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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.
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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 & Johnson,
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.



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.
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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
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with a flower. Due to the large number of responding
wasps, it was not possible to examine flowers for
ejaculate as confirmation of attempted copulation,
because we did not have sufficient flowers to intro-
duce a fresh flower after every wasp. Behaviour was
recorded from initial approach through multiple flo-
ral visitations until the individual left the patch, not-
ing which inflorescence(s) the individual landed on.
To compare the proportion of wasps alighting, con-
tacting the column, and copulating with the flowers
over multiple visitations, G-tests were conducted in
GenAlEx v6.5 (Peakall & Smouse, 2006, 2012).

POLLINATOR REVISITATION: WITHIN A DAY AND
WITHIN A 7-DAY PERIOD

To determine the rate of pollinator revisitation to an
inflorescence within a day and within a week, two
mark-recapture experiments, that each comprised of
4 days of captures, were conducted during the week
27 December 2013-2 January 2014, and 14-20 Jan-
uary 2014. Every second day during the week, an
inflorescence was presented at the exact same loca-
tion from 06:00 until 10:30 h. All wasps observed
contacting the column were caught and marked with
an individual colour code using nail varnish (Peakall
& Schiestl, 2004), which was applied to the thorax
and hind leg to allow easy identification following
recapture. The colour ID of all recaptured wasps was
recorded along with the date and time of their recap-
ture. Two people were involved in wasp capture and
identification during all experiments, which ensured
that all wasps contacting the column were captured.
Wasps that alighted but did not contact the column
were not interfered with because: (1) our aims relate
to the consequences of the behaviour of L. excelsa for
pollen movement, for which column contact is the
only relevant behaviour; (2) pollinator behaviour
within a patch, including the full sequence of beha-
vioural responses, was quantified in a previous
experiment; and (3) it is implausible to capture
wasps without altering their subsequent behaviour
(for example, after alighting only). Recapture rates
were calculated for both within a day and within a
week using pooled data from the two mark-recapture
studies (data were pooled after returning P = 0.5631
(within day) and P = 0.3775 (between days) in a
Fligner—Killeen test for homogeneity of variance of
the number of recaptures per wasp). These recapture
rate data were collected and analysed separately to
the within-patch behavioural experiments. None of
the wasps caught in the first mark-recapture experi-
ment was recaptured in the second (repeat) experi-
ment, demonstrating that the behaviour of
pollinators was not affected by encounters with orch-
ids in the previous experiment.

L ONG-DISTANCE POLLINATOR MOVEMENT

To approximate pollinator movement between patches
of C. ovata, a larger scale mark-recapture experiment
was implemented. Male L. excelsa wasps were
attracted by baiting with fresh C. ovata flowers
between the 9 and the 16 January 2012. A 20 x 20 m
grid was overlain onto the study site (600 x 200 m)
and baiting locations determined in a random, strati-
fied fashion, so that baiting was only undertaken
within patches of vegetation. Baiting was undertaken
at 112 locations within the study site for 10-min peri-
ods, with a minimum of 40 m distance between con-
secutive locations. Orchid flowers were transported in
a sealed container between baiting locations. Wasps
were marked on the thorax using coloured paint pens
(Uniball Posca) and nail varnish. A unique colour
combination was used for each location. Recaptured
wasps were marked on the femur of the right hind leg
with a colour unique to the recapture location, and
were given an additional mark upon first recapture.
Wasps were released at the point of capture. Potential
movement distances were calculated from UTM points
using GenAlEx v6.5 (Peakall & Smouse, 2006, 2012).
Observed mark-recapture distances are presented as
raw frequencies, and as frequencies adjusted for the
probability of a recapture according to their distance
class (calculated from the distribution of possible
movement distances).

COMPARISON WITH OTHER SEXUALLY DECEPTIVE
SYSTEMS

To investigate the consequences of ichneumonid pol-
lination relative to other sexually deceptive pollina-
tion systems, we compared data from the present
study with the literature. Data were gathered for
orchid pollination rate, frequency of pollinator col-
umn contact, frequency of pollinator pseudocopula-
tion with a flower, and pollinator movement
distances. Species were only included if data were
available for two out of the three variables of pollina-
tion rate, rate of pseudocopulation, and rate of col-
umn contact. When behavioural data were available
from multiple studies, data were selected from the
study providing both pseudocopulation and column
contact. Fruit set data were included for Pterostylis
sanguinea, as this species is known to be primarily
pollen limited (Phillips et al., 2014b). When pollina-
tion rate data were available from multiple years,
the rate was calculated by taking the mean of all
yearly values. When multiple sampling strategies
(e.g. sweep netting and baiting) had been imple-
mented in wasp movement studies, data from the
baiting method only were compared, to be consistent
with our own sampling strategy.



For C. ovata, data for fruit set rather than pollina-
tion rate were gathered. In C. ovata fruit set is pri-
marily pollen limited (A. Weinstein & R. Phillips,
unpubl. data), and given the long 3-month flowering
period and sequential opening of the flowers, it was
not possible to monitor populations regularly to
obtain reliable pollination rate data. Fruit set for C.
ovata was recorded from 16 populations (for locations
see also Supporting Information, Tables S1) at the
end of the flowering season. For a total of 242 flower-
ing stems it was recorded whether or not capsules
developed. Fruit set was calculated as the percentage
of flowers that developed capsules per inflorescence,
from which population means were calculated. The
final value for C. ovata was calculated by averaging
the fruit set across the 16 populations.

We aimed to understand the effect of pollinator
behaviour at a flower on reproductive success.
Firstly, we tested for a correlation between the fre-
quency of pseudocopulation and column contact. We
then tested the expectation that a high frequency of
column contact would result in a high pollination
rate. Correlations were tested for using R v 3.1.3 (R
Development Core Team, 2015). To test if the size of
the study site affects estimates of movement dis-
tances, we tested for a correlation between the maxi-
mum observed movement distances and the size of
the study sites. Further, we present the maximum
movement distances both as a raw distances and as
percentages of the largest movement distances possi-
ble within the study sites.

RESULTS

POLLINATOR BEHAVIOUR: ON AN INFLORESCENCE AND
WITHIN A PATCH

In total, 240 wasps were observed visiting C. ovata
flowers in artificially presented patches. Varying
degrees of sexual attraction were displayed by indi-
vidual wasps — in their first visitation to a flower 214
(89.2%) wasps alighted on the flower, 108 (50.5% of
alighting wasps) contacted the column, and 72
(33.6% of alighting wasps) attempted copulation
(Table 1). Over the course of the study, both pollinia
removal and deposition were observed during the
reversing-in behaviour, both with and without subse-
quent pseudocopulation. Approximately 10% of copu-
lating wasps did not initially assume the reversed in
position, and instead moved over the surface of the
labellum. Typically, these wasps eventually reversed
in to the flower, with the delay in reaching this posi-
tion often being caused by the presence of another
male already occupying the flower.

Of the wasps visiting the experimental patch, 59
(24.6%) engaged in a second floral visitation, 18
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Table 1. Number of Lissopimpla excelsa alighting on,
contacting the column of, and copulating with Cryp-
tostylis ovata flowers in artificially presented patches over
multiple visitations

First Second Third G-test
visitation visitation visitation P-value

N 240 59 18

Alight (%) 89.2 91.5 100 0.128

Column 50.5 35.2 16.7 0.004*
contact (%)

Copulation (%) 33.6 22.2 11.11 0.036%*

Values for column contact and copulation are given as a
percentage of animals that alighted, while those alighting
were calculated as a percentage of total responses.

*P < 0.05.

(7.5%) in a third, and 3 (1.3%) in a fourth. In the
second visitation, 49.1% of wasps moved to a new
inflorescence, 17.5% moved to a different flower on
the same inflorescence, and 33.3% returned to the
same flower. In the third visitation, 44.4% of wasps
moved to a new inflorescence, while the remaining
55.6% returned to the same flower as in their first
or second visitation. During the course of our experi-
ment, 13 wasps (5.4%) contacted the column on at
least two visitations to flowers within a single
encounter with the patch. A significant difference in
pollinator behaviour was observed between the ini-
tial and subsequent visitations, with a significant
decrease being observed for both the percentage of
wasps contacting the column (P = 0.004, G = 11.20,
d.f.=2) and copulating with flowers (P = 0.036,
G =6.643, d.f. =2) as the number of visitations
increased (Table 1).

POLLINATOR REVISITATION RATE: WITHIN A DAY

In total, 94 observations of marked wasps visiting
and contacting the column were made. Of these
wasps, 24 (25.5%) returned and contacted the column
again during the same 5% h presentation period
(Fig. 2). Of the returning wasps, 18 (19.1%) returned
and contacted the column once, and six (6.4%)
returned and contacted the column two to four times
(Fig. 2).

POLLINATOR REVISITATION RATE: WITHIN A 7-DAY
PERIOD

Within the two 7-day presentation periods, 31
(50.0%) of the 62 marked wasps observed contacting
the column of artificially presented flowers returned
and contacted the column of the presented flower
again (Fig. 3). Sixteen wasps (26.2%) returned and
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Figure 2. Total number of Lissopimpla excelsa returning
to a Cryptostylis ovata flower within the daily 5% h obser-
vation period across the eight sampling periods.

contacted the column once, eight wasps (13.11%)
twice, and seven wasps (11.45%) returned and con-
tacted the column three to eight times (Fig. 3).

In total, 64 revisitation events were observed
within the two 7-day trials. Fifty per cent of these
revisitation events were contributed by 11.3% (7) of
the individual wasps, which revisited flowers on
between three to eight occasions (Fig. 4). A further
38.7% (24) of individuals revisited once or twice and
contributed the remaining revisitations. Fifty per
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Number of Lissopimpla excelsa
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cent (31) of wasps did not revisit the infloresence
(Fig. 4).

L ONG-DISTANCE POLLINATOR MOVEMENT

In total, 224 male L. excelsa wasps were marked at
78 locations (Fig. 5). Wasps were not detected at 33
locations. Thirty-two individuals were recaptured
(14.3% of those captured), with 30 of these being
recaptured once, and four recaptured twice, total-
ling 40 recapture events. The median time between
capture and recapture was 1day (range = 0-
4 days). Recapture distances ranged from 16.1 to
625.0 m, with a mean of 99.2 4+ 21.4 m (median =
49.0 m, N = 40; Fig. 6). Observed and adjusted pol-
linator movement distances approximated a lep-
tokurtic distribution (Fig. 6). These distributions
were more positively skewed than the distribution
of possible movement distances, and as such a
greater number of movement distances < 50 m were
observed than would be expected in a random
movement pattern.

COMPARISON WITH OTHER SEXUALLY DECEPTIVE
SYSTEMS

Across the 16 populations of C. ovata surveyed (a
total of 242 plants), fruit set averaged 27.8 + 1.3%.
The mean number of flowering stems per population
was 13.7 + 5.2 (range = 1-79). The mean number of
flowers per raceme was 11.21 + 0.28 (range = 1-24).
Across the other species previously investigated and

- .

4 5 6 7 8

Number of repeat visitations within a 7-day period

Figure 3. Total number of Lissopimpla excelsa that returned and reversed in to a Cryptostylis ovata flower over the

two 7-day observation periods (totalled from two periods).
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Figure 4. Percentage contribution of each individual Lissompimpla excelsa wasp to total revisitations on artificially
presented Cryptostylis ovata flowers across two 7-day experimental periods.

Google

Figure 5. Map of the study site in Kings Park and Bota-
nic Garden, showing movements of male Lissopimpla
excelsa wasps attracted to Cryptostylis ovata bait flowers.
Red dots are points where baiting for pollinators was con-
ducted.

reported in the literature, pollination rate was lowest
in Caladenia species (mean = 16.9%; minimum 5.9%,
Caladenia ferruguinea), and highest in Drakaea spe-
cies (mean = 59.4; maximum 63.2%, D. glyptodon,;
Table 2). The rate of pseudocopulation was lowest for
Caladenia tentaculata (7.5%), and greatest in
Caladenia attingens (63.1%). Column contact ranged
from 1.2% in Caladenia sp. Moora to 50.5% in C.
ovata. There was no significant correlation between
the frequency of pseudocopulation and the frequency
of column contact (R = 0.278, P > 0.05, N = 11), or
between the frequency of column contact and pollina-
tion rate (R = 0.270, P > 0.05, N = 9).

Across the mark-recapture studies, both the mean
(99.2 m) and maximum (625 m) recapture distances
were greater for L. excelsa than the other species in
the literature (Table 3). The shortest mean recapture
distance was for Colletes cunicularius (5 m) (Colleti-
dae), and the shortest maximum recapture distance
for Thynnoides pugionatus (40 m) (Tiphiidae). A sig-
nificant positive correlation between the maximum
observed pollinator movement distance and the max-
imum possible recapture distance in the study site
was observed (R = 0.924, P < 0.001). However, this
result is likely to arise through sites being selected
to match the greater predicted pollinator movement
distances of larger species. Critically, Thynnoides sp.
A was the only species for which the maximum
observed recapture distance was within 10% of the
maximum possible distance, with the observed move-
ment distances for all species ranging from 40.0% to



290

40 4

30 4

20 4—

Frequency of observed and adjusted movements of Lissopimpla excelsa

,DD_DD,

0 ; L1

1 Observed movements =3 Adjusted movements = Possible movements

all|

r 900

F 800

F 700

F 600

F 500

F 400

+ 300

F 200

Frequency of possible movements of Lissopimpla excelsa

F 100

J:II:I - L1 . 0

0-50  350-100 100-150 150-200 200-250 250-300 300-350 350-400 400-450 450-500 500-550 550-600 600-650 650-700 700-750 750-800

Distance moved (m)

Figure 6. Frequency distribution of movement distances of Lissopimpla excelsa males (movement distance categories:
observed, adjusted for the probability of a recapture according to distance class, and all possible).

98.7% of the maximum possible movement distances
(Table 3).

DISCUSSION

BEHAVIOUR OF LISSOPIMPLA EXCELSA WITHIN A VISIT
TO A PATCH

Within a visit to a patch, pollinators that interacted
with multiple flowers exhibited a decrease in sexual
attraction to the flower with subsequent floral visits.
As a result, while 25% of pollinators engaged in mul-
tiple floral visitations within a single visit to the
patch, only a small portion (5.4%) contacted the col-
umn twice or more. A decrease in the degree of sex-
ual attraction to stimuli over time has been observed
in plant-pollinator interactions and laboratory exper-
iments (Robacker, Weaver & Hendry, 1976; Ayasse
et al., 2000; Gaskett et al., 2008; Whitehead & Pea-
kall, 2013; De Jager & Ellis, 2014). Data from the
present study suggest that pollinator learning is
responsible for the decrease in sexual response
observed in L. excelsa, as with each encounter the
attraction of individual wasps to the flower
decreased. Studies of ichneumonids in other contexts
have demonstrated a capacity for learning. Itoplectis
conquisitor (which, like L. excelsa is in subfamily
Pimplinae) males were observed to respond to blanks

in a laboratory bioassay after, but not before, they
had been exposed to female extracts presented in an
identical manner to the blanks (Robacker et al.,
1976). Further, female ichneumonids can learn to
associate artificial host shelters with the presence of
hosts (Wardle & Borden, 1985), and more specifically
to associate colour (Arthur, 1966; Wardle, 1990; Sch-
midt, Cardé & Vet, 1993), size (Arthur, 1967), and
odour cues (Arthur, 1971; lizuka & Takasu, 1998)
with the presence of hosts.

While learning is likely to explain the observed
decline in sexual response over time, pollinators
revisiting Cryptostylis flowers within a patch may
experience a post-mating refractory period, poten-
tially caused by sperm depletion (Gordh & Hendrick-
son, 1976). Although the presence or absence of
ejaculate on visited C. ovata flowers was not
assessed, this phenomenon is known in the genus
(Coleman, 1931; Erickson, 1951; Gaskett et al.,
2008). There have been only a few studies of mating
behaviour within the Ichneumonidae, making it
impossible to generalise to the family as a whole and
determine if this refractory period is related to a
shortage of sperm. Within the Ichneumonidae both
the presence (Gordh & Hendrickson, 1976) and
absence (Vinson, 1972) of post-mating refractory
periods have been recorded. Male Bathyplectes anu-
rus (Ichneumonidae) typically ignore females for 1 h
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following copulation (Gordh & Hendrickson, 1976).
In contrast, male Campoletis sonorensis (Ichneu-
monidae) have been observed to copulate a second
time within minutes of the first copulation (Vinson,
1972). We predict that in L. excelsa a degree of learn-
ing is likely to be occurring within a visit to a patch,
possibly in concert with the effect of sperm depletion
in some individuals.

REVISITATION BEHAVIOUR OF LISSOPIMPLA EXCELSA

During a mark-recapture study of the wasps that
contacted the column of a single flowering plant
over a 7-day period, 50% of marked L. excelsa were
recaptured at least once — twice the recapture rate
observed during a single day. Similarly, in previous
studies of sexually deceptive orchids, the thynnine
wasps Neozeleboria cryptoides and Zaspilothynnus
trilobatus were observed not to revisit a site within
the course of a day, yet to revisit the same site after
a 24 h period had elapsed (Peakall, 1990; Whitehead
& Peakall, 2013). Given the evidence for learning
within a single visitation to a patch in L. excelsa, it
is plausible that learning could also be functioning
over a 24-h time period, potentially explaining the
greater revisitation rate observed over several days.
As this avoidance occurs for a 24-h period only, it is
unlikely to be a strategy to avoid deceptive orchids,
which flower for several weeks. Instead, such learn-
ing could have evolved via selection for males to
avoid sites where they had recently encountered a
female, thereby optimising the discovery of newly
emerged females. In Alabagrus texanus (Bra-
conidae), following initial scramble competition,
males avoid the site where a female has eclosed for
1 h, after which they will again be attracted to
females at the site (Goh & Morse, 2010). Only rarely
does more than one female eclose within a five 5 m
area on the same day, making avoiding the eclosure
site advantageous for increasing the efficacy of mate
searching (Goh & Morse, 2010). Importantly, this
explanation is likely to apply regardless of whether
or not the encounter with a female resulted in a
successful mating. It remains unknown whether a
similar phenomenon may be operating in L. excelsa,
as patterns of female eclosure for both L. excelsa
and ichneumonid wasps in general have not been
described.

IMPLICATIONS FOR THE POLLINATION OF
CRYPTOSTYLIS OVATA

Given the clonal nature of C. ovata (Dodd et al.,
1984), and the prevalence of fine-scale genetic
structure in orchids (Peakall & Beattie, 1996; Trap-
nell, Hamrick & Nason, 2004; Chung, Nason &
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Chung, 2005; Mant et al., 2005), pollen transfer
within a patch of C. ovata inflorescences is likely
to contribute to inbreeding. The analysis of pollina-
tor behaviour over multiple time scales revealed
that any occurrence of pollen transfer within a
patch of C. ovata flowers is most likely to be due
to pollinator revisitation across several days, and
not within a day or within a single encounter with
a patch. Despite pollinators alighting on flowers
multiple times within a single visit to a patch, only
5.4% of pollinators exhibited behaviour that could
lead to the transfer of pollen within the patch (con-
tacting the column two or more times). While 25%
of pollinators were observed to revisit within a
day, the highest rate of revisitation, and thereby
the greatest potential for pollen transfer within a
patch, occurred over a 7-day period (50% revisita-
tion rate). It must be noted that these estimates of
pollen transfer within a patch do not take into
account that it is unlikely that all pollinator visits
will involve both pollinia removal and deposition,
and that pollinators may visit additional patches
between revisits to the monitored patch.

Lissopimpla excelsa had a mean recapture distance
of 99 m and a capacity to travel distances of at least
625 m, which far exceeds the size of a C. ovata patch
(typically <5 m in diameter). Despite these large
movement distances, 50% of pollinators were
observed to revisit patches multiple times, suggest-
ing that L. excelsa males are patrolling a home
range. A similar degree of site fidelity has also been
reported for other ichneumonid species, along with
the potential to move distances in excess of 100 m
(Heatwole & Davis, 1965). Considering the observed
movement distances of L. excelsa, and that C. ovata
patches are usually located within a few hundred
metres of one another, it is likely that frequent pol-
len dispersal between patches or subpopulations of
C. ovata is occurring.

It is of interest that despite the large number of
wasps visiting the C. ovata flowers, proportionally
few were responsible for the high rate of revisitation.
This result may indicate that pollen movement
within patches of C. ovata could be caused by only a
small portion of the population of visiting wasps. A
skew in the rate of revisitations could possibly be
related to a variation in male fitness or in the stimu-
lus threshold required to respond to flowers. A low
stimulus threshold could be attributed to either time
since emergence, or a lack of sexual experience.
However, the one study to address the role of sexual
experience in ichneumonid mating behaviour (Vin-
son, 1972) reported no difference in the response
rates of mated and virgin Campoletis sonorensis (Ich-
neumonidae) males to females. Alternately, the
wasps making repeat visits may have a different



294

mate search strategy or home range than the
remainder of the population.

BEHAVIOUR OF L. EXCELSA IN THE CONTEXT OF
OTHER SEXUALLY DECEPTIVE SYSTEMS

Pollinator behaviour at a flower and its impact on
fruit set

Despite being one of only two genera in which the
pollinator has been observed to ejaculate onto the
flower (Coleman, 1931; Erickson, 1951; Blanco &
Barboza, 2005; Gaskett et al., 2008), the rate of polli-
nator pseudocopulation was low relative to other sex-
ually deceptive species included in the analyses.
However, the efficacy of C. ovata at converting polli-
nator attraction into column contact was high when
compared with other orchids.

While it could be generally predicted that more
frequent pseudocopulation would increase contact
with the column, this relationship was not observed
in our analysis across sexually deceptive systems.
Such a relationship would be dependent on pseudo-
copulation being with the part of the flower where
pseudocopulatory movements bring the pollinator
into contact with the column. While in most sexu-
ally deceptive orchids the sexual attractant is
released from the labellum (Schiestl et al., 2000;
Phillips et al., 2013, 2014b; Bohman et al., 2014),
in Caladenia pseudocopulation frequently occurs
with the glandular sepal tips, leading to a compar-
atively inefficient pollination mechanism (Phillips
et al., 2013). As demonstrated in C. ovata, the con-
verse may also apply, where column contact can
occur without pseudocopulatory behaviour. There-
fore, the frequency of pseudocopulation and column
contact may not be correlated across systems due
to taxonomic variation in floral traits and pollinator
behaviour.

It is often presumed that a high efficacy of convert-
ing pollinator attraction into contact with the repro-
ductive structures would be correlated with a high
pollination rate. However, this trend was not
observed in our analyses. While a high efficacy of
converting attraction into column contact contributes
towards pollination rate, the abundance and fidelity
of the pollinator species, and the spatial distribution
of the plants, also have an effect. For example, a
small number of effective pollinator visits could lead
to a similar pollination rate as could many less effec-
tive visits. For a direct comparison of the efficiency
of pollinators between systems, it may be informative
to focus on the ratio of pollen deposition relative to
removal, as this measure is independent of the num-
ber of pollinator visitations. Unfortunately, these
data are currently only available for two out of the

14 study species, suggesting that this will be an
important future area of study.

The lack of a correlation between pseudocopulation
and column contact, and between column contact
and pollination rate is in contrast with the finding of
Gaskett et al. (2008) that orchids provoking more
intense pollinator behaviour have higher pollination
success. As a measure of pollinator behaviour, Gas-
kett et al. (2008) assigned orchids to discrete cate-
gories of observed pollinator sexual behaviour
(ejaculation, copulation, gripping a hinged petal, and
entrapment). It was found that more intense pollina-
tor behaviour was associated with a higher pollina-
tion rate. However, this result was largely driven by
the high frequency of pollinated plants reported for
Cryptostylis, the only genus in the highest category
of pollinator sexual response. Since the analysis of
Gaskett et al. (2008), a much larger dataset has
become available allowing our more detailed investi-
gation, in which pollination rate is assessed on a per
flower basis. While our comparison across genera
does not support the hypothesis of Gaskett et al.
(2008) that greater sexual attraction leads to a
higher pollination rate, a comparison of closely
related species with similar floral traits may support
this prediction.

Pollinator movement distances

Here we compare the movement distances of an ich-
neumonid (Lissopimpla excelsa) to those of other sex-
ually deceived pollinators. The sole bee species in
this comparison, Colletes cunicularius, has a consid-
erably shorter mean recapture distance than the
other species, which is due to the different mating
behaviours of solitary bees and thynnine wasps
(which represent the majority of species in the com-
parison). Male solitary bees patrol specific ren-
dezvous sites (Alcock et al., 1978; Ayasse, Paxton &
Tengo, 2001), whereas thynnine males patrol com-
paratively large home ranges (Alcock, 1981).
Amongst the thynnine species there was a high
degree of variability in maximum movement dis-
tance, ranging from 7. pugionatus (40 m) to M.
insignis (470 m). However, L. excelsa has even
greater mean and maximum recapture distances,
with its mean recapture distance being almost dou-
ble that of all the other compared species (Table 3).
The difference in movement distances between L.
excelsa and the other studied sexually deceived polli-
nators may be attributable to differences in the mate
searching or foraging behaviour between insect fami-
lies. Previous studies of ichneumonid wasps, how-
ever, report movement distances of no more than
107 m (Juillet, 1959; Heatwole & Davis, 1965). While
these studies were not consistent in methodology,
these results suggest that the home range of L.



excelsa may also exceed those of some other ichneu-
monids.

CONCLUSIONS

Combining the observation of experimental C. ovata
patches with mark-recapture studies demonstrated
that pollen transfer within a patch of orchids is
likely to arise most frequently through pollinator
revisitation over a period of several days, rather
than within a day or within a single visit. However,
L. excelsa are also capable of moving distances in
excess of half a kilometre, demonstrating their abil-
ity to transfer pollen between subpopulations or far-
ther. These movement distances are the largest
reported to date for sexually deceived pollinators,
and the first reported for a sexually deceived ichneu-
monid, highlighting the unexplored potential for
variation in pollinator behaviour between taxonomic
groups. As such, to comprehensively understand the
consequences of pollination by sexual deception,
detailed investigations of the natural history of other
pollinator groups and their interaction with sexually
deceptive flowers are required. Such studies should
encompass aspects of pollinator behaviour responsi-
ble for pollen transfer, and how these behaviours are
influenced by floral traits.
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