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Chapter 7
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The study of orchid pollination biology has a long history, and is relatively well known compared
with other aspects of orchid biology. This chapter considers the importance of pollination biology
to orchid conservation and how various aspects affect the long-term survival of orchids. These
include our current state of knowledge, orchid-pollinator relationships, breeding system biology,
and a number of other aspects of their biology that limit reproductive success both pre- and post-
pollination. The Orchidaceae is a rapidly evolving, pollinator-orientated family, requiring sexual
reproduction, usually by way of an insect vector, for long-term survival. Although self-compatibility
is common, many orchids have evolved a variety of mechanisms that promote out-crossing. The
relationship between an orchid and its pollinators is highly asymmetrical, with the orchid often
relying far more on its pollinators than the pollinators on the orchid. More often, orchids are
naturally pollinator-limited within a season but resource-limited over their lifetime as a result of
trade-offs. It is clear that orchids require an ecosystem approach to their conservation and future
research. Even with our comparative lack of knowledge, it is still possible to utilise principles of
the pollination biology to take positive steps to ensure the survival of orchids in situ.

1. Introduction

Sexual reproduction, usually by way of an insect vector, and the subsequent recruitment of new
individuals from seed, is necessary for the long-term survival of most orchid species. Consequently,
sexual reproductive events are an important stage in their lifecycle that underpins successful
conservation.

There is a trend in the Orchidaceae towards a reduction in the number of pollinator species
per orchid species (Tremblay, 1992), and therefore they are tightly linked to their surrounding
environment. Van der Cingel (1995) described the interaction between the orchid and its pollinator
using van Valen’s “Red Queen effect”. In Lewis Carroll’s Alice Through the Looking Glass, the
Red Queen takes Alice by the hand and drags her, ever faster through the countryside, but no matter
how fast they run they seem to stay in the same place. When Alice asks the Queen why this is so,
she replies, “Now, here, you see, it takes all the running you can do to keep in the same place. If you
want to get somewhere else you must run at least twice as fast as that”. In the case of the evolution of
the Orchidaceae, it has been “running” at least twice as fast resulting in the large number of species
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that we see today. However, the “countryside” is now “speeding up” due to human activities. The
question is whether orchids can at least keep pace with the rate of anthropogenic changes to their
environment’s.

It is now clear that we are entering a time of immense environmental upheaval due in part, if
not fully, to human activities; the main threats being (a) habitat alteration, and (b) over-exploitation
(see chapter 2). This ecosystem decay has led to a “pollination crisis” caused by disruptions in
pollination systems. The cause of the crisis, human activity, is widespread and it is therefore
likely that pollination disruption is also widespread (Buchmann and Nabhan, 1996). Since the
Orchidaceae is a rapidly evolving, pollinator-oriented family, disturbance to pollination systems
will not only affect their long-term survival but also evolutionary potential.

2. What is our current state of knowledge?

Of all the areas associated with orchid ecology, their pollination biology has been comparatively
well studied with entire books dedicated to the subject, such as, Darwin (1885), van der Pijl and
Dodson (1966), and van der Cingel (1995; 2001). However, considering the size of the family,
much of our knowledge is superficial and a great deal still remains to be learnt when it comes to
conservation and the impact of human activities on pollination systems (e.g. habitat fragmentation/
degradation) (Didham et al., 1996), particularly in the tropics (Neiland and Wilcock, 1998). This
is also seen in the recent volumes on orchid pollination by van der Cingel (1995; 2001), where
an entire volume is dedicated to European orchids, while the second encompasses the other 95%
of the family. Such a situation is ironic since the highest levels of orchid diversity and loss of
species occur within the tropical regions. This unfortunate pattern is seen throughout all areas of
orchid ecology. In addition, there is a lack of large-scale comparative studies (e.g. Neiland and
Wilcock, 1998), and long-term studies (e.g. Primack and Stacy, 1998), though the latter is likely
to be incorporated into the framework of larger demographic studies and site management. Such
information is needed to provide knowledge of their likely long-term survival both in situ and ex
situ. Since sexual reproduction in the Orchidaceae is mainly by way of an insect vector, knowledge
of insect biology is also needed. Unfortunately, like orchids, insects are, for their numbers, very
much understudied (Schultz and Chang, 1997). Finally, the phrases, “over-collection” and “habitat
degradation” are often stated as the causes of orchid rarity or decline without an exact knowledge
of the real cause or effect. It is very easy to prescribe an orchid’s decline to one or both of these
categories without knowledge of why. Unless these reasons are ascertained, and the critical point
in the life history identified, effective conservation management will be difficult. Causes can be
wide ranging, from lack of microsites for recruitment and decline of larval host or food source of
the pollinator, to too few flowers to maintain pollinator interest, or predation of fruits by introduced
rats. In the case of Thelymitra epipactoides, lack of fruit set and recruitment was thought to be
due to changes in fire regime, resulting in lack of ecological requirements to maintain a pollinator
population (Cropper and Calder, 1990).

A variety of methods are available to pollination biologists for studies at all stages of sexual
reproductive biology; many of these are described by Kearns and Inouye (1993), as well as Real
(1983), Jones and Little (1985), and Dafni (1992). Direct observations of orchid pollinators are often
difficult and time-consuming, particularly in those species that use deceit, due to their low visitation
rate. It is possible, however, to identify pollinators using indirect techniques by intercepting them
whilst they are foraging, or from museum specimens. This includes identification by morphological
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(e.g. Nilsson et al., 1987) or molecular techniques (Widmer et al., 2000), of pollinaria and their
remains from insects, or insect scales and hairs found on orchid flowers after visitations (Nilsson
and Rabakonandrianina, 1988), or possibly heterospecific pollen analysis from the stigmatic surface
(Neiland and Wilcock, 1999). Furthermore, patterns of pollinia movement by pollinators can be
studied, in addition to those described by Kearns and Inouye (1993), using microtags (Nilsson,
Rabakonandrianina and Pettersson, 1992) or using coloured dyes (Peakall, 1989; Tremblay, 1994).
Finally, a note of caution; there is a distinct difference between a pollinator and a mere visitor which
does not facilitate pollen transfer; this should not be overlooked (Dressler, 1990).

3. How important is pollination?

The relative importance of pollination to a species or population within a season is related to its
ecological strategy, but ultimately, sexual reproduction is required to keep pace with constant
changes in the surrounding environment (Richards, 1997). The relationship between patterns of
life history and the environment has received much attention from ecologists, one of the first being
the theory of r-selection and K-selection by MacArthur (1972) (K-select species have a longer
life expectancy and devote fewer resources to reproduction, while r-select species have a rapid
life cycle and a large allocation of resources to reproduction). This idea was developed further by
Grime (1979) to accommodate constraints on productivity and intensity of disturbance, resulting
in three strategies: ruderals, competitors and stress tolerators, which were represented as a triangle.
Within the ruderal group, there is heavy investment in reproduction (i.e. often self-pollinating
with early onset of flowering); while stress tolerators occupy habitats with low and unpredictable
resources resulting in delayed onset of reproduction (Crawley, 1997). Orchids probably fall
somewhere between the stress tolerators and ruderals since many species are both resource- and
pollinator-limited (Catling, 1996), though the relative position between these two strategies varies
from species to species. Reproductive characteristics may, therefore, be used as priority indicators
for conservation management planning (Dijk, Willems and Van Andel, 1997; Wilcock and Neiland,
1998). Wilcock and Neiland (1998) applied such a method of prioritisation to the entire threatened
flora of Scotland. They found that the continued survival of “persisters”, those species with low
sexual reproduction, below ground perennation or stoloniferous growth and narrow distribution,
depends on the potential longevity of individual genets, and that particular priority for this group
should be given to prevention of habitat loss. Annual and non-spreading perennial species, on the
other hand, required monitoring of populations, since they are at greatest risk of rapid extinction
through population decline; habitat loss in these species may be of less importance as they are
likely to have a higher potential for spread and recovery (Wilcock and Neiland, 1998). The
applicability of these conclusions to the orchid family requires further investigation. One example
is the difference that can be seen between two threatened species of British orchids, the short-lived
Ophrys sphegodes and long-lived Cypripedium calceolus, and the effect of pollination success
on conservation management (see case study 1). Another comparison may be made between
Coeloglossum viride and the last population of Spiranthes spiralis in the Netherlands. With a half-
life of 4.6-9.2 years, the population of Spiranthes spiralis can potentially survive for many years,
relying on only a few long-lived individuals (Willems, 1989). In comparison, Coeloglossum viride
has a short half-life of only 1.0-2.4 years and produces almost twice as many seeds per capsule as
Spiranthes spiralis (Willems and Melser, 1998).
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In epiphytic species, orchid longevity is often related to substrate longevity. The half-life
of a Lepanthes caritensis population in Puerto Rico has been estimated to be as high as 47 years,
allowing ample time for reproduction. However, when stochastic events such as hurricanes occur,
resulting in a half-life of maybe 9 years, the lack of consistent reproductive output may put the
species at risk (Tremblay, 1997; 2000).

Case study 1: The tale of two orchids, Ophrys sphegodes and Cypripedium
calceolus, with contrasting life histories: its effect on pollination requirements
and conservation planning.

Although sexual reproduction is needed for long-term survival, life history characteristics
have important effects on pollination requirements and conservation prioritisation (Wilcock
and Neiland, 1998). This idea is examined using two threatened British orchids with
contrasting life histories as examples (Fig. 1).

Since 1930, the distribution of the early spider orchid (Ophrys sphegodes) in Britain
has declined in extent by approximately 80%, with many of the remaining populations
consisting of only a handful of individuals. This has largely been due to habitat degradation
and destruction. If this downward trend is not reversed then it is likely that O. sphegodes
will become extinct in Britain in the near future (Hutchings, 1989). The largest remaining
population has been the subject of a long-term demographic study since 1975. It is now
clear that less than 5% of emergent individuals propagate vegetatively each year (Hutchings,
1987), therefore the persistence of the population depends on successful recruitment of new
plants from seed. However, the poor levels of seed set observed in Britain compared with
mainland Europe indicate that pollination may be a major limitation to seed production
(Hutchings, 1989). The precarious conservation status of the species is compounded by the
temporal nature of the life history of the species with over 70% of seedlings dying in their
first year of emergence and a half-life, after emergence, of only 1.5-2.3 years (Hutchings,
1987). Further, results from modelling suggest that in the absence of pollination and seed
production, a population of 115 flowering plants would decline to 11 in only three years
(Waite, 1989). It is clear that species, such as O. sphegodes, with rapid life histories are at
risk of sudden extinction (Hutchings, 1989; Wilcock and Neiland, 1998). In Britain, this
species may only survive by maintaining conditions that favour successful seed production
and recruitment of new individuals (Hutchings, 1987).

In contrast, the decline of the Lady’s slipper orchid (Cypripedium calceolus) throughout
much of Europe has been due to habitat destruction and degradation, as well as over-
collection. In Britain, the species has been in decline for at least 100 years and for many
years, only a single individual survived (Cribb, 1997; Kull, 1999). The decline in Britain
has largely been because of collection by gardeners and botanists. Collection of material
even continued from the last remaining individual from its discovery in the 1930s until
1968, when wardening was initiated (Ramsay and Stewart, 1998). Cypripedium calceolus
is long-lived, with many plants over 30 years old and some more than 100 years old (Kull,
1988). The longevity of C. calceolus is largely due to its “persistent” nature, since vegetative
reproduction by way of rhizome ramification is the main method for maintenance of many
populations (Kull, 1999), and the capability of withstanding small changes in environmental
conditions (Kull and Kull, 1991). Although fruit set is pollinator limited in this species
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Figure 1. Pollinator abundance is thought to be responsible for the decline in Ophrys species in some
regions (Bee visiting Ophrys mammosa) (L). Cypripedium calceolus, a long-lived species which was
reduced to a single wild plant in Britain through over-collection (R). (Photos: P. Harcourt Davies (L); P.J.
Cribb (R))

(Nilsson, 1979; Kull, 1998), recruitment is not (Kull, 1998), so much so that the ratio of
sexual to vegetative reproduction in recruitment is 1:200 (Kull, 1999). This suggests that C.
calceolus, unlike O. sphegodes, can survive for many years in the absence of pollination and
with some environmental perturbation. Conservation management efforts should therefore,
in the short to medium term, be concentrated on reducing the loss of flowering individuals
from over-collection and habitat degradation, rather than increasing recruitment by way of
sexual reproduction.

It is therefore important that conservation practitioners have knowledge of, and consider
the reproductive strategy in relation to longevity of their target species. Such information
will help in prioritisation and site management.

The Orchidaceae has a tendency towards a reduction in the number of pollinator vectors per
orchid species, in other words, an increase in specialisation of pollination systems (Tremblay,
1992) with the Orchidaceae as a whole among the most specialised of all flowering plant families
(Johnson and Steiner, 2000). This increase in pollinator specificity reduces the loss of costly
gametes, which, in the case of the Orchidaceae where, in most case, two pollinia are produced per
flower, is an expensive loss, but also reduces the number of floral visits (Tremblay, 1992). Increased
pollinator specificity also reduces the risk of clogging and alleopathy by heterospecific pollen
(Wilcock and Neiland, 2002). In light of the “pollination crisis”, this increase in specialisation is
not without risk; it may increase the probability of extinction through the loss of the pollinator as
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compared to non- or less-specialised pollinator-plant interactions (Wilcock and Neiland, 2002).
This, however, is not always the case, as traits such as longevity and clonal reproduction, which
have been discussed earlier, may allow a species or population to persist for many years without
pollination (Bond, 1994). Finally, it should be noted that although a “persister” may survive at
below the assumed minimum viable population size of 50-100 individuals for many years without
any form of pollination (Wilcock and Neiland, 1998), there is always the danger of stochastic events
which may threaten the survival of the population or species.

4. Breeding systems

The evolution of sexual reproduction was a major step for life on earth resulting from the ongoing
necessity for evolutionary change (Richards, 1997). This allows the recombination of genetic
material to produce, in out-crossing species, an almost infinite array of genetic diversity followed
by transmission of the genes to the next generation. Levels of recombination and outcrossing vary,
depending on the breeding system, and range from none in agamospermous species, where the seed
embryos are of purely maternal origin (non-sexual seed production), to high in dioecious species,
where out-breeding is obligatory since the two sexes are on separate plants. Consequently, breeding
systems have a significant effect on genetic diversity and the genetic structure of natural populations
(Hamrick, 1982; Scacchi, De Angelis and Corbo, 1991; Sipes and Tepedino, 1995; Hamrick and
Godt, 1997), and therefore the formulation of conservation management plans (Sipes and Tepedino,
1995; Kunin and Shmida, 1997). It may, therefore, be surprising that the breeding system of orchids
has received little detailed systematic attention, although Dressler (1993) briefly reviewed the area
in his classification of the family, as did Catling (1990) in his review of auto-pollination.
Agamospermy and dioecy fall at opposite ends of the breeding system spectrum but both
are very rare in the Orchidaceae. Agamospermy has so far only been reported from the tribe
Cranichideae (Fryxell, 1957). This system is likely to be rare since embryo-sac formation in the
family requires the presence of pollen on the stigma as a stimulus (Neiland and Wilcock, 1994). At
the other end of the breeding system spectrum, is dioecy, where all individuals of a population are
either male or female. To date, no truely dioecous orchids have been described, but the evolution of
dioecy within the family may be in progress. Dicliny, where not all the individuals of a population
are regularly hermaphrodite but can be male, female or both, is known (Richards, 1997). Chen
(1979) found plants with staminate and pistillate flowers, as well as bisexual flowers in Satyrium
ciliatum, though it is still unclear what factors control the expression of gender. Dicliny has been
better studied in the genera Catasetum (Dodson, 1962; Gregg, 1975; Zimmerman, 1980), Cycnoches
(Allen, 1952; Gregg, 1975) and Mormodes (Allen, 1959; Dressler, 1968), from the subtribe
Catasetinae. This ‘quasi-dioecious’ form is controlled by environmental factors and it is thought
that the switch between genders is due to environmental stress (Freeman, Harper and Charnov,
1980; Zimmerman, 1980). Since resource allocation in a fruiting female is considerably greater
than that of a male, under low light intensity and age, when resources are low, there is a tendency to
produce male flowers. When conditions become more favourable, then males can become female
(Dodson, 1962; Zimmerman, 1980). This form of gender instability is also known in other families
(Freeman, Harper and Charnov, 1980). Dicliny, therefore, not only brings about benefits through
the control of resource expenditure (particularly as orchids can be resource limited), but it also
benefits the progeny as a result of out-crossing. In addition, hermaphroditic orchid flowers can
be considered almost protandrous, since until the viscidium has been removed, the stigma cannot
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function (Romero, 1990). However, this ‘quasi-dioecy’ may present a conservation problem that
is seen in truely dioecious species. Significant changes in sex ratio may result in reduced seed
production and ultimately in reduced population size through insufficient recruitment from seed.
Although this ‘quasi-dioecy’ allows switching between genders, changes in environmental stress
levels, such as habitat alteration by humans, could result in a skewed sex ratio in these orchids.

By far the most widespread breeding system in the Orchidaceae is self-compatibility (Dressler,
1993), however, many orchids have evolved a suite of floral mechanisms that promote out-crossing.
The reliance on pollinator exclusivity in many orchids has resulted in low levels of post-fertilisation
barriers, even at the level of inter-generic hybridity. Approximately 10-15% of orchids are
autogamous (self-fertilising), where successful fertilisation is achieved in the absence of a vector
(Dressler, 1993); this has been extensively reviewed by Catling (1990). Autogamy is favoured in
certain situations, particularly in cases of environmental isolation such as on islands, mountain-tops
and peninsulas, and at the edge of range where pollinator activity may be limited. Such species
benefit by reproductive assurance, but depending on the possibilities of out-crossing, these plants
may suffer from inbreeding depression or low levels of genotypic diversity. Autogamy can range
from cleistogamy (flowers remain closed, leading to complete self-fertilisation), to species that are
chasmogamous (flowers are open) and only undergo autogamy as a last resort. This variation in
pollination mechanism is environmentally controlled in some species, thus varying the potential for
out-breeding. Autogamous species may be better suited to survive in the current changing climate
due to reproductive assurance and the ability in some species to out-cross if conditions permit.

Finally, self-incompatibility has been reported from the Dendrobiinae (Johansen, 1990),
Laeliinae (Stort and Galdino, 1984), Oncidiinae (Charanasri and Kamemoto, 1977), and Vandeae
(Agnew, 1986). Although it is thought to occur in at least 10% of all orchid species (Dressler,
1993), the genetic basis (Agnew, 1986), extent within the family (Dressler, 1993), and effect on
conservation is not fully known. In other species, reduction in seed production has been described
as a result of self-pollination (Nilsson, 1983; Stort and Galdino, 1984; Borba, Shepherd and Semir,
1999). In the genus Dendrobium, 72% of species were found to be self-incompatible (Johansen,
1990). This involved production of ethylene by the stigma resulting in premature senescence
and abscission of the flower during pollen tube growth. A similar situation was observed in the
Oncidiinae; 73% of species studied were found to be fully or partially self-incompatible (Charanasri
and Kamemoto, 1977), again resulting in abscission. In contrast, pollen germination was found to
be low and pollen tube growth slow. In the Vandeae, at least 30% of species were found to be self-
incompatible with another 30% requiring further investigation (Agnew, 1986); no floral abscission
was observed, with fruit capsules developing, however, the testae were found to be empty.

5. Who needs whom — pollinator or the orchid?

Orchid-pollinator interaction is asymmetrical, with the orchid relying far more on its pollinator
than the pollinator on the orchid. Nilsson (1992) stated that “interaction between two such
unequally interdependent organisms inevitably results in the first being pushed around genetically
by the second: pollinator traits govern any floral evolutionary trend.” Pollinators visit flowers
for a reward; these include oils, floral fragrances, pollen or floral nectar, the latter being the most
common reward in the Orchidaceae (van der Pijl and Dodson, 1966; Arditti, 1992; Dressler,
1993). In return, the orchids benefit from the movement of pollinia between flowers; however, the
efficiency of this varies, since orchids are often pollinator limited (Nilsson, 1992). Although the

119



Orchid Conservation

reward is the tangible benefit pollinators receive, they are usually attracted to the flower in the first
place through advertisement (Proctor, Yeo and Lack, 1996). Approximately one-third of orchids
have, however, evolved mechanisms of deceit, whereby the pollinator receives no reward (van der
Pijl and Dodson, 1966; Ackerman, 1984). Clearly, in this situation, since there is no reward, the
pollinator receives no benefits; as a result, the pollinators of these orchids are certainly not reliant
on them. One example of the asymmetrical orchid-pollinator relationship in rewarding orchids
was carried out by Nilsson et al. (1987). A single species of hawkmoth (Panogena lingens) was
found to exclusively pollinate at least 5 species of long-spurred angraecoid orchids, with the
longer tongued morph carrying 95.3% of the total viscidia. This demonstrates that the orchids are
sometimes reliant on a single pollinator, but that the pollinator is not reliant on a single species of
orchid, although the pollinator may be adapted to access the nectar resource of long spurred orchids
(Nilsson, 1988). Similar situations are seen with the orchid-euglossine bee relationship, where
only a fraction of the male territorial bees exploit and pollinate the orchids (Schemske and Lande,
1984; Roubik and Ackerman, 1987). In Disperis, the exploited oil reward makes up only a small
percentage compared to the mellittid bee’s principal source (Steiner, 1989).

This reliance of orchids on their pollinators has been well demonstrated by Mant et al. (2002;
Figure 2) for the sexually deceptive orchid genus Chiloglottis and its wasp pollinators. Based on
sequence data, it was shown that 15 of 16 pollinator species are closely related members of a single
clade of Thynninae wasps, and a high level of congruence with related orchids tending to use related
thynnine wasps (Fig. 2). This conservative pattern of pollinator change in sexually deceptive orchids
is thought to reflect evolutionary patterns in the sex pheromones of their pollinators. However, such
sexual deception can have a negative effect on the pollinator population. Wong and Schiestl (2002)
found that male Neozeleboria cryptoides wasps could not discriminate between chemical cues of
the sexually deceptive orchid Chiloglottis trapeziformis and female wasps, although males did learn
to avoid areas that contain orchids. This has important implications for the reproduction of female
wasps since in the presence of orchids no copulations occurred and few males approached. Such a
situation may therefore lead to an evolutionary “arms race” between the pollinator and orchid. High
levels of pollinator specificity are particularly evident in the Australian genus Caladenia where
pollinators are thought to have been a major determinant of morphological differentiation in the
genus (Fig. 3; Hopper and Brown, 2001). Cryptostylis ovata is another unusual Western Australian
species with one pollinator (Lissopimpla semipunctata) common to all Australian species in the
genus (Fig. 4; Hoffman and Brown, 1998).

Orchids clearly need their pollinators more than their pollinators need them. However, the
polytropic nature seen with Panogena lingens, both as a pollinator (Nilsson et al., 1987) and a
nectar thief (Nilsson et al., 1992), indicates that maintaining biodiversity of nectariferous orchids
may be an important factor in the conservation of pollinator populations, particularly in species
such as hawkmoths, where energetic costs are high (Nilsson et al., 1992).

6. Pollination limitation and failure

Pollination, and ultimately the dehiscence of fruits, involves a number of stages at which bottlenecks
or even total failure can occur. Wilcock and Neiland (2002) described six stages at which pollination
failure can occur in plants; (1) environmental loss of pollen between the pollen donor and reciept,
and/or failure of pollen to be removed; (2) pollinator limitations; (3) loss of pollen viability
prior to reaching the stigma; (4) insufficient quantity of pollen; (5) poor pollen quality, i.e. self-
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incompatability; (6) presence of heterospecific pollen resulting in clogging or chemical inhibition.
These and other bottlenecks do occur frequently in the Orchidaceae (Ackerman and Zimmerman,
1994). If this were not the case, then as Darwin (1885) predicted, it would only take 3 generations
of good seed production and survival to cover the world in Orchis (Dactylorhiza) maculata. These
stages start after flower opening, with pollinia transfer to the stigmatic surface, pollen germination
and tube growth, fertilisation and finally development of seeds until dispersal. Although pollination
in its true sense is the transfer of pollen from the male reproductive organs to the female, we shall
consider all the above stages, as they affect one another. These bottlenecks may be due to both
intrinsic and extrinsic factors, and the separation and identification of these key limiting factors is of
utmost importance in the development of effective orchid conservation. Even by orchid standards,
the low reproductive success in species such as Lepanthes caritensis may be cause for concern (see
Case study 2; Tremblay, 1997).
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Figure 2. Phylograms of Chiloglottis and its wasp pollinators (Neozeleboria) using maximum parsimony.
Bootstraps are given above the line (Reproduced with kind permission from Mant et al., 2002).
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Figure 3. Pollination of the Western Australian orchid Caladenia barbarossa by a thynnine wasp. Sexual
deception is a widespread phenomenon in the genus Caladenia and has resulted in a remarkable level of
diversity in floral form and function. C. barbarossa is unusual among the sexually deceptive caladenias
by virtue of the mobile hinge of the labellum being positioned on an extended arm. Similar contrivances
are employed in the other Western Australian genera, Paracaleana, Drakaea and Spiculaea. (Photos: S.
Yamaguchi)

Figure 4. Cryptostylis ovata being pollinated by an ichneumon wasp, Lissopimpla semipunctata which is
also responsible for pollinating all Australian species of Cryptostylis. (Photo: S. Yamaguchi)

Case Study 2: How low is too low? Fruiting success in Lepanthes species.

By Raymond L. Tremblay, Department of Biology, University of Puerto Rico - Humacao Campus,
Humacao, Puerto Rico, 00791, USA.

One of the frequently observed patterns of pollination biology is the low or infrequent rate of
pollination events or fruit set resulting from natural pollination events (e.g. Fritz and Nilsson,
1994). The main problem as a conservation biologist often lies in determining the ambient
rate of pollination or fruit set for a species.

In the epiphytic orchid Lepanthes caritensis, no fruits were produced from 110 flowers.
Using a critical value table (Table Q: Rohlf and Sokal, 1995), it is possible to test if the lack
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of observed fruit set is significantly different from a 5% normal fruit set recorded for the
species. Using this test would suggest that having observed less than 1 fruit or more than 10
fruits (normal range 1-10) would be sufficient to reject the null hypothesis and say that fruit set
(in this case) is less than 5%. If we expect about 1% fruit set based on available information,
it would then be normal to expect between 0-4.5 fruits; consequently in this case, not having
observed any fruits from those 110 flowers would not be considered abnormal.

It becomes more interesting if we have some field data that provides an estimate of fruit
set. For example, it may be of interest to test whether the production of fruits is significantly
different (more or less) among populations. This can be illustrated using data from five
populations of Lepanthes eltoroensis (Table 1).

Table 1. Fruiting success in five populations of Lepanthes eltoroensis.

Population No. fruits No. flowers Fruit set (%)
1 0 213 0.0
2 3 236 1.3
3 5 91 55
4 0 69 0.0
5 0 2 0.0
All populations 8 611 1.3

A number of questions arise after looking at the data in Table 1; for instance, is the
fruit set in population one, four and five significantly different from the mean of the species
(ca. 1%)? This question is important as it may suggest that we need to be concerned about
reproductive success in some of the populations. Using the same method as above and
assuming that the 1.3% fruit set for the species is the best estimate we have of reproduction
in those populations, the fruit production (of zero) is not significantly different from what
we would expect from a 1% fruit set for population one (range 0-2.8), four (range 0-4) and
five (range 0-2). However, for population three we observed 5.5% fruit set; compared to
the mean, this could potentially suggest that fruit set is much higher in that population than
the other populations. Using the proportions test again, with a range 0-3.0, our observation
of five fruits produced in that population suggests that it is much higher than the expected
(hypothetical) 1% fruit set.

Since orchids are frequently organised in small groups, and consequently sample
sizes tend to be small, or the frequency of pollination or fruiting success events are rare,
it is necessary to use a statistical approach to determine if observed events are rarer than
expected.

6.1 Pollen flow dynamics

With the exception of self-pollinating species, transfer of pollinia requires a vector for successful
sexual reproduction in the Orchidaceae. There appears to be widespread pollinator-limitation in
orchids, because of insufficient pollinator visits bringing compatible pollen; but pollinator limitation
in orchids also interacts with that of resource-limitation in affecting seed production either during
one season or over the lifetime of a plant (Ackerman and Zimmerman, 1994).
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The two forms of human activity that most threaten orchids are habitat alteration and over-
collection. Over-collection usually results in a reduction in population size, particularly of flowering-
size plants, and can even lead to local extinction. Such actions may result in decreased pollinia
movement and subsequently decreased fruit set. Habitat alteration may mean total destruction,
fragmentation or degradation, and may lead to, or be caused by the invasion of exotic species, which
is often seen on islands. Therefore, habitat alteration not only affects the orchids directly, but also
indirectly through their pollinator community, resulting in the possibility of ecosystem decay. It is
therefore not surprising that a threshold exists below which plant and pollinator populations cannot
persist. In such situations, positive feedback, particularly with specialist pollinators, may drive both
plant and pollinator to extinction (Lundberg and Ingvarsson, 1998). In other words, the number of
pollinators affects the reproductive success of the orchid population and therefore the number of
orchids in the population through recruitment from seed which affects the number of pollinators
by the orchid’s ability to maintain the pollinator’s interest and so on. The intensity of this effect
on orchids, however, depends on a number of factors, which are often interrelated; including: type
of deceit or reward system, pollinator specificity, pollinator foraging behaviour and flight patterns,
tolerance of the pollinator to environmental change, “attractiveness” of invasive plant species to
pollinators, and other aspects of orchid life history. In some cases, loss of principal pollinators may
to some extent be ameliorated by replacement with generalist foragers (Didham ez al., 1996).

Vegetation community differences are known or have been suggested to affect levels of
pollination success due to pollinator abundance, through factors such as larval host or food source
availability (Catling and Knerer, 1980; Dieringer, 1982; Davis, 1986; Johnson, 1997; Johnson and
Bond, 1997). These differences, along with vegetation succession are thought to also influence
floral and pollinator evolution (Johnson and Bond, 1992; Johnson, 1997; Wasserthal, 1997). This
relationship between the orchid, pollinator and surrounding vegetation is seen in Listera ovata (Fig
5; Nilsson, 1981). Normally occurring in rich and varied communities, L. ovata is inter-dependent
on the larval host-plants of the hosts of ichneumon wasps. This community diversity has been
shown to control the richness in parasitic Hymenoptera species. As the rate of habitat alteration
by humans increases, it is likely that it will have an effect on orchid fitness (Nilsson et al., 1992).
However, little direct information is yet available. Nilsson et al. (1992) found that by far the most
frequent visitor to Cynorkis uniflora in Madagascar was a long-tongued nectar-robbing hawkmoth.
The relative abundance of a nectar robbing hawkmoth was thought to reflect a faunal imbalance due
to destruction of the surrounding foraging habitats of the moth, along with larval food plants of the
pollinators. In a comparative study between forest and agricultural field populations of Oncidium
ascendens in Mexico (Parra-Tabla et al., 2000), average fruit production was shown to be twice as
high in the forest site than in the disturbed patches. Again, this disruption in the pollination system
seen in disturbed patches was thought to be as a result of the decline in local bee populations.
Murren (2002) found that fragmented populations of Catasetum viridiflavum in the Barro Colorado
National Monument, Panama, remained interconnected due to several factors, with populations on
islands being dependent on pollinator visits from the mainland.

Population size and density have important effects on survival of orchid species, and need to
be considered by conservationists in the light of present human activities. It has been shown that a
threshold plant-pollinator density may exist, below which extirpation is inevitable. Both increased
pollinator specialisation and self-incompatibility may predispose such species to extirpation as a
result of changes in population density of the orchid or pollinator, thus falling below the plant-
pollinator threshold (Lundberg and Ingvarsson, 1998). Pollinator foraging behaviour and density,
therefore, determines the reproductive success of many species. A recent model of pollinator-in-
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Figure 5. Relationship between Listera ovata, pollinators and linked elements in the biotic environment
(Redrawn from Nilsson, 1981).

duced density dependence in deceptive orchids has suggested that survival of such species is not
only dependent on population size, but also competition within and between patches. In this case,
the two types of competition are the relative abundance of the rewarding species, since species such
as bumblebees have been shown to choose the most common (Ferdy et al., 1999) or conspicuous
species (Larson and Larson, 1990), and competition between patches. The results suggest that man-
agement of deceptive species should involve control of rewarding species within a good patch (i.e.
patches with high abundance of nectar rewarding species), with good patches distantly separated by
low quality patches. Situations where “competition between patches is not too strong but also when
the resource levels are high enough to ensure the survival of pollinators at high density” would
favour deceptive species (Ferdy et al., 1999). Field studies by Fritz and Nilsson (1994) on three
deceptive species are consistent with the above findings. In addition, while the ratio of fruit set to
pollinia removal increased linearly in the two bumblebee-pollinated species, it reached an optimum
of around 80 individuals in the butterfly-pollinated species. This is due to the longer distance flights
by butterflies compared with bumblebees, whose flights are shorter, between successive visits to
flowers and plants. In experiments using micro-tagged pollinia, Nilsson, Rabakonandrianina and
Pettersson (1992) studied hawkmoth-mediated pollen flow in Aerangis ellisii. They showed similar
results to those obtained by Fritz and Nilsson (1994) for butterflies, although pollinium dispersal
occurred mainly on adjacent plants less than 5 m apart, 26% travelled over 15 m with a maximum
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distance of 76 m. In two of the study populations, 37% and 67% of pollen transfer represented un-
tagged foreign pollinia. However, Gumbert and Kunze (2001) found that in the food deceptive or-
chid, Orchis boryi, fruit set and pollinia export correlated negatively with orchid diversity but were
unaffected by orchid frequency and food plant density. Few additional studies have looked at these
subjects; therefore more research is needed to ensure the survival of species that are experiencing
low levels of fruit set (Ferdy et al., 1999).

The presence of a reward such as nectar has been shown, on average, to double the probability
of fruit set in both temperate and tropical orchids, and reduce rarity in British orchids (Neiland
and Wilcock, 1998). Production of such a reward is costly and consequently may be reabsorbed
(Koopowitz and Marchant, 1998). Loss of nectar to robbers that do not facilitate pollination,
therefore represents a cost to fruiting success and loss of a resource to the orchid. Nectar robbery
in orchids is well known (Dressler, 1990; Koopowitz and Marchant, 1998), and may occur because
of habitat degradation (Nilsson et al., 1992) and the introduction of alien species (pers. obs.). This
phenomenon is, however, poorly studied (Koopowitz and Marchant, 1998).

Finally, within a single species, floral variation may be seen both morphologically (Andersson,
1995; Johnson, 1997; Johnson and Steiner, 1997) and biochemically (Tollsten and Bergstrom,
1993), as a response to their local pollinator. These local adaptations have, of course, important
implications for the conservation and reintroduction of orchids. In the case of Cypripedium
calceolus, differences in floral morphology and pollinators can be seen throughout Europe
(Erneberg and Holms, 1999; Kull, 1999). In Britain, the species has been reduced to a single
individual (Ramsay and Stewart, 1998). Introduction of plants or pollen from other European sites,
that are not adapted to the local pollinators found at the British site, is clearly undesirable. This
can also be seen in the South African Disa draconis complex, where manipulation of spur length
resulted in a significant reduction in fruit set (Johnson and Steiner, 1997).

6.2 Post-pollination

Following deposition of pollen on the stigmatic surface, growth of pollen tubes and fertilisation
of ovules follows, eventually resulting in seed formation. The post-pollination phase in orchid
sexual reproduction has been very much understudied. Factors such as pollen quality, quantity,
and pistil state influence the success of sexual reproduction; such knowledge is needed for a better
understanding of orchid reproductive biology and its effects on conservation, both in situ and ex
situ. Low seed production and abortion of fruits has been described in the Orchidaceae, from both
self- and cross-pollination, for a variety of reasons, these include: male sterility (e.g. failure of
pollen to germinate) (Borba, Shepherd and Semir, 1999); insufficient pollen (this may be resource
related); competition from foreign pollen (Neiland and Wilcock, 1999); variation in pollen quality
(Borba, Shepherd and Semir, 1999); presence of recessive lethals (Johansen, 1990; Tremblay, 1994;
Borba, Shepherd and Semir, 1999); or resource availability (Ackerman and Oliver, 1985; Ackerman,
1989; Borba, Shepherd and Semir, 1999). Some orchids have, however, evolved mechanisms to
maximise reproductive success under pollinator-limited conditions both pre- and post-pollination,
including prolonging the period for effective pollen deposition and increased seed quality through
pollen competition (Neiland and Wilcock, 1995).

Self-incompatibility in the Orchidaceae (Charanasri and Kamemoto, 1977; Agnew, 1986;
Johansen, 1990), along with increased pollinator specialisation, may predispose such species to
extirpation as a result of changes in population density of the orchid or pollinator (Lundberg and
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Ingvarsson, 1998). Self-incompatibility has been shown to result in extremely low levels of fruit
set (Neiland and Wilcock, 1998). In field studies on Dendrobium monophyllum, Bartareau (1995)
found that only 6.9% of the 71.5% of flowers that initiated capsule formation produced matured
capsules.

A recent study by Neiland and Wilcock (1999) highlighted for the first time the presence of
non-orchid pollen on orchid stigmas and its effect on seed production. They found that six out of
seven species analysed had contamination in over 85% of stigmas, with average loads of up to 176
grains, but as high as 909 grains on some individuals, and that nectariferous orchids tended to have
lower foreign pollen loads than nectarless species; the exception being the nectarless Dactylorhiza
lapponica, a floral mimic, which had lower levels of contamination. This suggests that floral
mimicry in nectarless orchids reduces contamination compared with nectarless species that are
pollinated by non-mimicry deception. In addition, it was found from comparisons with fruit set,
that pollen contamination is largely from visitors rather than pollinators. Wind-dispersed pollen was
always present, and showed a wider variation in loads from herbaceous species due to heterogeneity
of surrounding vegetation; while insect-dispersed pollen patterns were more complex, reflecting
pollinator and visitor behaviour, and floral component of the surrounding habitat. An additional
experiment compared the effect of different foreign pollen loads on seed production under
controlled conditions. Results showed that with average to high contamination, seed set fell by 10%
due to fertilisation failure (Neiland and Wilcock, 1999). These results have important implications
for orchid conservation, since, as orchids are generally already pollinator limited, changes in visitor
patterns and floral composition of their surroundings may have a significant impact on seed outputs.
It is easy to imagine an orchid reserve in a sea of crop species being swamped by their dispersed
pollen. Such ‘cryptic’ impacts require further investigation.

Finally, capsule development and dehiscence can take several months in some species, during
which time the developing seeds may be subjected to herbivory and predation (Tremblay, 1994;
Murren and Ellison, 1996; U.S. Fish and Wildlife Service, 1996). In some cases, fruit herbivory or
predation is minor or occasional (Ackerman and Montalvo, 1990; U.S. Fish and Wildlife Service,
1996; Zotz, 1998; pers. obs.), while in others, losses can be substantial (Ackerman, 1989; Ackerman
and Montalvo, 1990; Tremblay, 1994). Tremblay (1994) observed that in 1990, 52.8% of matured
capsules of Cypripedium parviflorum var. pubescens suffered from insect damage compared with
only 10% in 1991. Only part of the fruit was destroyed as the insect burrowed through the tissue.
In Encyclia krugii, 10% loss of fruits was observed due to the impact of introduced rats on Puerto
Rico (Ackerman, 1989); 30.4-32.3% of fruits from Epidendrum ciliare were also lost. Even if the
fruit was not completely chewed, the damage usually resulted in rotting, and eventually abscission
of the fruit (Ackerman and Montalvo, 1990). Loss of fruits to introduced species may therefore
represent a relatively new limiting factor to seed production.

6.3 Beyond one season

Although an orchid may be pollinator-limited over a season, it is now thought that sexual
reproduction can be resource-limited over a lifetime (Ackerman and Montalvo, 1990; Meléndez-
Ackerman, Ackerman and Rodriguez-Robles, 2000). Resource availability clearly has a major
influence on sexual reproduction; one only needs to look at the relationship between resource
availability and ‘quasi-dioecy’ seen in the subtribe Catasetinae. Sexual reproduction, however, is
not without cost. An increase in fruit production in one year has been shown to depress growth and
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reproduction in subsequent years, most notably in epiphytic orchids (Zimmerman and Aide, 1989;
Ackerman and Montalvo, 1990; Murren and Ellison, 1996; Antlfinger and Wendel, 1997; Mattila
and Kuitunen, 2000; Meléndez-Ackerman, Ackerman and Rodriguez-Robles, 2000). Bartareau
(1995) suggested that an increase of only 10% in fruit set would result in a detectable cost for the
Australian epiphytic species Dendrobium monophyllum. In Cypripedium acaule, however, the cost
of seed production was only noted after repeated seasons of reproduction (Primack and Hall, 1990),
while Cyclopogon cranichoides showed no discernable cost (Calvo, 1990). However, it was found
that in Neotinea ustulata, flowering was more likely to be followed by dormancy than a vegetative
stage, but this was not affected by fruiting success (Tali and Kull, 2001). In addition, nutrient
experiments comparing a nectarless orchid with a nectariferous orchid suggested that the latter was
both pollination- and resource-limited, while the nectarless species was pollination-limited within
a season, as measured by difference in fruit set (Mattila and Kuitunen, 2000). In species such as
Spiranthes spiralis, limitations to sexual reproduction by resource availability as a result of fruiting
in the previous season is likely to be less pronounced due to the young leaves acting as a source
during the flowering and fruiting period. This is followed by the production of wintergreen rosettes
for 6-7 months, resulting in carbohydrate accumulation in new tubers (Willems and Lahtinen,
1997). This may also be the case in Cypripedium calceolus, where ramets that bear fruits also stay
in leaf longer and compensate the annual ramet level by extending the growing period (Kull, 1998).
Other structures, such as pseudobulbs and old stems (‘backshoots’), also act as resource storage
organs and may function as supplementary reserves during resource limited events, as well as being
critical in growth, flowering and formation of new shoots (Zotz, 1999; Stancato, Mazzafera and
Bucheridge, 2001).

A number of extrinsic effects have also been shown to cause resource limitation responses;
these can include climatic and biotic effects (Primack and Stacy, 1998). Mattila (2000), studied the
effect of water stress in Platanthera bifolia, and demonstrated that female reproductive success may
be both resource- and pollination-limited. No effect was found on pollen quantity; however, the
observed increase in nectar may increase pollen transport, without any noticeable effect on female
success. In the subtribe Catasetinae, under low light intensity, there is a tendency to become male.
When conditions become more favourable, males can then become females due to the inherent cost
of producing fruits (Dodson, 1962; Zimmerman, 1980). Light availability has also been suggested
to cause a resource limitation response in other species (Murren and Ellison, 1996; Willems and
Ellers, 1996; Primack and Stacy, 1998), and could influence management practices (Willems and
Ellers, 1996).

Fire is an important part of maintaining a number of habitats where orchids occur, particularly
in mediterranean climates such as South Africa, southern Australia, chaparral of California and the
prairies of the mid-west of the United States. Fire increases light availability and releases phyto-
active materials such as ethylene and also provides a pulse of nutrients. Singly or in combination,
these outputs of a fire event often lead to an increase in flowers in terrestrial species (Cropper,
Calder and Tonkinson, 1989; Dressler, 1990; Catling, 1996); however, fire effects on fruit set is
largely unknown (Johnson and Steiner, 1994). In Disa tenuifolia, which flowers en masse after
fire, increased fruit production is unlikely to result in resource limitation since a period of 5-20
years may elapse between flowering (Johnson and Steiner, 1994). Nutrient experiments by Mattila
and Kuitunen (2000) have demonstrated resource limitations within a season in the nectariferous
Platanthera bifolia, with small plants producing higher proportions of completely swollen fruits
after application of nutrients. The nectarless Dactylorhiza incarnata however, was not resource-
limited within a year. Pollinator availability may vary considerably from year to year in nectarless
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Orchids are well known for their specilaised pollination mechanisms, such as the gnat-pollinated
Pterostylis sanguinea (A-B), and floral mimicry, such as the critically endangered Diuris purdei (C) with
the common non-orchid species Lobelia gibbosa (D) and other orchid genera Cyanicula gemmata (E) and
Caladenia flava (F) all sharing the same beetle pollinator in south-west Western Australia. (Photos: B. &
B. Wells/CALM (A-E); M.C.Brundrett (F))
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orchids, thus favouring heavy allocation in years with high fruit set. This may result in the reduction
of available resources in subsequent years (Mattila and Kuitunen, 2000). Damage to vegetative
organs by biotic factors has also been shown to affect fruiting success in a number of species.
Murren and Ellison (1996) demonstrated that by damaging the flag leaf of a raceme in Brassavola
nodosa, flowers immediately aborted, suggesting that resources are allocated to fruit development
rather than maintenance of flowers that are rarely visited. Vallius and Salonen (2000), and Vallius
(2001) found that defoliation of Dactylorhiza maculata resulted in decreased leaf area, corm mass
and probability of flowering in the following season. Reduction in reproductive success has also
been reported due to an ant-mealybug interaction (Rico-Gray and Thien, 1989). Schomburgkia
tibicinis has extrafloral nectaries that are visited by a number of species of ants with beneficial
effects. However, it was shown that Crematogaster brevispinosa “farmed” the citrus mealybug
(Planococcus citri) to such an extent that 30% of individuals showed decreased fruit set.

Such information provides not only an insight into mechanisms of floral trait evolution,
representing trade-offs between reproduction and future growth (Calvo, 1993), but also a basis
for management techniques (Willems and Ellers, 1996). Knowledge of how both intrinsic
and environmental resource limitations relate to reproductive success will prove important in
conservation planning. Separation of these two factors may help predict how orchids will respond
to various management regimes.

7 Conclusions

Regardless of longevity, orchid species are likely to require sexual reproduction for their long-term
survival, particularly in light of current human activities. For many orchids, it is now clear that a
strictly hands-off, preservationist approach is no longer feasible, and some form of management
will be needed (Bratton and White, 1980). Unfortunately, like most areas of orchid ecology, there
is still much that remains to be learnt about their pollination biology. It is clear that the orchid-pol-
linator relationship is extremely one-sided, with the orchid often relying far more on its pollinator
than vice versa. As a result, orchid conservation will require a case by case, functional ecosystem
approach. Not only does the orchid need to be maintained but also its pollinator food source, nest-
ing site, larval host species, and in the case of parasitic pollinators, the larval host plant of its host
species; thus, a habitat approach to conservation is required. In the light of the lack of information,
the management goal should be to maintain biodiversity and habitat heterogeneity to allow orchids
to “move” i.e. disperse within their habitat. Several techniques (such as grazing, fire, mowing, and
control of invasive species) are available and have been shown, through long-term demographic
studies, to be beneficial. However, the precise requirements and intensity are likely to be related to
reserve size (i.e. minimum dynamic area) and the target species. In addition, knowledge of repro-
ductive strategy and reward system is important for prioritisation and conservation planning.

There is still a considerable way to go before we fully understand the pollination biology
of orchids, therefore any research in orchid pollination or pollinator biology will be beneficial
to orchid conservation and biodiversity conservation in general, both in sifu and ex situ. Since
orchids are reliant on their pollinators, it may be possible to use orchid pollination biology as a
biological indicator of the state of our environment. Several areas have been highlighted for further
research, including (a) large-scale comparative studies, (b) long-term studies, (c) breeding systems,
particularly self-incompatibility and its consequence for orchid conservation, (d) post-pollination
and (e) the possibilities of using reproductive characters for prioritisation and conservation
management.
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Finally, although some data is available on, or relating to, the effects of human activities on
orchids, much of it is, at best, inferred. Directly quantified data of changes in reproductive success
and pollinator functional role is required to provide a complete understanding of the effect of human
activities on the conservation of orchids.
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