flower into contact
with the stigma.

ichneumonid courtship behaviours of wing and anten-
nal movement have not been observed in L. excelsa
individuals on flowers. In some species of Cryptostylis,
including C. ovata, male L. excelsa have been
observed to ejaculate onto the flowers (Coleman, 1928;
Erickson, 1951; Gaskett et al., 2008). Artificial self-
pollination of C. ovata usually results in seed set (A.
Weinstein & R. Phillips, unpubl. data).

FLORAL PRESENTATIONS

Lissopimpla excelsa males were attracted using the
baiting method developed by Stoutamire (1983) and
Peakall (1990), in which the experimental presenta-
tion of picked flowers at a new position within the
landscape leads to the rapid attraction of their polli-
nators. Similar to the behaviour observed for thyn-
nine species (Peakall, 1990; Peakall & Beattie, 1996;
Alcock, 2000; Peakall et al., 2010; Whitehead & Pea-
kall, 2013), the greatest number of responses of L.
excelsa to presented flowers occurs within the first
few minutes of the presentation (Tomlinson & Phil-
lips, 2012). Flowers used for baiting were collected
from  populations in  Capel (33°35'29.69"S,
115°32'31.77"E) and Margaret River (33°582.21"S,
115°0'58.37"E), southwest Western Australia. All
experiments were undertaken in a site approxi-
mately 400 x 700 m within Kings Park and Botanic
Garden (31°57'48.92"S, 115°50'18.21"E), an urban
bushland remnant in Perth, Western Australia. Lis-
sopimpla excelsa occurs in abundance at this site,
while C. ovata is absent. Experiments were con-
ducted during December 2011-January 2012, and
December 2013-February 2014. All experiments
were conducted between 06:00 and 12:00 h to coin-
cide with the period of maximum wasp activity (Tom-
linson & Phillips, 2012).

POLLINATOR BEHAVIOUR: ON AN INFLORESCENCE AND
WITHIN A PATCH

To quantify pollinator behaviour on an inflorescence,
and pollinator movement between inflorescences
within a patch, an artificial patch was created using
inflorescences with a minimum of two open flowers.
Following the method of Peakall & Beattie (1996), an
inflorescence was placed on each corner of a1 x 1 m
quadrant, and pollinator behaviour within this artifi-
cial patch was recorded by two observers. Observa-
tions were conducted for 10-min periods, after which
the patch was relocated a minimum distance of 20 m
to achieve a renewed pollinator response (Bower,
1996; Tomlinson & Phillips, 2012). For each wasp
that approached flowers in the patch it was recorded
whenever the wasp: (1) landed on an inflorescence,
(2) contacted the column, or (3) attempted copulation

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, 119, 283-298

12

020z Atenuga4 Lz uo Jasn Aleiqi] Aq 6101022/S82/2/6 ) LAdBIISge-9|01E/U