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Progress in understanding pollination systems in New Zealand
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Palmerston North, New Zealand

Abstract Pollination in New Zealand, an isolated
oceanic archipelago in the Southern Hemisphere,
has previously been characterised as having low
rates of self-incompatibility and a lack of specialised
pollination, as well as little pollinator dependence.
These features have been interpreted as supportive
of "Baker's Rule", which suggests that long-distance
colonisation selects for breeding systems that do not
require biparental mating. However, we show that
recent studies of the angiosperm flora reveal sexual
systems (sexual dimorphism, self-incompatibility,
monoecy, dichogamy, and herkogamy) that usually
involve a dependence on pollen vectors. The level of
self-incompatibility in the flora, though still poorly
known, should be regarded as moderate rather than
unusually low (about 36% of hermaphrodite popula-
tions tested are strongly or partially self-incompat-
ible), though many more species remain to be tested.
As found elsewhere, incompatibility is higher in the
trees and shrubs (around 80%) compared with herbs
(21%). Moreover, high rates of autonomous selfing
have been demonstrated empirically in only 21% of
the self-compatible species, demonstrating that they
are not regular selfers. The pollinator dependence
that these features impose makes much of the flora
vulnerable to declines in pollinator service.

B04046; Online publication date 17 March 2005
Received 24 November 2004; accepted 8 February 2005

Pollination systems in New Zealand have been
characterised as unspecialised, imprecise entomoph-
ilous systems that correspond to the predominance
of small white or pale flowers with dish or bowl
shapes. We use a two-tiered conceptual framework
incorporating a coarse-scale blossom class analysis
and a finer scale syndrome concept analysis to as-
sess the level of specialisation in plant-pollinator
relationships of New Zealand. Within each of the
syndromes is a continuum of blossom classes: open-,
directed-, and closed-access. Highly specialised
systems are found in closed-access blossoms but
they are not common in New Zealand (e.g., Sola-
num, Carmichaelia, orchids, and mistletoes). Large
directed-access blossoms are primarily associated
with bird pollination but certain small entomophilous
blossoms, called "knob" blossoms (Pseudopanax,
Geniostoma), are also important for perching birds
and may be considered ornithophilous. Bats and
lizards play a minor role in pollination. Moth pol-
lination is not well studied and may reveal cryp-
tic specialisation based on scent. The majority of
pollination systems in New Zealand correspond to
the "small bee syndrome", which is a generalised
bee-pollinated system common elsewhere and in-
cludes visits from flies and other diverse insects.
Naturalised exotic bees may have both positive and
negative effects on indigenous pollination systems
and could play a significant role in invasive mutual-
isms in which some weeds are specialised to their
services. Future research in New Zealand pollination
and breeding systems needs to focus on endangered
mutualisms, particularly in birds; on invasive mu-
tualisms, particularly for offshore islands; and on
community analyses that evaluate exotic-indigenous
interactions and the potential for specialisation in the
poorly known insect pollination systems.

Keywords autonomous selfing; blossom class;
community analyses; functional pollinator group;
breeding system; New Zealand; pollen limitation;
pollination syndrome; pollinator dependence; pol-
linator; self-compatibility; sexual system
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There is a grandeur in this view of life, with
its several powers, having been originally
breathed by the Creator into a few forms or
one; and that, whilst this planet has gone
cycling on according to the fixed law of gravity,
from so simple a beginning endless forms most
beautiful and most wonderful have been, and
are being evolved." (Darwin Origin of Species
1859 cited in Barth 1985, p. 268)

INTRODUCTION

The beautiful and wonderful forms of flowers have
fascinated pollination biologists for centuries and
shaped fundamental concepts in pollination biology
such as the syndrome and blossom class (Sprengel
1793 (1996); Darwin 1877a; Stebbins 1974; Faegri
& van der Pijl 1979; Proctor et al. 1996). Pollination
biologists have used these concepts to understand the
evolution of floral diversity and predict reciprocal
relationships in plant—pollinator interactions. When
applied to the New Zealand flora, they portray a pre-
dominance of rather unspecialised entomophilous*
pollination (Godley 1979; Lloyd 1985). However,
pollination has not been well studied in New Zea-
land so assumptions based on these concepts bear
further examination, particularly since the validity
of the syndrome concept has recently been ques-
tioned (Herrera 1996; Ollerton 1996; Waser et al.
1996). Both concepts, if predictive, are important
for understanding the conservation and restoration
of pollinator mutualisms and the ecological impacts
of exotic plants and pollinators.

New Zealand has a distinctive and subtle as-
semblage of plant-pollinator relationships (Godley
1979; Lloyd 1985) because it has a combination
of both relict and dispersed flora with a restricted
suite of pollinators (Webb & Kelly 1993). A large
percentage (83%) of indigenous plant species are
endemic to New Zealand (1566/1896) but this is
offset by an extremely large addition of naturalised
exotic plant species (53% of all plant species in the
flora (2109/4005) (Wilton & Breitwieser 2000)).
New Zealand has a low diversity of indigenous
pollinators, some relatively primitive, and a small
but pervasive, and highly effective, group of exotic
pollinators (Donovan 1980).

*Terms are defined in the Glossary at the end of the
paper.

These characteristics reflect the geographical iso-
lation from other elements of Gondwanaland, vari-
able oceanic climate, and an unusual combination
of ancient Gondwanan, tropical, and more recently
arrived elements in the flora (Webb & Kelly 1993).
Lloyd (1985) noted that Hooker (1853) and Wallace
(1880) both remarked on the disparity between the
Australian and New Zealand indigenous floras in
spite of their overall affinity. Lloyd (1985) explained
the anomalies that puzzled Wallace by invoking the
concept of immigration selection, i.e., all possible
arrivals from nearby land masses are filtered at the
species level due to adaptations promoting their
long-distance dispersal and subsequent ability to
establish and radiate. Since a large majority of New
Zealand's indigenous plant species have immigrated
from overseas (Lloyd 1985; Winkworth et al. 2002a),
adaptations promoting dispersal and colonisation
should be evident in breeding and sexual systems
as well as in pollination.

Plant breeding and sexual systems have been
relatively well studied in New Zealand (reviewed by
Godley (1979), Lloyd (1985), Webb & Kelly (1993),
and Webb et al. (1999)), but studies of pollination
systems have focused primarily on bird pollination
leaving insect pollination poorly understood. In a
comprehensive review of 100 years of reproductive
biology in New Zealand, Godley (1979) emphasised
the need for more observations on pollination es-
pecially nocturnal pollinators and the role of scent.
Later, Lloyd (1985) presented an evolutionary in-
terpretation of the role of pollinators in shaping the
flora and also highlighted the need for more data
on pollination. Apart from Webb & Kelly's (1993)
brief update on the topic, there has been no review
of pollination for two decades.

Several trends in plant-pollinator evolution are
evident in New Zealand. To understand these trends,
Godley (1979) stressed the plant genus as the appro-
priate unit of analysis; based on this, Lloyd (1985)
outlined a research programme for estimating the
evolution of floral traits. Today, these analyses are
typically conducted by mapping characters onto phy-
logenies, which have revealed repeated global trends
of convergent evolution to more specialised pollina-
tion (e.g., Armbruster 1993; Hodges 1997; Johnson
et al. 1998) but also recently discovered trends to
more generalised pollination, i.e., despecialisation
(Armbruster & Baldwin 1998), or to autogamy (i.e.,
self-pollination) (Barrett et al. 1996). Given the
depauperate pollinator fauna in New Zealand, de-
specialisation is expected to be more prevalent than
specialisation.

2

D
ow

nl
oa

de
d 

by
 [

20
3.

17
3.

19
1.

20
] 

at
 0

6:
36

 0
4 

A
ug

us
t 2

01
7 



Newstrom & Robertson—Pollination systems in New Zealand

Indeed, the prevailing view of New Zealand pol-
lination systems is one of extreme generalisation
with extensive pollinator sharing, and unpredictable,
imprecise pollinator service; several aspects of the
breeding systems of the flora have been interpreted
in this context (Wallace 1880; Thomson 1927; Heine
1937; Godley 1979; Lloyd 1985; Webb & Kelly
1993). It was suggested that outcrossing was more
commonly promoted by sexual dimorphism rather
than by self-incompatibility (Baker 1967); that herk-
ogamy (i.e., spatial separation of anthers and stigma)
and dichogamy (i.e., temporal separation of male
and female function) in outbreeding hermaphrodites
were means of separating male and female function
to increase the efficiency of otherwise imprecise and
unspecialised pollination processes (Lloyd & Webb
1986; Webb & Lloyd 1986); and, finally, that there
was a strong trend towards autogamy (i.e., self-pol-
lination), particularly in alpine herbs (Raven 1973;
Wardle 1978).

This view of breeding systems and pollination
in New Zealand raises several questions. If mainly
self-compatible and autonomously selfing species
(i.e., self-pollinating without the need for pollen
vectors) with few specialised pollination systems
predominate in New Zealand, are exotic plants and
pollinators likely to have little impact? Are the sys-
tems so generalised that all pollinators are equally
likely to visit and pollinate all plant species whether
they are exotic or indigenous? If so, what impact
does this have on sustainability of indigenous pol-
lination systems? If there are any specialised pollina-
tor-dependent plant species, are they vulnerable?

Whether by loss of indigenous plants or pollina-
tors, or gain of exotics, the potential for disruption
of pollination services impinges on several areas
of concern, e.g., biodiversity conservation (Kearns
et al. 1998; Roubik 2000), ecological restoration
(Montalvo et al. 1997; Neal 1998; Potts et al. 2003;
Frankie & Vinson 2004), biosecurity protection
(Goulson 2003a; Hanley & Goulson 2003), biosafety
issues such as geneflow (Newstrom et al. 2003),
and sustainable agriculture and horticulture (Allen-
Wardell et al. 1998; Kevan & Imperatriz-Fonseca
2002). Changes in mating and pollination systems
are not as obvious or immediate as other ecologi-
cal processes at the community level; analyses and
comparisons have used several different approaches
(Jordano 1987; Momose et al. 1998; Memmot 1999;
Dicks et al. 2002; Memmot & Waser 2002; Olesen
& Jordano 2002; Frankie et al. 2004; Kay & Schem-
ske 2004). It is in this area that the syndrome and
blossom class concepts would be of most value as
predictive tools.

The aims of this review are to:

1) Examine the view that self-compatibility and
autonomous selfing predominates in the New
Zealand flora. Do many species depend on pol-
linator service? Do we have evidence that any
pollinator-dependent plant species are currently
pollen limited and what factors contribute to the
limitation?

2) Evaluate the syndrome and blossom class con-
cepts as predictive tools to investigate the evo-
lution (past) and ecology (present and future) of
pollinator mutualisms in New Zealand. What are
the limits to using these concepts? Does the syn-
drome concept need to be modified or completely
supplanted by another conceptual framework?

3) Examine the view that pollination in New Zealand
is predominantly unspecialised and entomophi-
lous. Does this apply to all habitats and in all
seasons? How many, if any, specialised pollina-
tion systems exist in New Zealand?

4) Apply, if possible, the syndrome or blossom class
concepts to the problem of assessing and predict-
ing ecological impacts due to losses or gains of
pollinators or plants. What research priorities are
needed to address current and future issues in
pollination of the New Zealand flora?

We first review the evidence for breeding sys-
tems and pollinator dependency in New Zealand
plant species, and then evaluate the relevance and
usefulness of the syndrome concept for predicting
plant-pollinator interactions. We next apply both
the syndrome and blossom class concepts to review
the major types of biotic pollination systems in New
Zealand and evaluate potential for specialisation.
Finally, we address potential positive and negative
effects of exotic pollinators and plants on indigenous
pollination systems.

BREEDING SYSTEMS AND THE NEED FOR
POLLINATORS

Pollinator dependence
Darwin's realisation of the importance of outcross-
ing in plants and the mechanisms that promote it
(Darwin 1862, 1876, 1877a,b) stimulated activity
amongst New Zealand's botanists on the pollina-
tion and breeding systems of the New Zealand flora
(Cheeseman 1873, 1875, 1877, 1878, 1881, 1882;
Thomson 1879a,b, 1881a,b). Thomson (1881a)
suggested that despite a depauperate pollinating
fauna and the general dull coloration and the lack of
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C

Fig. 1 Serial conceptual model of plant-pollinator
dependence.

morphological complexity of the flowers, as much
as 50% of the flora was adapted for cross-fertilisa-
tion, principally through having separate sexes or
dichogamy.

Subsequent work emphasised several other
evolutionary trends in the flora. Biogeograph-
ic and geological analyses suggested the recent
colonisation by a large element of the flora, in

particular by the alpine component (Raven 1973).
Baker (1955) suggested that long-distance dispersal
to islands would greatly favour autogamous spe-
cies, since new populations could establish from
a single successful propagule. Detailed work on
several herbaceous genera, for example on Carda-
mine (Pritchard 1957), Epilobium (Brockie 1959;
Raven & Raven 1976), and Parahebe (Garnock-
Jones 1976), further established the predominance
of autogamy and a lack of self-incompatibility in the
flora (Rattenbury 1962; Wardle 1978; Godley 1979;
Webb & Kelly 1993).

Despite these assertions about the importance
of selfing in pollinator-depauperate New Zealand,
it is clear that, as suggested by Thomson (1881a),
an analysis of the breeding systems of New Zea-
land plants reveals a high degree of dependence
on pollinators. The only plant species that are not
pollen-vector dependent are autonomously self-
ing hermaphrodites that do not exhibit significant
inbreeding depression. Although our knowledge of
the breeding systems and mating patterns is far from
complete, it is easy to show that the majority of New
Zealand species are not likely to be autonomously
selfing.

Wind provides an alternative to animals for vec-
tor-dependent species. Anemophily is predominant
in groups such as gymnosperms, grasses, sedges,
and rushes, and is scattered through other groups
of flowering plants such as Nothofagus, Coprosma,
and Coriaria. Overall, wind-pollination is assumed
for 78 genera (29% of the total seed plant genera)
(Webb etal. 1999).

A flow diagram (Fig. 1) illustrates sequentially
the alternative breeding systems to autonomy, all
of which require pollen vectors (animals, wind, or,
rarely, water). Although presented here as a series
of dichotomies, most of these conditions exist in
intermediate forms that impart partial dependence.
For example, the first dichotomy shown here is
sexual dimorphism (dicliny). Strict dioecy (i.e.,
separate male and female plants) is the most extreme
form of sexual dimorphism and requires pollen to
be transferred from male plant to female plant by
a vector. However, gynodioecy is a common vari-
ant (hermaphrodite and female plants), in which
females are completely vector-dependent, while the
hermaphrodites may not be. Other partial dependen-
cies occur through andromonoecy or gynomonoecy
(i.e., hermaphrodite and male or hermaphrodite and
female flowers on one plant), partial self-compat-
ibility, low levels of autonomous selfing, and weak
inbreeding depression.
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Sexual dimorphism

The high proportion of gender dimorphism (Hooker
1853; Thomson 1881a; Godley 1979) in the flora
of New Zealand, along with the flora of Hawaii,
provides a challenge to Baker's Rule (Baker 1955),
which suggested that this strategy was unlikely to
be successful in the colonisation of island groups.
High rates of dioecy in Hawaii and New Zealand
led Carlquist (1966), Baker (1967), and Gilmar-
tin (1968) to suggest that sexual dimorphism may
have frequently established following colonisation
by a self-compatible hermaphrodite. Baker (1967)
claimed that a change to dicliny is easier to achieve
than the acquisition of the genetic architecture neces-
sary for self-incompatibility, and may be favoured
as a response to selection for pollination efficiency
when small unspecialised pollinators are involved
(Bawa & Opler 1975; Bawa 1980, 1982; Thomson
& Barrett 1981; see Sakai & Weller (1999) for a
review of this and of other ecological correlates of
dioecy).

A recent review (Webb et al. 1999) documented
gender dimorphism in 83 indigenous genera of New
Zealand seed plants (23% of total): 65 genera are
dioecious, 26 genera gynodioecious (some genera
contain both forms of dimorphism). Significantly,
only 17 of these are estimated to have arisen au-
tochthonously in New Zealand (i.e., it evolved in
New Zealand following colonisation, rather than
preceding it). In Hawaii, this portion is estimated
at 31.8% of the dimorphic species (Sakai & Weller
1999). The implication of these figures is that for
the majority of cases, despite Baker's suggestion,
sexual dimorphism was already present in the plant
colonists that established on these islands (see Bar-
rett (1996) for a discussion of this topic).

Monoecy, herkogamy, and dichogamy

Probably the most widespread cause of dependence
on pollen vectors is the separation of male and female
functions in space and/or time. Interfloral (monoe-
cism) and intrafloral herkogamy effectively isolates
pollen from stigma spatially. Alternatively, these
functions may be separated in time (dichogamy).
Although traditionally interpreted as an outcross-
ing mechanism, they may also have an explanation
in preventing interference between functions, since
these features often coincide with self-incompat-
ibility which, alone, would ensure outcrossing (see
Lloyd & Webb (1986) and Webb & Lloyd (1986) for
reviews and references to the New Zealand flora).

Thomson (188 1a) estimated that of 235 hermaph-
rodite species that he examined, 87 species (37%)

were protandrous (i.e., pollen shed before the stigma
matures) and 18 species (8%) were protogynous.
These species are likely to be pollinator-dependent,
unless the dichogamy is not complete. In some spe-
cies, delayed selfing may occur as the flower ages.
For example, in some species of Myosotis (e.g., M.
sp. (1) aff. australis, Fig. 2C), the stigma remains re-
ceptive throughout anthesis; the flowers are initially
herkogamous but later, due to the shifts in the rela-
tive positions of anthers and stigma, the herkogamy
breaks down and "delayed selfing" (Lloyd 1979;
Lloyd & Schoen 1992) occurs (Robertson & Lloyd
1991). Similarly, the flowers of Clianthus puniceus
and C. puniceus var. maximus have a stigmatic cu-
ticle that must be ruptured before pollination can
occur. In C. puniceus var. maximus, this normally
only occurs during visits by honeyeaters, but in C.
puniceus the cuticle ruptures spontaneously just
prior to senescence, and autonomous selfing results
(Heenan 1998). Solanum laciniatum also has a de-
layed self-fertilisation system involving both herk-
ogamy and dichogamy. Although the protogynous
flowers are highly specialised for buzz pollinators,
in the final days of anthesis the filaments extend so
that the anthers are touching the stigma and, if pollen
is left over, delayed selfing occurs (L. E. Newstrom
unpubl. data).

Self-incompatibility and autonomous selfing

In self-compatible species, even complete dichog-
amy and strong herkogamy or monoecy will not
prevent geitonogamous self-pollination (movement
of pollen among flowers of the same individual).
Flower visitors may facilitate within-flower selfing
in herkogamous species by disturbing floral parts
during visitation, making it useful to differentiate
facilitated selfing (occurs as a result of pollina-
tor movements within and between flowers) from
autonomous selfing (occurs automatically within
a flower without the aid of a pollinator), since the
former imparts pollinator-dependence (Lloyd 1979;
Lloyd & Schoen 1992). Self-incompatibility blocks
self-pollination at any one of several stages of the
pollination-fertilisation-seed maturation pathway
(de Nettancourt 1977). New Zealand is frequently
cited as having low levels of self-incompatibility, as
expected under Baker's Rule (Raven 1973; Godley
1979; Webb & Kelly 1993; Barrett 1996; Anderson
et al. 2001; Bernadello et al. 2001; Schueller 2004).
We suggest that this conclusion may be an overgen-
eralization for two reasons. While few cases of self-
incompatibility have been described to date, it is also
true that few tests have been made (Webb & Kelly
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1993). Previous surveys (Godley 1979; Webb &
Kelly 1993) have listed the species known to be self-
incompatible without listing the negative results. To
compare the flora with other regional floras requires
a test of the proportion of the cosexual species of a
flora that are known to be either self-compatible or
incompatible. Secondly, the few tests of compatibil-
ity that have been performed have included very few
trees and many herbs. Self-incompatibility is much
more commonly associated with trees than with
herbs and with longer-lived plants rather than short-
lived species (Stebbins 1970; Jain 1976; Arroyo &
Squeo 1990; Jaimes & Ramirez 1999; Morales &
Galetto 2003), suggesting that critical comparisons
with elsewhere cannot yet be undertaken.

Autonomously selfing species must of course be
self-compatible, but the latter does not automatically
imply the former. Dichogamy and herkogamy will
often be sufficiently strong to preclude autonomous
selfing (Lloyd & Schoen 1992). Autonomous self-
ing is often regarded as a reproductive assurance
mechanism that allows seed set in the face of un-
predictable and variable pollinator service and is
expected in conditions that are harsh for pollinators
(Darwin 1876; Jain 1976; Lloyd 1980; Schoen et al.
1996). Several studies on small-stature New Zealand
herbs of forests and alpine situations have revealed
high rates of autonomous selfing (e.g., Cardamine,
Pritchard (1957); Epilobium, Brockie (1959) and
Raven & Raven (1976); Parahebe, Garnock-Jones
(1976)), though in other cases, self-compatibility
does not lead to autonomous selfing, for example in
alpine Ranunculus (Fisher 1965). In the next section,
we summarise all known available research that
has quantified the potential for autonomous selfing,

self-compatibility, and/or the degree of pollen limi-
tation in populations of indigenous hermaphrodite
species.

A survey of the breeding systems of New
Zealand hermaphroditic plants

Dataset and breeding system indices

We included all available studies that presented
results on seed or fruit set for at least two of the
following treatments: emasculation and pollinator
exclusion (to check for apomixis, i.e., reproduction
by seeds formed without sexual fusion); pollinator-
exclusion alone (to check for autonomous selfing);
hand self- or cross-pollination (to check for self-
compatibility); and untreated flowers (to measure
natural pollination rates). We excluded studies that
measured only one of these treatments, and excluded
anecdotal evidence of, for example, the ability of
lone plants to set seed; this does not distinguish be-
tween pollinator-mediated selfing and autonomous
selfing (Lloyd & Schoen 1992). Similarly, we did
not include studies that inferred autonomous self-
ing simply from high seed set in glasshouses, since
insects could possibly visit flowers.

From these data, we calculated three indices of
breeding system (Bawa 1974; Ruiz & Arroyo 1978;
Larson & Barrett 2000). The self-compatibility index
(SCI) is the hand-pollinated self/cross ratio for seed
production, the autonomous selfing index (ASI) is
the pollinator-excluded/cross ratio (or bag/open ratio
for small highly self-compatible species), and the
pollination limitation index (PLI) is the open-pol-
linated/cross ratio (truncated at 0, Larson & Barrett
(2000)).

Fig. 2 Diversity of blossoms in Myosotis (Boraginaceae) in the New Zealand flora (tube flowers on the left; dish,
bowl, and funnel flowers on the right). A, Naturalised exotic Myosotis sylvatica (9 mm diam.) is a typical European
species with a short narrow tube and wide rim (rotate corolla), and conspicuous corolla scales at the mouth of the tube,
pollinated by honeybees and bumblebees; B, Indigenous M. monroi (6 mm diam.) has strongly exserted filaments and
styles with nearly synchronous flower development within each cyme resulting in a brush inflorescence; C, Indigenous
M. sp. (1) aff. australis (5 mm diam.): as the flower ages in this species, the lengthening corolla tube lifts the anthers
from a position below the level of the stigma to one that is adjacent to and eventually above the stigma. This results
in "delayed selfing" if outcrossing does not occur during this initial phase; D, Indigenous M. laeta (8 mm diam.) has
bowl-shaped flowers with an open tube and moderately exserted filaments and style. In the Red Hills, Marlborough,
indigenous short-tongued solitary bees like this one are important pollinators; E, Indigenous M. spathulata has small
flowers (2.5 mm diam.) in which the anthers dehisce shortly after opening, depositing pollen directly on the stigma,
causing the flower to autonomously self; F, Indigenous M. goyenii (10 mm diam.) has a relatively wide corolla tube
allowing relatively easy access to the nectar; G, Indigenous M. colensoi (8 mm diam.) shows a strongly exserted style
that prevents any chance of autonomous selfing and a relatively long corolla tube (c. 7 mm), which restricts nectar ac-
cess to long-tongued insects. At Castle Hill it is pollinated mainly by a tachinid fly, Protohystricia huttoni, which has
a tongue of approximately the same length as the corolla tube; H, Indigenous M. macrantha (8 mm diam.) has a long
tube and exserted style and at Mt Cook appears to be mainly pollinated at dusk by the noctuid moth Aletia cuneata.
(Photos Alastair Robertson)
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There are a couple of potential interpretation
problems with these simple indices of breeding
system that should be noted. The SCI as defined
here effectively measures the degree of self-steril-
ity. Genetic incompatibility is one possible cause of
such sterility, but it is also possible that early-acting
inbreeding depression where selfed seeds are more
prone to abortion could also produce the same effect
(Seavey & Bawa 1986). However, a high rate of self-
sterility, whether caused through self incompatibility
or inbreeding depression, has the same net effect on
the breeding system—a need for outcross pollen for
successful reproduction; hence we believe it to be a
useful measure of dependence on vectors that bring
outcross pollen. The PLI is measured by compar-
ing the likelihood of seed maturing from manually
produced cross-pollinated flowers and naturally
pollinated flowers. The difference between the two
is considered the degree of pollen limitation (Bier-
zychudek 1981; Burd 1994). However, high PLI
values may occur if resources are diverted towards
hand-pollinated and outcrossed flowers which may
act as a sink drawing resources away from other
naturally pollinated flowers either in the current
season or in future years (Janzen et al. 1980; Bawa
& Webb 1984; Ashman et al. 2004). In extreme
cases, heavy fruit crops caused by artificially high
rates of pollination may cause the premature death
of plants that otherwise may have produced as many
or more seeds spread over several seasons of normal
pollination conditions. Hence, a high score for PLI
may not necessarily indicate a pollination problem
without further evidence; it does indicate candidate
populations for further investigations.

We classified each population as apomictic where
high seed set occurs in bagged emasculated flowers,
autonomously selfing where ASI > 0.5, self-compat-
ible where SCI > 0.80, partially compatible where
0.20 < SCI < 0.80, and self-incompatible where
SCI < 0.20 (Bawa 1974; Ruiz & Arroyo 1978).
The degree of pollen limitation was classified as
high where PLI > 0.75, medium where 0.25 < PLI
< 0.75, and low where PLI < 0.25. We preferred to
use these indices rather than testing the significance
of differences between treatments, for three reasons.
First, they enable the inclusion of New Zealand
studies that did not test mean differences and allow
comparison with other international studies; second,
these indices directly measure the effect size; and,
finally, we do not want to overemphasise statistical
rather than biological effects. For example, the dif-
ference between two treatments that yielded 70%
and 75% fruit set, respectively, may be statistically

significant if sample sizes are large enough, but is
not likely to be biologically important.

Data from 43 species and 50 populations are in-
cluded. There is a bias towards herbs (27 species),
with relative few woody plants (5 tree species, 7
shrubs, and 4 woody vines and mistletoes). More-
over, there is strong taxonomic bias in the dataset
with 26 genera represented and some genera, e.g.,
Myosotis, over-represented (8 species). For these
reasons, the conclusions reached from this survey
must be regarded as preliminary until we have data
from more species that better represent the flora as
a whole or, alternatively, are conducted at a com-
munity scale, to represent the breeding system of
coexisting species within habitats.

Many studies in Table 1 did not include all of
the five treatments needed to investigate fully the
breeding system of the species (emasculated, pol-
linator-excluded, hand-selfed, hand-crossed, and
untreated). In particular, agamospermy (the pro-
duction of seed from asexual means) has rarely
been tested but could be ruled out in most cases
when one of the other treatments resulted in low
seed set. Other studies did not test for autonomous
selfing, so the potential remains unknown for some
self-compatible species. Conversely, in a few cases,
self-compatibility was confirmed by demonstrating
high rates of autonomous selfing. Often, the studies
were conducted with cultivated plants and in most
of these cases natural levels of seed production were
not measured, since the plants were not in natural
conditions. Self-compatibility status was established
for most populations (44 out of 50) and at least once
for all 43 species, though hand self- and cross-pol-
linations were performed on only 38 populations,
with self-compatibility confirmed from high rates
of autonomous selfing in the remainder.

The New Zealand flora

Strong self-incompatibility (SCI < 0.2) was found in
10populations (21.3% of those tested) and9 species
(20.9%) (Table 1). Partial compatibility occurred in a
further seven populations (14.9%), with self-compat-
ibility in the remainder (63.9%). Self-compatibility
was not randomly distributed with respect to life
form (Table 2), with eight of the self-incompatible
populations being trees or shrubs, and self-incompat-
ibility or partial compatibility occurring in 80% and
88% of the tree and shrub species, respectively. In
contrast, full self-compatibility occurred in 78% of
the herbaceous species tested. SCI ranged between
0.00 and 1.29, and averaged 0.64 overall (Table 2),
but was higher on average in herbs than in the trees
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Newstrom & Robertson—Pollination systems in New Zealand

1.5 r— 1 1

0.8

Fig. 3 Relationships between the three breeding system indices self-compatibility (SCI), autonomous selfing (ASI),
and pollen limitation (PLI) of populations studied in Table 1.

or shrubs. The vines and mistletoes tested were
mostly fully self-compatible, and this group also
had a high average SCI (0.84).

Ten populations were found to have high rates
of autonomous selfing (29% of the self-compatible
or partially self-compatible populations), though
none of the three self-compatible trees and shrubs
was found to autonomously self. The autonomous
selfing index (ASI) ranged from 0.00 to 1.11 and
was very low for the trees and shrubs, and moder-
ate overall (0.36). The ASI and SCI indices were
not correlated (r = 0.18, d.f. = 23, P < 0.05) for
the 25 populations for which both indices could be
calculated (Fig. 3). Not surprisingly, the ASI scores
were very low for populations with low SCI values,
but high SCI values did not always lead to high ASI;
some populations had high SCI and very low rates of
autonomous selfing, presumably because of strong
dichogamy or herkogamy.

The pollen limitation index (PLI) also varied
widely from 0.00 to 0.94, and many populations
were strongly pollen limited. Of the populations
where pollen limitation was measured, 8 popula-
tions showed a high rate of pollen limitation, 13
medium, and 12 low. The few trees included in the
survey were generally more pollen limited than
vines, mistletoes, and herbs (Table 2), but all groups
contained a wide range of PLI, and the most pollen-
limited populations were orchids. Self-compatible
populations tended to be much less pollen limited
than the partially compatible and self-incompatible
populations. A simple two-factor linear regression
(GLM with Gaussian distribution) showed that PLI
was negatively correlated with autonomous selfing
but was unrelated to the SCI scores (Fig. 3; Table

3). Thus, fully self-compatible populations were
frequently strongly pollen limited, and vice-versa.

Geographical comparisons

A number of other geographical community surveys
are available for comparison with our New Zealand
data (Table 4). Other surveys have shown a strong
relationship between life form and self-incompat-
ibility (Arroyo & Squeo 1990; Jaimes & Ramirez
1999; Morales & Galetto 2003) and interfloral com-
parisons are most realistically undertaken within life
form, rather than across all species. Only 7% of New
Zealand herbs measured were self-incompatible,
but 42% of woody plants. Globally, herbs average
25% self-incompatibility and range from 4% to 43%
(Table 4), while woody plants average 70% and
range from 14% to 84%. The New Zealand figures,
thus, are towards the lower half of the range in both
cases, but are certainly not the lowest. Two other
small oceanic islands, Juan Fernandez (Bernadello
et al. 2001) and the Galapagos Islands (McMullen
1987), have lower proportions of self-incompatible
taxa than New Zealand. Continental floras generally
have much higher rates of self-incompatibility, par-
ticularly in the woody plants of lowland forests, but
there are exceptions. Only about 4% of the monocot
herbs in cloud forest in Venezuela are self-incom-
patible (Ramirez & Seres 1994), while a study in
a very similar location (Sobrevila & Arroyo 1982)
that included other types of herbs as well as woody
plants showed much higher rates of incompatibility.
Similarly, the Venezuelan lowland palm swamps
studied by Ramirez & Brito (1990) also showed
low overall incompatibility. Families and other taxo-
nomic groupings vary widely in their propensity for
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Table 1 Experimental tests of breeding systems in animal-pollinated (or autogamous) members of the New Zealand flora. The sexual system for each species is classified as hermaph-
rodite (H), andromonecious (Am), gynomonoecious (Gm), or gynodioecious (Gd). The breeding system of each population is classified as apomictic (AP), autonomously selfing (AS),
self-compatible (SC), partially self-compatible (PC), or self-incompatible (SI), and the degree of pollen limitation scored as high (H), medium (M), or low (L) on the basis of three indices
of seed or fruit set. The self-compatibility index (SCI) is the self/cross ratio, the autonomous selfing index (ASI) is bagged/cross, and the pollen limitation index (PLI) open/cross. Seed
production may have been scored at the level of fruit set (FS), seed set (SS) or both, enabling seeds per flower to be calculated (FS x SS).

Plant

Trees
Cordyline australis
Cordyline kaspar
Cordyline pumilio
Metrosideros excelsa
Vitex lucens

Shrubs
Carmichaelia williamsii
Corokia cotoneaster
Discaria toumatou

Leptospermum scoparium
Pentachondra pumila
Pseudowintera colorata

Rhabdothamnus solandri

Vines and mistletoes
Alepis flavida

Fuchsia perscandens

Peraxilla colensoi
Peraxilla tetrapetala

Family

Agavaceae
Agavaceae
Agavaceae
Myrtaceae
Verbenaceae

Fabaceae
Cornaceae
Rhamnaceae

Myrtaceae
Epacridaceae
Winteraceae

Gesneriaceae

Loranthaceae

Onagraceae

Loranthaceae
Loranthaceae

Sexual
system

H
H
H
H
H

H
H
H

Am
H
H

H

H

Gd

H
H

Site/year

Garden plants
Garden plants
Garden plants
Auckland
Auckland

Glasshouse
Bealey Spur 1982
Cass 1977
Bruce Stream 1983
Cass
Glasshouse
Garden plants
Port Hills
Little Barrier Island
Auckland
Lady Alice Island
Whangarei

Craigieburn 1993
Craigieburn 1997
Buckley's Bay 1999
Buckley's Bay 2000
The Torrs

Wakefield
Craigieburn 1993

Breeding
system

SI
SI
SI

PC
SC

PC"
SI
SI
SI

SI
SI
-
-
-
-

SC

AS
AS
-

AS
SC

SC
PC

Pollen
limitation

H
-
-

M
-

-
M
M
.
L
-
-
H
L
H
L
M

L
L
M
M
M

L
M

Level of
assessment

FSxSS
FS

FSxSS
FSxSS

FS

FS
FS
FS
FS
FS

FSxSS
FS

FSxSS
FS
FS
FS
FS

FS
FS

FSxSS
FS
FS

FS
FS

SCI

0.00
0.01
0.01
0.34
1.29

0.77
0.02
0.00
0.00

-
0.04
0.00

-
-
-
-

0.95

0.83
-
-
-
-

0.97
0.72

SCI

-
-
-
-

0.13

-
0.00
0.00

-
-
-
-
-
-
-

0.16

1.11
1.08

-
0.67
0.40

0.41
0.41

PLI

0.90
-
-

0.40
-

-
0.59
0.55

0.00
-
-

0.78
0.04
0.81
0.13
0.63

0.00
0.14
0.74
0.43
0.42

0.00
0.29

Reference

Beever & Parkes 1996
Beever 1981
Beever 1983
Schmidt-Adam et al. 1999
Barrell et al. 1997

Heenan & de Lange 1999
Webb 1994
Primack 1979
Webb 1985
Primack & Lloyd 1980
Godley 1966
Godley& Smith 1981
Lloyd & Wells 1992
Anderson et al. unpub.
Anderson et al. unpub.
Molloy 2004
Molloy 2004

Ladley et al. 1997
Ladley et al. 1997
Montgomery et al. 2001
Montgomery et al. 2001
Montgomery et al. 2001

Robertson et al. 1999
Robertson et al. 1999
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Herbs
Earina aestivalis
Earina autumnalis
Earina mucronata
Gastrodia cunninghamii
Gentianella saxosa
Gentianella serotina
Leptinella atrata
Leptinella minor
Leptinella pectinata
Mimulus repens
Myosotis brockiei
Myosotis colensoi
Myosotis forsteri

Myosotis laeta
Myosotis macrantha
Myosotis monroi
Myosotis sp. (2) aff.

australis
Myosotis spathulata
Ourisia macrocarpa
Phormium tenax
Pleurophyllum criniferum
Pleurophyllum speciosum
Pterostylis alobula
Pterostylis patens
Thelymitra longifolia
Wahlenbergia
alhomar&inata

Winika cunninghamii

Orchidaceae
Orchidaceae
Orchidaceae
Orchidaceae
Gentianaceae
Gentianaceae
Asteraceae
Asteraceae
Asteraceae
Scrophulariaceae
Boraginaceae
Boraginaceae
Boraginaceae

Boraginaceae
Boraginaceae
Boraginaceae
Boraginaceae

Boraginaceae
Scrophulariaceae
Agavaceae
Asteraceae
Asteraceae
Orchidaceae
Orchidaceae
Orchidaceae
Campanulaceae

Orchidaceae

H
H
H
H
H
H

Gm
Gm
Gm
H
H
H
H

H
H
H
H

H
H
H
H

Gm
H
H
H
H

H

Craigieburn 1995

Manawatu
Manawatu
Manawatu
Manawatu
Glasshouse
Glasshouse
Glasshouse
Glasshouse
Glasshouse
Glasshouse
North-West Nelson
Castle Hill
Central Otago
North-West Nelson
Marlborough
North-West Nelson
North-West Nelson
Lyttelton Harbour

Banks Peninsula
Arthur's Pass
Tiri Tiri Matangi I.
Campbell Island
Campbell Island
Manawatu
Manawatu
Manawatu
Cass

Manawatu

SC

PC
SC
SC

APM

SC
SC
SC
SC
PC
SC
SC
S C
A P
AS

SC
SC
SC
A P

A P
SC
SI
AS
SI
PC
SC
AS
S O

PC

H

H
M
H
L
-
-
-
-
-
-

M
-
-
L
L
M
M
-

-
-
-
L
L
H
M
L
-

H

FS

FS
FS
FS
FS

FSxSS
FSxSS

SS
SS
SS
FS
SS
SS
SS
SS

SS
SS
SS
SS

SS
FS
FS
SS
SS
FS
FS
FS
FS

FS

1.04

0.48
0.91
0.97
0.00
1.00
1.17
0.97
0.78
0.40
0.85
0.88

-
-
-

1.03
0.91
0.95

-

-
1.00
0.05
1.09
0.16
0.77
1.10
0.85
1.00

0.50

0.21

0.00
0.00
0.00
0.91
0.00
0.00

-
-
-

0.15
0.05
0.00
0.87
0.99
0.02
0.05
0.05
0.89

1.01
0.33

-
0.76
0.05
0.00
0.00
0.96

-

0.00

0.79

0.91
0.50
0.94
0.00

-
-
-
-
-
-

0.40
-
-

0.00
0.22
0.38
0.50

-

-
-
-

0.09
0.20
0.94
0.32
0.07

-

0.70

Robertson et al. 1999

Lehnebach & Robertson 2004
Lehnebach & Robertson 2004
Lehnebach & Robertson 2004
Lehnebach 2002
Webb & Littleton 1987
Webb & Littleton 1987
Lloyd 1972
Lloyd 1972
Lloyd 1972
B6cher&Philippl985
Brandon 2001
Robertson & Lloyd 1991
Robertson & Lloyd 1991
Brandon 2001
Brandon 2001
Brandon 2001
Brandon 2001
Robertson & Lloyd 1991

Robertson & Lloyd 1991
Schlessman 1986
Craig & Stewart 1988
Nicholls 2000
Nicholls 2000
Lehnebach 2002
Lehnebach 2002
Lehnebach 2002
Lloyd &Yates 1982

Lehnebach & Robertson 2004

N
ew

stror

3

§

o_

§

VI

" .

2;

N

s
a.

"rate of autonomous selling not measured.
b the results for this species are hard to explain, very high fruit set was found in emasculated plants and in open-pollinated plants, but hand-pollination with either hand-cross-
or self-pollen yielded very little fruit hence the very high figures for ASI. For this reason, this species was not included in the analysis presented in Fig. 3 and Table 3, and
despite the SCI score of 0.00, the species is regarded here as apomictic.

c autonomous selling index calculated by bagged/open ratio.
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12 New Zealand Journal of Botany, 2005, Vol. 43

self-incompatibility. Some families, e.g., Asteraceae,
Rhamnaceae, Iridaceae, Solanaceae, are renowned
for high rates of incompatibility (Kress & Beach
1994; Bianchi et al. 2000), while other families have
generally lower values. This complicates compari-
sons among diverse floras. In New Zealand, very few
members of some families have been tested where
we might expect to find self-incompatibility, such
as in the Asteraceae.

With so few New Zealand species tested for self-
incompatibility and the bias that exists in families
and life forms of the species that have been tested,
it would be unwise at this stage to conclude that
self-incompatibility in the flora is particularly low.
Much more testing is required, particularly amongst
the woody flora.

New Zealand's partially compatible and self-com-
patible species have low rates of autonomous selfing
in comparison with the 10 geographical surveys that
measured autonomous selfing (Table 4). Only the
Venezuelan palm swamp (Ramirez & Brito 1990)
and the Juan Fernandez Islands survey (Bernadello et
al. 2001) showed lower rates of autonomous selfing.
These three floras all have relatively low rates of in-
compatibility, and several of the floras that have high
rates of self-incompatibility have very high rates of
autonomous selfing in the self-compatible species,
suggesting that other outbreeding mechanisms such
as dichogamy and herkogamy tend to evolve in floras
that have low numbers of incompatible species. The
two exceptions to this general rule are the Galapagos
Islands (McMullen 1987) and the monocots of the
Venezuelan cloud forest (Ramirez & Seres 1994)
where, in both cases, self-incompatibility levels

are low while autonomously selfing rates are high,
suggesting that pollinator dependence is low in
these floras.

Reproductive assurance

There is little evidence to support the general notion
that the New Zealand flora contains a large set of
species that maintain self-compatibility to provide
reproductive assurance as might be expected if pol-
linator service was unreliable. Despite having a
relatively low level of self-incompatibility, there are
relatively few species that regularly autonomously
self in comparison with other floras (though again
these conclusions are based on a relatively small
set of data). Reproductive assurance will normally
only be provided by autonomous selfing rather than
through facilitated selfing (Lloyd & Schoen 1992).
Nevertheless, there is clearly an element in the flora,
particularly amongst the short-lived and small-stat-
ure herbs, that engages in autonomous selfing, e.g.,
Epilobium (Raven & Raven 1976), Parahebe (Gar-
nock-Jones 1976), Myosotis (Robertson & Lloyd
1991), though in none of these genera is this uni-
formly the case; all contain pollinator-dependent
species as well as regular selfers.

Mixed mating and inbreeding depression

The majority of the species in this survey are likely
to experience mixed mating as a result of their breed-
ing system. Partially and fully self-compatible spe-
cies that are not autonomously selfing are almost
always going to be fertilised by a mixture of self and
outcross pollen since they have no barrier to geito-
nogamous or within-flower pollinator-facilitated

Table 2 Association between life form and breeding system for the populations of hermaphrodite species studied in
Table 1. We present the average scores for each of the three indices of breeding system used for each life form (SCI,
self-compatibility; ASI, autonomous selfing; PLI, pollen limitation) along with the number and percentage of popula-
tions falling into breeding system types within these life forms.

Mean index
SCI
ASI
PLI
No. of populations
Apomictic or autonomously selfing
Self-compatible (SCI > 0.8)
Partially self-compatible (0.8 > SCI > 0.2)
Self-incompatible (SCI < 0.2)
Total

Trees

0.33
0.13
0.65

0 (0%)
1 (20%)
1 (20%)
3 (60%)
5

Shrubs

0.25
0.05
0.44

0 (0%)
1 (14%)
1 (14%)
5 (71%)
7

Vines &
mistletoes

0.84
0.68
0.35

3 (43%)
3 (43%)
1 (14%)
0 (0%)
7

Herbs

0.81
0.32
0.41

7 (25%)
15 (54%)
4 (14%)
2 (7%)

28

Total

0.64
0.36
0.42

10(21.3%)
17 (42.6%)
7 (14.9%)

10(21.3%)
47
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Newstrom & Robertson—Pollination systems in New Zealand 13

selfing (Crawford 1984; Geber 1985; Robertson
1992). Globally, studies of genetic markers show
mixed mating in c. 30% of populations studied (Vo-
gler & Kalisz 2001) despite theoretical predictions
that mating strategies should be bimodal with two

Table 3 GLM (with Gaussian distribution) of the effect
of self-compatibility (SCI) and autonomous selfing (ASI)
on pollen limitation index (PLI) for the populations in
Table 1 where all three parameters had been scored.

d.f. Deviance F P

SCI
ASI
Residual

1
1

17

0.057
0.714
1.017

0.96
11.92

0.341
0.003

alternative successful strategies of either predomi-
nant outcrossing or predominant selfing. Theory
suggests that mixed mating should make plants
prone to inbreeding depression that reduces the fit-
ness of the offspring resulting from selfing, while
in regular selfers the genetic load that produces
inbreeding depression should be purged by regular
inbreeding (Lande & Schemske 1985; Charlesworth
& Charlesworth 1987).

There have been only two studies on New Zealand
plants that have used markers to estimate selfing rates
in natural populations. Barrell et al. (1997) used mic-
rosatellites and paternity analysis to show high rates
of autogamy amongst the seedlings from one adult
tree of Vitex lucens, a species that has been shown
to be self-compatible (Table 1). Schmidt-Adam et al.
(2000) used multilocus allozyme analysis to show

Table 4 Percentage of self-incompatibility (SCI < 0.2) (% SI) and autonomously selfing (ASI > 0.5) (% AS), self-
compatible or partially compatible species in surveys of hermaphroditic herbs and woody plants in different regional
floras. n, number of species/populations tested.

Flora

Oceanic islands
New Zealand
Juan Fernandez Islands
Galapagos Islands
Temperate
Alpine meadow, Chile
Subalpine meadow, Canada
Boreal forest, Canada
Sphagnum bog, Canada
Saltmarsh, Canada
Sclerophyll montane scrub, Chile
Chaco woodland, Argentina
Chaco woodland, Argentina
Tropical
Lowland rainforest, Costa Rica
Semideciduous forest, Costa Rica
Deciduous forest, Venezuela
Montane cloud forest, Venezuela
Montane cloud forest, Venezuela
Palm swamp, Venezuela
Deciduous forest, Mexico
Savanna, Brazil
Overall

Herbaceous

%SI

7
0

27
36
27
22
24
31

33

34b

21c

43
4 d

14

25

n

28
4

116
42
11
32
17
32

12

38

24
14
23
21

414

Woody

%SI

42
14

71

80
83
54

84
79
84
38

40
76
83
70

n

19
14

7

5
6

13

19
34
25
13

5
33
30

264

%SI

21
11
2a

29
36
27
22
24
38
83
44

51
79
53
41

4
19
76
83
43

Overall

n

47
18
51

123
42
11
32
17
37

6
25

57
34
49
27
23
26
33
30

678

%AS

21
19
63

74

38

59

67

60
44
46

0

53

Reference

This study
Bernadello et al. 2001
McMullen 1987

Arroyo & Squeo 1990
Pojar 1974
Barrett & Helenurm 1987
Pojar 1974
Pojar 1974
Arroyo & Uslar 1993
Bianchi et al. 2000
Morales & Galetto 2003

Kress & Beach 1994
Bawa 1974
Jaimes & Ramirez 1999
Sobrevila & Arroyo 1982
Ramirez & Seres 1994
Ramirez & Brito 1990
Bullock 1985
Oliveira & Gibbs 2000

a does not indicate life form for each species, so we present just the overall mean.
b compares canopy (which we have assumed are trees) with lower stratum (which we have assigned to herbs, but may
contain both woody and non-woody species).

c this study distinguishes between SI and SC on the basis on whether seed production differs significantly in the
self- versus cross-pollinations rather than using SCI categories.

d includes only monocots.
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14 New Zealand Journal of Botany, 2005, Vol. 43

that outcrossing rates averaged around 40-50%
in five populations of pohutukawa (Metrosideros
excelsa). Two lines of evidence suggested that in-
breeding depression filters and eliminates the selfed
offspring before they mature in these trees: Wright's
Fixation index (a measure of homozygosity that is
correlated with inbreeding) was consistently higher
for progeny than for maternal parents, and seedling
growth rates of potted plants were significantly less
for selfed seed than for outcrossed.

Inbreeding depression and self-incompatibility
both result in the elimination of selfed progeny by
screening the incoming genotypes brought by pollen
vectors and are, thus, logically related. Conventional
sporophytic and gametophytic self-incompatibility
act by screening and blocking self pollen grains as
they germinate on the stigma or as the pollen tubes
grow down the style. Late-acting self-incompatibil-
ity occurs after the tube enters the ovary and before
fertilisation (this is what happens in Pseudowintera
colorata (Lloyd & Wells 1992)) but the attrition may
also happen post-fertilisation by aborting selfed em-
bryos or fruits and, thus, late-acting self-incompat-
ibility grades into inbreeding depression (Wiens et
al. 1987). The fate of selfed seed may depend on the
context of competing seeds on other flowers and in
some plants mixed-mating progeny may be screened
by cryptic self-incompatibility (Bateman 1956). This
is well illustrated by the New Zealand flax Phor-
mium tenax. Craig & Stewart (1988) showed that
self-pollinated pods on Tiri Tiri Matangi Island (NE
of Auckland) were aborted much more commonly
than those that were crossed. However, Becerra &
Lloyd (1992) conducted hand-pollination experi-
ments and showed that if selfed and crossed flowers
were segregated on different flowering stalks, selfed
pods were likely to be retained, but as the proximity
of competing outcrossed pods was increased, self
pods were much more prone to abortion. This kind
of system allows flexibility and can span a range
of mating types from fully selfing if no outcross
pollen is deposited, to fully outcrossing if sufficient
outcross pollen is available within inflorescences.

A similar picture of mixed mating and inbreed-
ing depression has been suggested to maintain
gynodioecy in several species of Hebe. Delph &
Lloyd (1996) reported inbreeding depression in
progeny from hermaphrodite Hebe subalpina lead-
ing to weak seedlings compared with those derived
from outcrossing. Geitonogamous selfing in the
hermaphrodites is highly likely, and the effect of
inbreeding on the progeny from these plants is sug-
gested to confer an advantage to the obligately out-

crossed seeds derived from females. Robertson et al.
(unpubl. data) have also found very high levels of
inbreeding depression in the gynodioecious Fuchsia
excorticata.

Pollen and seed limitation

Moderate to high pollen limitation of seed produc-
tion has been found in 21 of the 33 populations
examined in Table 1. In some cases, seed produc-
tion from open pollination was less than 10% of
that achieved by hand-pollination, suggesting that
pollinators frequently fail to supply adequate pol-
lination service. For some plants, this may not be
unexpected; for instance, orchids regularly have
very low capsule set but compensate by producing
thousands of tiny seeds per capsule (Nilsson 1992).
Low fruit-to-flower ratios may be a normal part
of several alternative plant strategies to maximise
male fitness from the excess flowers; to allow a
bet-hedging strategy that maximises fruit set when
pollinator service is unreliable; or to allow selective
abortion of low-quality fruit (Sutherland 1986; Zim-
merman & Pyke 1988; Primack & Hall 1990; Burd
1994). However, it is recognised that pollination
failure frequently exceeds the capacity of plants to
compensate for the loss of potential seed (Wilcock
&Neiland2002).

In New Zealand, strong pollen limitation has
been found in populations of several bird-pollinated
species (Robertson et al. 1999; Kelly et al. 2000,
2004; Montgomery et al. 2001,2003; Molloy 2004).
Recent work has attempted to identify the ecological
correlates of pollen limitation within and between
populations in these species. In New Zealand, main-
land-offshore island comparisons of fruit and seed
production in these species are expected to show
better service on the islands compared with the main-
land because of the loss of honeyeaters over much
of the New Zealand mainland. In Rhabdothamnus
solandri, two recent studies that compared mainland
to island showed high levels of pollen limitation on
the mainland and none on the Lady Alice or Little
Barrier islands where honeyeaters numbers remain
high (Molloy 2004; Anderson et al. unpubl. data; see
Table 1).

Studies on the bird-pollinated mistletoe Per axilla
tetrapetala have shown repeated pollen limitation at
several sites on the New Zealand mainland (Rob-
ertson et al. 1999; Kelly et al. 2004). Within sites,
however, the levels of pollen limitation appear to
be less severe on the edges of forest patches than in
the interior (Kelly et al. 2000). Hand-pollinations
confirm that interior plants are limited by pollen
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Newstrom & Robertson—Pollination systems in New Zealand 15

supply and not by the resources needed to mature the
fruit. Moreover, observations of the plants showed
that visitation rates to plants by birds are greater on
edge plants than in interior plants (Montgomery et
al. 2003). It appears, therefore, that these plants may
be tolerant of some degree of forest fragmentation
and take advantage of the increased edginess that it
creates.

Brandon (2001) has shown that at a very lo-
cal scale, the density of conspecific flower shoots
strongly influences the seed production of several
pollen-limited Myosotis spp., presumably due to
some change in the nature of the plant-pollinator
interactions. Here, even a modest loss of reproduc-
tive individuals from the population could lead to a
reduction in population viability. Should the plant
density decrease, seed supply will diminish at an
accelerating rate because of the combined effects
of the loss of plants and the reduced seed set of the
plants that remain.

Apotential difficulty in the interpretation of these
kinds of pollen-limitation studies is in understanding
the demographic consequences and whether there
is evidence of seed limitation (Crawley 1990; Bond
1994). It is possible that although seed production
is reduced by pollen supply, sufficient remains to
perpetuate the population, and that reduction in
seed output simply reduces the amount of density-
dependent thinning that occurs post establishment.
Seed-sowing experiments where natural local seed
production is augmented by extra seed can help
establish the case for seed-limitation (Turnbull et
al. 2000). Molloy (2004) conducted seed-sowing
experiments with Rhabdothamnus on the mainland
in plots monitored for 18 months, and documented
increased seedling densities where extra seeds were
sown. Ladley et al. (unpubl. data) have also shown
that where P. tetrapetala seeds were sown in clumps
and at varying distances apart, the chance of seedling
establishment and growth was unaffected by proxim-
ity of neighbours (a requirement to show seed limita-
tion), and success may even be enhanced by being
part of a dense clump as the viscin that allows the
seed to adhere to the branch is more effective when
in small groups rather than as isolated individual
seeds.

It seems likely that in most of these cases, limited
pollen supply leads to a reduction in seed supply
and in turn compromises the regenerative potential
of the population. The challenge in these cases is to
restore mutualism services through management of
the ecosystem to maintain pollination systems (Kelly
et al. 2005).

PLANT-POLLINATOR INTERACTIONS

The role of pollination in governing plant mating
patterns and the various pollination requirements
that different breeding systems impose on plants
link the evolution of pollination and mating systems
(Lloyd & Barrett 1996) and influence conservation
and restoration efforts. Recent research on pollina-
tion systems has focused on how the mechanics of
pollen dispersal (based on floral biology, proximate
ecological factors, and plant sexual systems) com-
bine to influence the realised mating patterns in plant
populations (Lloyd & Barrett 1996). However, as
we have seen, there are insufficient mating system
data to understand how these aspects combine in
New Zealand plants. The pollination systems of
most New Zealand plants are also too poorly known,
which hampers our ability to identify species that are
vulnerable to pollination disruption. However, some
progress may be possible by inferring the likely ef-
fectiveness of candidate pollinators from pollination
syndromes and blossom classes.

Syndrome concept

In the absence of field data, the syndrome concept
is often used to predict the nature of pollination
systems but current debate about the validity of the
syndrome concept indicates that it may not be rel-
evant for New Zealand. Armbruster et al. (2000) and
Fenster et al. (2004) defined a pollination syndrome
as a suite of floral traits and rewards that are associ-
ated with the attraction of specific types of pollina-
tors. They specify that a syndrome's "origin and/or
maintenance reflects selective pressures imposed by
certain groups of similar visitors (past or present)"
(Armbruster et al. 2000). The hypothesis that gener-
alisation predominates in New Zealand suggests that
syndromes are not strong here and that New Zealand
plants can often effectively utilise a large proportion
of the local flower visiting assemblage (Thomson
1927; Heine 1937; Dugdale 1975; Godley 1979;
Lloyd 1985; Webb & Kelly 1993). This implies that
there is little precision or exclusiveness on the part of
either plants or pollinators, with few morphological
or advertising differences in co-occurring flowers. It
also implies that different flower visitors vary little in
their effectiveness and therefore impose little selec-
tion on plants to exclude ineffective visitors which
can give rise to distinctive syndromes.

However, pollination syndromes in New Zealand
have not been examined. The classical syndromes
reflect the history of pollination studies that origi-
nated primarily in the Northern Hemisphere, where
most of the detailed investigations have taken place.
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Many authors have documented strong associations
between floral and pollinator traits for the syndromes
(e.g., Baker & Hurd 1968; Faegri & van der Pijl
1979; Proctor et al. 1996). These syndromes are
often organised into tables of associated traits, e.g.,
the "harmonic relationships" (Table 5). However,
for the Southern Hemisphere and parts of the trop-
ics, new plant-pollinator interactions are still being
discovered, e.g., pollen carried on bird's tongues
(Pauw 1998) and feet (Johnson & Brown 2004),
by cockroaches (Nagamitsu & Inoue 1997), and by
lizards (Olesen & Valido 2003). New syndromes are
being described such as thrips pollination (Proctor
et al. 1996) and small beetle pollination (Armstrong
& Irvine 1989). In addition, examples of unusual
pollinators such as long-tongued flies (see Barth
1985) have shown high levels of specialisation in
South Africa (Johnson & Steiner 1995; Goldblatt
& Manning 1999).

Since the most obvious syndromes are the most
highly specialised, the syndrome concept is inex-
tricably interwoven with our understanding of spe-
cialisation (reviewed by Johnson & Steiner (2000),
Olesen (2000), and Armbruster (unpubl.)). Authors
differ in what they mean by a specialist pollination
system (Wilson & Thomson 1996; Armbruster et
al. 2000; Johnson & Steiner 2000) so comparing
plant populations, species, communities, or floras is
difficult. Because the issues are both semantics and
scale, concepts of syndromes and specialisation, like
the species concept, are not easily defined or utilised
by biologists. Such concepts always have inherent
cognitive/linguistic issues because organising the
diverse products of evolution (organisms or inter-
actions) into categories based on multiple criteria
inevitably leads to incongruence especially when
high-resolution data at broad spatial or temporal

scales are obtained. The problem is exacerbated
when these categories are used as fundamental
units for inferring evolutionary history (Hey et al.
2003).

The syndrome concept has recently been criti-
cised as a typological oversimplification (e.g., Ol-
lerton 1996, 1998; Waser et al. 1996; Waser 2001).
Authors have frequently challenged the paradigm
that diversity in floral forms reflects the diversity of
natural selection by specific groups of pollinators
(see discussions in Armbruster et al. (2000) and Wil-
son & Thomson (1996)). Ollerton (1996) presented
the paradox "that the evolution of floral diversity
seems to be based upon specialised relationships
with pollinators, yet (with some obvious exceptions)
the majority of angiosperms appear to be promis-
cuously pollinated by a range of taxa". Pollinator
spectra for many plant species range across orders
of insects (beetles, flies, bees, butterflies, and moths),
classes of animals (insects, birds, mammals) (Her-
rera 1996; Ollerton 1996, 1998; Waser et al. 1996;
Waser 1998, 2001), and pollination agents (wind,
animal) (Culley et al. 2002). Field studies of spatio-
temporal variation often show that some classical
pollination syndromes may not be so specialised
(e.g., Herrera 1987, 1988, 1989, 1996). It is argued
that generalised pollination systems are much more
common than specialised systems and that selection
should favour generalisation whenever pollinator
populations are variable (see Herrera 1996; Waser et
al. 1996; Ollerton 1998; Waser 1998,2001; Johnson
& Steiner 2000; Kay & Schemske 2004).

Despite these criticisms, many authors main-
tain that the syndrome concept is still useful (e.g.,
Armbruster et al. 2000; Johnson & Steiner 2000;
Thomson et al. 2000; Pellmyr 2002; Fenster et al.
2004). At the very least, it forms the basis for testable

Table 5 Blossom classes associated with classical pollination syndromes, adapted from Faegri &
van der Pijl (1979, fig. 4, p. 97). Each pollinator group represents a syndrome that is associated
with certain blossom classes (dish/bowl, bell/beaker, brush, gullet, flag, and tube) visited by that
pollinator. Bees visit all types of blossoms but bats and other groups are more restricted. Lizards and
large non-flying animals were not included in the original classical syndromes.

Dish/bowl Bell/beaker Brush Gullet Flag Tube

Beetles
Wasps
Flies
Bats
Bees
Moths
Butterflies
Birds
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Newstrom & Robertson—Pollination systems in New Zealand 17

predictions (Pellmyr 2002) that can be formalised
into "systematic rules" (Thomson et al. 2000) and
these show strong associations in many cases (e.g.,
Wilson et al. 2004). Discussions of the concept
have shown that unrealistic expectations of how it
is to be used have contributed to the debate but also
the conceptual framework needs modification and
updating. For example, Armbruster et al. (2000)
and Fenster et al. (2004) advocate distinguishing
between evolutionary specialisation and ecological
specialisation to alleviate some of the confusion.
They use a simple operational definition of speciali-
sation: "successful pollination by a relatively small
proportion or sub-set of the available flower-visiting
fauna". Evolutionary specialisation is the process of
evolving toward greater specialisation in response
to selection generated by pollinators; ecological
specialisation is the state of being specialised, i.e.,
having only a few similar species of pollinators in
contemporary time.

They also advocate that syndromes be defined
by functional groups rather than by taxonomic
groups. One of the strongest objections to the syn-
drome concept, which is partly defined at the level
of insect orders, is that insects from many different
orders commonly visit the same plant species (Her-
rera 1996; Ollerton 1996; Waser et al. 1996). In-
deed, Faegri & van der Pijl (1979) noted little
difference between pollination by a bee fly and
similar-sized bees and there is striking similarity
among long tongued flies, bees, and moths (see
Barth 1985, fig. 30). Armbruster et al. (2000) and
Fenster et al. (2004), therefore, proposed basing
syndromes on functional groups of pollinators with
similar size, morphology, and behaviour and simi-
larity of selective pressure exserted on flowers.
These functional groups can be described at sev-
eral different scales. For example, Frankie et al.
(1983,2004) have distinguished between large and
small bee syndromes in the tropical dry forest of
Costa Rica and Vinson et al. (2004) described sev-
eral functional groups of bees. Organising data by
functional groups facilitates comparisons of polli-
nation systems at the community level (e.g., Frankie
et al. 2004). Community comparisons which have
often been based on taxonomic diversity (number
of plant species matched to number of pollinator
species as used in connectance indices or food
webs) could incorporate functional groups to add
more meaningful structure to the analyses (see
Jordano 1987; Memmot 1999; Dicks et al. 2002;
Memmot & Waser 2002; Olesen & Jordano 2002;
Kay & Schemske 2004).

These two proposed modifications of the syn-
drome concept (i.e., differentiating evolutionary
from ecological specialisation and defining syn-
dromes by functional groups) do not entirely resolve
the problem. There are still difficulties in using the
term specialisation. It is well recognised that spe-
cialisation and generalisation are opposing endpoints
on a continuum (Johnson & Steiner 2000), from
extreme specialisation (e.g., fig species exclusively
serviced by only one fig wasp species) to extreme
generalisation (e.g., sturdy brush inflorescences
pollinated by mammals, birds, and insects). Com-
municating intermediate levels of specialisation
for pollination, however, remains an unresolved
problem for two reasons.

The first is semantic. Determining intermediate
levels of specialisation from the plant's perspective
requires differentiating effective pollinators from
floral visitors (Armbruster et al. 2000; Fenster et al.
2004). Specialisation is achieved by several different
mechanisms involving the type or timing of rewards,
signals, attractants, or deterrents (reviewed by Arm-
bruster (unpubl.)). Moreover, pollinator importance
depends not only on effectiveness in transferring a
large amount of high quality pollen but also on the
abundance and visiting rate of pollinators (Herrera
1987, 1989). The most abundant pollinator may
not be the most effective and the most effective
pollinator may not be the strongest selective agent
influencing key floral traits (e.g., Schemske 1983;
Armbruster unpubl.).

Furthermore, when effectiveness is measured in
terms of the amount of pollen picked up and depos-
ited or wasted (according to the principles of pollen
presentation theory) it is clear that the composition
of the pollinator assemblage profoundly influences
effectiveness ranking (Thomson 2003). A pollinator
may be an important mutualist in one milieu, but in
another milieu it may be a relative parasite (e.g., if it
wastes pollen that could have been transferred by a
more effective pollinator) (Thomson 2003). In addi-
tion, pollinator choices are context sensitive because
they are influenced by competing floral resources
and pollinators that are available in the community.
In modified habitats, disrupted plant-pollinator rela-
tionships could be difficult to interpret with respect
to specialisation.

The second reason that specialisation is difficult
to communicate is the issue of scale. A system for
referring to intermediate levels of specialisation
at different scales is still lacking (Dupont & Skov
2004). Although specialisation can be scaled to
class, order, family, genus, or species, the term is
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generally used without explicit reference to scale
and often no distinction between plant and pollina-
tor perspectives. The asymmetry of specialisation
between plants and pollinators is well known; for
instance, bees that specialise on Asteraceae genera
or species occur in North America, but these same
plant taxa are not necessarily specialised to any par-
ticular pollinator (Schemske 1983). Thus, reporting
specialisation at mixed scales and perspectives to
compare populations, species, communities, or floras
has produced confusing results.

These semantic and scale issues in understanding
specialisation highlight the need for sufficient field
observations and experiments (Pellmyr 2002). Full
community analyses are recommended (Jordano
1987; Waser et al. 1996; Armbruster et al. 2000),
such as the extensive surveys by Momose et al.
(1998) and Frankie et al. (2004). Most importantly,
incomplete data on visitors (diurnal and nocturnal),
inadequate assessment of pollinator effectiveness,
or insufficient temporal and spatial replication can
lead to wrong conclusions about specialisation and,
hence, pollinator syndromes (Herrera 1996; Waser et
al. 1996; Momose et al. 1998). Even with sufficient
data, however, the validity of the syndrome concept
cannot be fully clarified until communication issues
for specialisation are resolved. Thus, the syndrome
concept, as it is currently defined and used, appears
to be a reliable predictor of pollinators primarily
for highly specialised systems, which are obvious.
In the case of intermediate levels of specialisation,
or systems with high levels of spatial and temporal
variability, we need a simpler, more concrete, and
context-independent method for predicting plant-
pollinator interactions, such as the blossom class
concept.

Blossom class concept

Blossom classes

The blossom class concept has received less atten-
tion but it is a basic part of the syndrome concept
and much used by floral biologists (Weberling 1989;
Endress 1994). A blossom refers to an inflorescence,
a flower, or a part of a flower that acts as the fun-
damental functional unit in pollination (Faegri &
van der Pijl 1979). Blossom classes are immensely
important in understanding the evolutionary ecol-
ogy of pollination because they differentiate floral
units in terms of the pollinator's approach and ac-
cess to rewards, thus providing a strong predictive
tool (D. G. Lloyd pers. comm.). The blossom class
indicates the morphological shape and physical

features of both the flower and inflorescence but
does not include floral traits such as colour, scent,
or other attractants or deterrents that are part of the
syndrome concept.

If the syndrome concept has any predictive value,
the inclusion of these additional floral traits should
improve predictions based on blossom class alone.
However, some floral traits such as colour and scent
are not always reliable predictors (Proctor et al.
1996; Momose et al. 1998; Raguso 2001; Pellmyr
2002; Fenster et al. 2004) because their influence
on floral preferences is context dependent. Pollina-
tors can be trained to change their preferences in
response to reward levels. For example, if an alien
pollinator lacks its chief blossom in a new area, it
will forage and train to whatever plant species it can
detect and use, regardless of colour, scent, or time
of day. Similarly, plant species will survive service
by inferior pollinators so long as sufficient pollen is
successfully transferred, regardless of the precision
of the transfer process. This means that predictions
in modified habitats with absent indigenous or added
exotic pollinators and plants require community-
level analyses at several sites.

Blossom class alone can provide a simple logic
for making predictions about pollinator exclusion
(see Faegri & van der Pijl 1979; Weberling 1989;
Proctor et al. 1996). The fit or match of the visitor
(potential pollinator) to the shape and size of the
blossom is readily observed and context indepen-
dent. Precision mechanisms such as herkogamy,
dichogamy, and heterostyly (Barrett 2002), or floral
traits such as colour, scent, visual or olfactory nec-
tar guides, and timing of rewards, etc., do increase
the effectiveness of pollination and perhaps drive
evolutionary changes but they do not physically
exclude visitors or inefficient pollinators. The key
question is do we need these additional floral traits of
the syndrome concept to improve first-level predic-
tions based on blossom class alone? For example,
if a completely accessible blossom has a restricted
subset of visitors, can we ask the question: do other
floral traits (e.g., those governing detection or at-
traction) better explain the specialisation (given all
suitable pollinators are present)? Or is the apparent
specialisation an artefact of missing pollinators due
to habitat modification? This two-tiered approach,
firstly using blossom class to predict exclusions and
then using syndrome traits to analyse detection and
attraction in a community context, contrasts with a
one-tiered approach using multivariate analyses of
all floral traits simultaneously (Ollerton & Watts
2000).

D
ow

nl
oa

de
d 

by
 [

20
3.

17
3.

19
1.

20
] 

at
 0

6:
36

 0
4 

A
ug

us
t 2

01
7 



Newstrom & Robertson—Pollination systems in New Zealand 19

To analyse this question, we have constructed a
matrix of blossom classes associated with functional
groups. The associations are based on physical ex-
clusion of floral visitors or pollinators according to
three criteria:
1. Access to rewards (or exclusion)
2. Available landing facilities (e.g., perches)
3. Protection of ovules (e.g., damage by beaks)

We have listed a sequence of blossoms classes
relevant to the New Zealand flora by combining
information from Faegri & van der Pijl (1979), We-
berling (1989), Endress (1994), Brown & Hopkins
(1995), Proctor et al. (1996), Momose et al. (1998),
Bernadello et al. (2001), and Ramirez (2003). The
blossom classes are grouped into three main series:
open-, directed-, and closed-access (Endress 1994).
Blossom classes that are most important for New
Zealand are listed here in order of most to least ac-
cessible within each of the three access series.

Open-access
1. Aggregation of brush or tubular flowers with

strongly exserted anthers (e.g., Fig. 4A,B)
2. Aggregation of dish/bowl/"knob" flowers or in-

conspicuous flowers (e.g., Fig. 4C)
3. Aggregation of short tubular florets in a capitula

(e.g., Fig. 4D)
4. Brush/fluffy cup flowers (not illustrated but see

single flowers of Fig. 4B)
5. Dish/bowl/"knob" flowers (e.g., Fig. 4E,F,I,

6A)
6. Inconspicuous flowers (shape ignored because

too small) (e.g., Fig. 4G,H)

Directed-access

1. Bell/funnel flowers (wide tubes) (e.g., Fig. 5A)
2. Gullet/lip flowers (e.g., Fig. 5B)
3. Medium to large tubular flowers (e.g., Fig. 5C,

D, F) including some flag flowers (e.g., Fig. 5E)
4. Trumpet/salverform narrow-tubed flowers (e.g.,

Fig. 2H)
5. Spurred flowers (not illustrated)

Closed-access

1. Trap flowers (e.g., closed-access orchid in Fig.
6B cf. open-access orchid in Fig. 6A)

2. Complex flowers (e.g., flag (Fig. 6C), personate,
or Grevillea-type)

3. Pollen flowers with poricidal anthers (e.g., Fig.
6E-H)

4. Explosive bud flowers (e.g., mistletoe species)
(e.g., Fig. 6D)

5. Syconia (figs with florets enclosed inside) (not
illustrated but see Gardner & Early (1996)).
The matrix associating these blossom classes with

functional groups of floral visitors or pollinators is
illustrated in Table 6. This matrix does not predict
contemporary pollinator frequency, effectiveness,
or importance; nor does it necessarily distinguish
pollinators from visitors. In other words, a cell in
the matrix may not portray the most highly adapted
pairing possible but it does illustrate that an interac-
tion can occur.

In the open-access blossom classes, we consider
aggregated flowers to be the most accessible blos-
soms because they provide broad landing facilities
that permit more visitor and pollinator groups than
would a single flower of the same type. They also
provide accessible nectar or pollen rewards that
are more efficient to extract compared with single
flowers sparsely located on the plant. For example,
sturdy aggregated brush blossoms, common in the
Southern Hemisphere, are accessible to (and with-
stand damage from) diverse floral visitors from a
range of sizes such as insects, birds, bats, lizards,
and non-flying mammals. These brush blossoms are
the most generalised of all blossom types.

In the open-access group, several blossom classes
are distinctive, especially in the Southern Hemi-
sphere. We have distinguished "fluffy cup" flowers
(Brown & Hopkins 1995), which are a type of brush
flower because the protruding fringe of stamens is
the attractant rather than petals. These are often
aggregated into a brush inflorescence. However,
the term brush inflorescence has also been used for
aggregated small tubular flowers with prominent ex-
serted anthers such as in Hebe (Fig. 7 A) and in Myo-
sotis (Fig. 2B). We include "knob" blossoms (Brown
& Hopkins 1995) in the dish/bowl category because
this type of flower (e.g., Schefflera, Araliaceae) may
be significant for perching bird pollination in the
Southern Hemisphere (see below). We also include
the "inconspicuous" blossom class to refer to single
flowers too small (< 3 mm) for shape to be important
(Faegri & van der Pijl 1979; Bernadello et al. 2001).
However, clustered inconspicuous flowers (the "tiny
clusters" type of Brown & Hopkins (1995)) are
placed in the aggregated dish/bowl/"knob" blos-
som class because their combination into a dense
inflorescence contributes to their visual detection,
landing facilities, and reward access.

In the directed- and closed-access group, we fol-
low Endress (1994) and Proctor et al. (1996) by
considering "spurred flowers" with elongate nectar
spurs and "pollen flowers" with poricidal anthers
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(Fig. 6E-H) to be distinct blossom classes. In the
complex flower category, we have grouped closed
flowers with (1) flag (e.g., pea flowers with standard,
wings, and keel, Fig. 6C), (2) personate (e.g., snap-
dragons), and (3) Grevillea types of construction,
but there are other types. These flowers require
manipulation and usually some strength on the part
of the pollinators to open the flower to access the
reward. Trap blossoms are an extremely diverse
group worldwide but we focus only on those that are
common in New Zealand such as some orchids that
are at least partially closed (Fig. 6B; see discussion
below). "Explosive bud" flowers are an unusual
blossom class that requires pollinators to open the
bud (Fig. 6D; see mistletoes below). The "bursting
open" blossom class reported by Momose et al.
(1998) probably belongs in this explosive bud cat-
egory.

Underpinning the "blossom class - functional
group" analysis is the general principle that the rela-
tive sizes of the blossom and visitor must be suitable
for a good match, but this is not explicit in the matrix
(see Bernadello et al. (2001) for an analysis of 152
plant species incorporating size explicitly). Size is
an overriding factor because, regardless of shape,
large visitors or pollinators are unlikely to visit very
small flowers but small visitors or pollinators read-
ily access large flowers, e.g., in the Costa Rican dry
forest, bees tend to visit some large bat flowers but
bats do not visit small bee flowers (G. W. Frankie
pers. comm.). Large visitors would not prefer small
flowers if the reward was energetically too expensive
to extract; however, they may visit small flowers
aggregated into compact inflorescences (e.g., Castro
& Robertson 1997). In addition, large visitors may
need to expand their range to include small flow-
ers if visitor densities are too high (Rasch & Craig
1988; Castro & Robertson 1997; see bird pollination

below). Small visitors on large flowers usually do
not contact stigmas or anthers unless they specifi-
cally forage on these organs. In any case, they are
unlikely to be effective pollinators because they
would carry much less pollen than a well-matched
large visitor. Size relationships, thus, complicate a
simple analysis of blossom classes. For example, a
bell flower is similar to a tubular flower but appears
to be distinguished in the syndromes of Faegri &
van der Pijl (1979) based on whether or not the pol-
linator can crawl into the flower rather than on the
length-to-width ratio. The width of the opening is a
critical factor in restricting access as illustrated in
Myosotis (Fig. 2).

Predicting visitors or pollinators based on blos-
som class alone is further complicated because ac-
cess to pollen and nectar can be at different levels,
such as in tubular flowers with exserted anthers. In
this type of flower, birds may contact stigma and
anthers simultaneously while taking nectar; but in-
sects, if unable to access nectar at the bottom of the
tube, may forage only on the exposed pollen at the
entrance to the tube. For simplicity, we arbitrarily
prioritise access to nectar over pollen when both
are presented. Thus, the matrix does not account for
interactions based on visitors seeking only pollen
while ignoring less accessible nectar.

At a coarse scale, associations between blossoms
and pollinator functional groups (e.g., insect, bird,
and bat) can provide insights for predicting disrup-
tions in indigenous pollination systems when exotic
pollinators are introduced. Clearly, we expect open-
access blossoms to show no exclusion unless the
visitor is so big that it cannot land or so ineffective
that it destroys the flowers while foraging. Apart
from this consideration, if any specialised visita-
tion does occur, then syndrome traits may explain
the exclusion (e.g., detection by scent or attraction

Fig. 4 Open-access blossoms in the New Zealand indigenous flora. A, Weinmannia racemosa (Cunoniaceae), brush
blossom (raceme 60 mm long.) with aggregation of flowers (petals 2-3 mm long with stamens exserted). Visited by birds
and insects (Photo Alastair Robertson); B, Metrosideros umbellata (Myrtaceae), aggregation of brush flowers (petals
c. 5 mm long and stamens c. 2 cm long). Visited by small insects, birds, bats, and lizards (Photo Ilse Breitwieser); C,
Gingidia sp. (Apiaceae), aggregated open flowers (Photo Chris Morse); D, Anaphalioides bellidioides (Asteraceae),
a capitula of disc and ray florets (Photo Chris Morse); E, Pseudowintera colorata (Winteraceae), open dish flower,
primitive features with stigma sessile on carpel, (petals 4-5 mm long). Visited by diverse small insects, stigma exudate
taken by flies and beetles (Photo John Lovis); F, Corokia macrocarpa (Cornaceae), open dish flowers (up to 1 cm in
diam.) (Photo Chris Morse); G, Ascarina lucida (Chloranthaceae), minute inconspicuous flower with no petals. Shape
is not important in flowers this small, visitors unknown (Photo John Lovis); H, Close-up of Ascarina lucida. Arrow
points to sessile ovary with broad sessile stigma, to the right is the sessile cylindrical 2-celled anther (c. 2.5 mm long).
(Photo John Lovis); I, Donatia novae-zelandiiae (Donatiaceae), small flowers embedded in matted cushion of leaves.
Flower 10 mm diam. with petals 2—3 mm long. Visited by flies, mainly tachinids (Photo John Lovis).
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by speciality rewards). Lindsey & Bell (1985) and
Webb (1994) called this type of restricted visitation
to an open-access blossom, cryptic specialisation.

In directed-access blossoms, exclusion is most no-
ticeably related to body size and tongue length. For
example, large visitors can gain access to deep nectar
resources only if their tongues are long enough.
Directed-access blossoms are vulnerable to nectar
robbery (e.g., birds or insects piercing flowers at
the base of the tube), which is an important feature
in understanding the potential effects of exotic pol-
linators on indigenous flowers.

In closed-access blossoms, entry is restricted
to only a few visitor or pollinator groups based on
physical exclusion alone, unless some form of cryp-
tic specialisation is also operating. Closed-access
blossoms show the clearest associations between
plant and pollinator and are not likely to change
among regions or over time, e.g., large bees to exotic
flag flowers, fig wasps to fig syconia. Some of these
may be considered absolute specialisations and
would be vulnerable in the absence of their pollina-
tors. However, such blossom classes are uncommon
in the indigenous flora of New Zealand, but they do
occur in the naturalised and weedy flora (see inva-
sive mutualisms below).

PLANT-POLLINATOR ASSOCIATIONS IN
NEW ZEALAND

Blossoms classes in New Zealand
This "blossom class-functional group" matrix (Table
6) is preliminary and should be viewed as a first ap-
proximation only but it does build on the blossom
class analyses by Godley (1979) and Lloyd (1985)
for New Zealand pollination systems. The New
Zealand indigenous flora has a low diversity of
blossom classes and they are not evenly represented.
The majority of indigenous plants have open-ac-
cess blossoms (mainly dish flowers) or directed-

access blossoms (mainly tubular flowers) (Lloyd
1985). Aggregation into compact inflorescences is
extremely common (Lloyd 1985). Some directed-
access blossoms (e.g., particularly gullet, lip, and
salverform) are less frequent, spurred flowers are
rare, and closed-access blossoms uncommon. Sev-
eral books illustrating New Zealand flowers confirm
these trends (e.g., Salmon 1963,1991; Eagle 1978;
Moore & Irwin 1978; Webb et al. 1990; Mark &
Adams 1995).

On the other hand, Lloyd (1985) found that the
few genera with directed- or closed-access blos-
soms typically had low species diversity suggesting
little radiation involving pollinator selection. He
cited examples of New Zealand species shared with
Australia that have relatively complex zygomorphic
flowers, and which are represented by only one or
a few species with restricted distributions: Mimulus
(Scrophulariaceae), Utricularia (Lentibulariaceae),
Chiloglottis and Cryptostylis (both Orchidaceae).
Of the 15 largest genera in New Zealand, only one
has a complex zygomorphic flower, Carmichaelia
(Fabaceae), with flag blossoms (Lloyd 1985). An-
other large genus, Myosotis (Boraginaceae), is also
unusual because it has considerable diversity in blos-
som classes including salverform flowers, which are
very uncommon (Fig. 2, and see below). Examples
of the very few genera with spurred flowers are
Utricularia and Viola (Violaceae). Interestingly,
the largest animal-pollinated genus in the mono-
cotyledons, Pterostylis (Orchidaceae, Fig. 6B), has a
closed-access trap blossom (Lloyd 1985). Compared
with other monocotyledon families, Orchidaceae
is well known for specialisation of highly complex
flowers leading to frequent speciation (e.g., Grav-
endeel et al. 2004).

The New Zealand genera that do have high spe-
cies diversity tend to have open-access blossoms,
or, if directed-access, then simple tubular shapes.
Of the plant groups derived from Australia that
have successfully radiated here, most have dish or
tubular flowers, mainly actinomorphic or weakly

Fig. 5 Directed-access blossoms in the New Zealand indigenous flora. A, Wahlenbergia mathewsii (Campanulaceae), >
bell flower. Flowers 2-3 cm diam. with corolla tube 8 mm long. Visited by small bees, flies and other insects (Photo
Robert Uschold); B, Vitex lucens (Verbenaceae), gullet flower. Corolla 2-lipped c. 2.5-3.5 cm long. Visited primarily
by birds (Photo Linda Newstrom); C, Dysoxylum spectabile (Meliaceae), short tubular (10 mm or more long) waxy
flower. Visited by honeyeaters, silvereyes, and moths (Photo Robert Uschold); D, Alseuosmia macrophylla (Alseuos-
miaceae) has long (35 mm), red-coloured tubes with copious nectar but also has a strong scent so may be pollinated
by both insects and birds (Photo Alastair Robertson); E, Sophora microphylla (Fabaceae), polypetalous tubular flower
(up to 4.5 cm long) with flag construction, showing pollination by tui, the most effective and frequent visitor when
present (Photo Robert Uschold); F, Phormium tenax (Agavaceae) tubular flower (50 mm long) with copious nectar,
visited by honeyeaters, diverse insects, and lizards (Photo Ilse Breitwieser).
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zygomorphic, for example: Hebe (Plantaginaceae
(Scrophulariaceae)), Epilobium (Onagraceae), and
Leptinella (Asteraceae) (Lloyd 1985). Radiation in
the second most species rich genus, Hebe (89 spp.),
and the related Parahebe and Chionohebe (Gar-
nock-Jones 1976; Godley 1979; Lloyd 1985) has
occurred in both flower shape (shallow dish flowers
in Parahebe compared with short tubular flowers in
Hebe (Fig. 7A)) and in inflorescence architecture.
Lloyd (1985) also cited several genera that show
"respecialisation" in New Zealand (e.g., Fuchsia
(Onagraceae), Ranunculus (Ranunculaceae)). Few
of these modifications within a genus are dramatic
shifts from one blossom class to another which is
often found in some North American genera such
as Phlox (Polemoniaceae) (Grant & Grant 1965) or
Penstemon (Scrophulariaceae) (Wilson et al. 2004)
and South African genera such as Disa (Orchida-
ceae) (Johnson et al. 1998).

The opposite evolutionary trend, despecialisation,
toward a more generalised blossom, may be more
frequent in New Zealand compared with elsewhere.
Lloyd (1985) described several examples: Melicytus
(Violaceae) (Powlesland 1984), Myosotis (Boragi-
naceae) (Robertson 1989), and Scrophulariaceae in
general. Recently, Wagstaff & Wege (2002) present-
ed another New Zealand example in Oreostylidum
(Stylidiaceae). On the island of Madagascar, Arm-
bruster & Baldwin (1998) observed an example of
despecialisation in Dalechampia (Euphorbiaceae),
but otherwise this trend has not been well investi-
gated. Other examples of despecialisation may oc-
cur in several New Zealand genera showing subtle

shifts towards simpler floral shapes, for example,
gullet blossoms evolving towards tube shapes in
Ourisia and Euphrasia (both Scrophulariaceae)
and bell blossoms evolving towards dish shapes in
Wahlenbergia (Campanulaceae) (Lloyd 1985).

Compared with the indigenous flora, the natu-
ralised exotic flora in New Zealand has a higher
diversity in blossom classes with greater representa-
tion of directed- and closed-access blossoms, par-
ticularly those with strong zygomorphic shapes, e.g.,
Echium (Boraginaceae), Lupinus and Trifolium (both
Fabaceae), and some examples of strongly spurred
flowers (e.g., Impatiens (Balsaminaceae) (Webb et
al. 1988; Roy et al. 2004). However, most weedy
naturalised floras of the world also have abundant
open-access blossoms such as capitula in Asteraceae
and aggregated dish blossoms in Apiaceae, which
are found in cosmopolitan weeds of New Zealand
(Roy et al. 2004). No statistics on the frequency of
blossom classes are available to make comparisons
between the indigenous and exotic floras but it is
obvious that indigenous flowers are less diverse in
blossom classes.

Insect pollination
New Zealand plants rely on a higher proportion of
unspecialised and imprecise indigenous insect polli-
nators than do plants in most other parts of the world
(Lloyd 1985). Regions with similarly depauperate
and unspecialised pollinator fauna are found in other
high latitude areas, especially oceanic islands (e.g.,
Elberling & Olesen 1999; Hingston & McQuillan
2000; Bernadello et al. 2001). Insect pollinators in

Fig. 6 Closed-access and other blossoms in the New Zealand indigenous and exotic flora. A, Indigenous open-access
flower of Winika cunninghamii (Orchidaceae) (20 mm wide) presents freely accessible nectar and pollinia on a simple
column, with the petals and sepals forming a simple dish shape. A wide variety of insects are attracted to these flowers
(Photo Alastair Robertson); B, Indigenous closed-access flower of Pterostylispatens (Orchidaceae) (18 mm wide) traps
fungus gnats in the lower part of the flower by a sensitive trigger mechanism that causes the labellum to close against
the back of the flower, forcing the fly to crawl past the stigma first and then the pollinia as it squeezes out of the trap.
Highly specialised with deceipt pollination (no reward) (Photo Alastair Robertson); C, Indigenous closed-access flow-
ers of Carmichaelia sp. (Fabaceae), with flag flower pollinated mainly by indigenous bees (Photo Robert Uschold); D,
Indigenous closed-access Per axilla tetrapetala (Loranthaceae), mistletoe with explosive bud (27 mm long) dependent
on birds or indigenous bees to open the bud for pollination. Lower half of photo shows a dangling overmature bud
with the unopened corolla falling off (Photo Jenny Ladley); E, Exotic closed-access flowers of Solanum tuberosum
(Solanaceae), buzz-pollinated flower (2-4 cm diam.) with poricidal anthers. Photo shows Bombus sp. buzz-extracting
pollen by vibrating its thoracic muscles to shake the pollen out through the pore at the tip of the anthers. In New Zealand,
probably only bumblebees are able to buzz pollinate the flowers (Photo Robert Uschold); F, Indigenous closed-access
flower of Solanum laciniatum (Solanaceae), buzz-pollinated flower (4-5 cm diam.) with poricidal anthers (Photo Matt
Walters); G, Early stage anthers of Solanum laciniatum with small pores to dispense pollen. Stigma receptive for one
day before anther pores start opening. Arrow points to anther pore (Photo Matt Walters); H, Late-stage anthers of
Solanum laciniatum splitting longitudinally to expose the leftover pollen. Small indigenous bees, syrphids, tachinids,
and other small flies scavenge pollen Arrow points to anther split (Photo Matt Walters).
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New Zealand include all orders usually involved in
pollination, but important families are missing and
some are extremely low in diversity or abundance
compared with other areas of similar size (Godley
1979; Lloyd 1985).

The most significant disparity is the complete lack
of large social bees, both long- and short-tongued.
Indigenous bees (e.g., Fig. 7C) are not large (with
the biggest about the size of worker honeybees); usu-
ally solitary (a few have some social structure) and
all short-tongued. Bees are the most important pol-
linators worldwide because they depend on pollen
and nectar for their brood, unlike most other insect
groups. A recent treatment by Donovan (unpubl.)
lists only 40 species of bees in New Zealand: 32
indigenous and 8 naturalised. The most primitive
bee family, the Colletidae (all solitary bees), is well
represented with 18 endemic species of Leioproc-
tus, 6 endemic and 2 adventive species of Hylaeus,
and 1 species each of Hyleoides and Euryglossina
(both adventive). The Halictidae, a more advanced
family with some species demonstrating a type of
social structure, is represented by three species of
endemic and one indigenous Lasioglossum as well
as one Nomia species imported for agriculture. Two
solitary bee species of Osmia and Megachile were
also imported for agriculture and belong to a more
advanced family, Megachilidae. The most impor-
tant agricultural introductions are the large social
bees, bumblebees, Bombus (four species, three long
tongued) (Macfarlane & Gurr 1995), and honeybees,
Apis mellifera (Fig. 7A), both in the Apidae, the
most advanced bee family (Donovan 1980, 1990,
unpubl.).

Another important disparity is the low diversity of
butterflies: fewer than 30 named indigenous and ex-
otic species occur (Parkinson & Patrick 2000). Adult
butterflies feed on nectar in the daytime. Of the c. 13
indigenous butterflies, at least c. 11 are endemic to

New Zealand (e.g., red admiral, Vanessa gonerilla,
(Nymphalidae) (Fig. 7D) and two are shared with
Australia (Gibbs 1980). Some exotic butterflies (c. 7
spp.) are transient visitors from Australia and do not
breed here (Gibbs 1980; Dugdale 1988; Parkinson
& Patrick 2000). New Zealand has a much lower
ratio of butterflies to moths than found in Australia
(Armstrong 1979). No specialised butterfly pollina-
tion system has been reported (Lloyd 1985) but this
has not been fully investigated.

The diversity of moths is much higher; over 1800
species (Dugdale 1988; Parkinson & Patrick 2000).
Adult moths feed on nectar mainly at dusk or night,
although some feed in the day. In addition, adults
of the primitive moth family Micropterigidae have
modified maxillary palpi that are adapted to feed on
fern spores and pollen, and may be pollen scaven-
gers resulting in accidental pollination in some New
Zealand species (J. Dugdale pers. comm.). Little
research on moth pollination has been conducted in
New Zealand but limited data are available. Apart
from the observations of Thomson (1927) and Heine
(1937), Godley (1979) observed nocturnal noctuid
moths on Pittosporum (Pittosporaceae); Primack
(1978, 1983) found diurnal, crepuscular, and noc-
turnal moth pollination in his montane and subal-
pine survey; Robertson (1989) found crepuscular
noctuid moths on Myosotis macrantha (Fig. 2H) at
a site near Mt Cook; L. E. Newstrom & R. Uschold
(unpubl. data) found moth visitation on Olearia
species in Hinewai Reserve, Banks Peninsula (Fig.
7E), and R. J. Toft & L. E. Newstrom (unpubl. data)
observed abundant nocturnal moth visitation on
Leptospermum scoparium and Kunzea ericoides
(both Myrtaceae) in Nelson. Resident hawkmoths
(Sphingidae) are absent except for one exotic spe-
cies, Agrius convolvuli, primarily found in the North
Island with larva feeding on Convolvulaceae (e.g.,
Calystegia soldanella) (J. Dugdale pers. comm.). No

Fig. 7 Examples of insect pollination in New Zealand. A, Naturalised exotic honeybee, Apis mellifera (Apidae),
c. 17 mm long, foraging on indigenous Hebe sp. (Plantaginaceae (Scrophulariaceae)) in Landcare Research garden
at Lincoln, May 2004 (Photo Robert Uschold); B, Indigenous bristle fly, Perrissina albiceps (Tachinidae), c. 11 mm
long, feeding on nectar from indigenous manuka, Leptospermum scoparium (Myrtaceae), Grampians hill, Nelson,
November 2004. Flowers up to 12 mm or more diam. (Photo Richard Toft); C, Indigenous bee (male), Leioproctus sp.
(Colletidae), foraging on indigenous Carpodetus serratus (Escallioniaceae), Grampians hill, Nelson, November 2004.
Flowers 5-6 mm diam. (Photo Richard Toft); D, Indigenous red admiral butterfly, Vanessa gonerilla (Nymphalidae),
c. 20 mm long, feeding on nectar from naturalised exotic Achillea millefolium (Asteraceae) during the day at Hinewai
Reserve, Banks Peninsula, April 2004 (Photo Robert Uschold); E, Indigenous looper moth, tentatively Cleora scriptaria
(Geometridae), c. 18 mm long, feeding on nectar from indigenous Oleariapaniculata (Asteraceae) after dark at 6.30
p.m. at Hinewai Reserve, Banks Peninsula, April 2004 (Photo Robert Uschold); F, Indigenous chafer beetle, Odontria
striata (Scarabaeidae), c. 14 mm long, feeding on nectar from indigenous Olearia avicenniifolia (Asteraceae) after
dark at 6.30 p.m. at Hinewai Reserve, Banks Peninsula, April 2004 (Photo Robert Uschold).
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confirmed observations of adult hawkmoth nectar moth pollination is expected to be important for
feeding have been made. Some authors reported this some indigenous plant species and could include
hawkmoth to be associated with the introduction of specialised relationships based on scent,
sweet potato (Ipomoea batatus, Convolvulaceae) The abundance and diversity of Diptera is very
by Maori (Miller 1971; Gibbs 1980; Parkinson & high in New Zealand (c. 2000 spp.; Crowe 2002;
Patrick 2000; Crowe 2002) but whether this refers Macfarlane 2005) but no recent treatment is avail-
to the larval or adult feeding stage is unclear. Data able. Many dipteran families are significant pollina-
on pollination by adult moths is fragmentary but tors worldwide, ranging from opportunistic nectar

Table 6 Preliminary "blossom class - functional group" matrix showing associations based on access to rewards, landing
facilities, and protection of the ovary. Blossom classes are ordered from most to least accessible in three series: open,
directed, and closed and refer to early stages of flowering only. Floral visitor and pollinator groups are in a series of
potential functional groups that have similar behaviours. Hummingbirds are not present in New Zealand. Symbols: •
association with good pollination potential; o association with ineffective pollination potential; ft association found
in New Zealand but unusual worldwide; blank: little to no visitation or pollination expected.

Open access to center and rewards Direct access to centre Closed or partially closed,
(depends on limitations by size) or other rewards access restricted

IB
T3 + J CL ^ Jzl u >
Cw CM Ĥ  2 ^ £ §o © ° S ^ o ^
9 9 ^ f r ^ 9 2 © 13 o g ^ a ^ "o

B—^11. if Is |s !i 1 I is * 11? i! II
pollinators ffl < l i < l fflic Q c I v P5 O H e m [̂  O-5 fc o. W o

Insects

Fig wasps

Chewing o • • • • • o o o o
mouthparts
(thrips, weevils,
beetles)

Short sucking © • • • • • o o • • ft
mouthparts
(flies, bees)

Long tongues • o » o o o • • • • • • o
(flies, bees,
moths,

Hovering with • • • • •
long tongue
(hawkmoths)

Birds
Hovering • • • •

hummingbirds
Perching birds • ft • • • ft
Bats
Bats • • • •
Non-flying
vertebrates
Lizards • •
Mammals (e.g., • • • •
possums, rodents)
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and pollen consumers to specialised nectar feeders
with long tongues (Proctor et al. 1996; Kearns 2001).
Examples of important families in New Zealand are
bristle flies (Tachinidae) (Fig. 7B) and hoverflies
(Syrphidae). Pollen feeding by hoverflies has been
observed by Holloway (1976) and Hickman et al.
(1995) in New Zealand. Other important pollinators
are horse flies (Tabanidae), which in New Zealand
are nectar feeders rather than biters/bloodsuckers (J.
Dugdale pers. comm). Diverse groups of flies such
as the Bibionidae and Calliphoridae are also com-
mon on New Zealand flowers (Primack 1983; L. E.
Newstrom, R. J. Toft, & J. Reese unpubl. data) but
their relative effectiveness has not been explored.
Thomson (1927) and Heine (1937) interpreted the
floral features as adaptations to flies rather than to
the bees and butterflies that dominate in Europe
and North America. However, it has been suggested
that most dipterans do not transfer abundant or high
quality pollen because they tend to carry small pollen
loads and lack constancy to flowers (Proctor et al.
1996; Kearns 2001). Unlike bees, flies do not depend
on nectar or pollen as resources for their brood.
However, tachinid flies are capable of carrying large
pollen loads and show some flower constancy, e.g.,
Protohystricia huttoni that visits Myosotis colensoi
(Fig. 2G; Robertson 1989, 1992). Several dipteran
groups in New Zealand, such as the horse flies (Ta-
banidae), the Tachinidae (Tachininae, Goniinae),
and some Calliphoridae carry pollen on the gena
(the chin or cheeks of a fly), which bear conspicu-
ous bristles and could transfer significant amounts
of pollen (J. Dugdale pers. comm.).

Evidence for beetle pollination has been demon-
strated by several authors (e.g., Thomson 1927; He-
ine 1937; Godley 1979; Primack 1983; Webb 1994;
Wilton 1997), but no studies have focused on their
effectiveness; their contribution to pollination has
largely been ignored. Since beetles are less mobile,
they may not have such an important role as bees,
flies, and moths. However, on some plant species,
for example mat-forming alpine Asteraceae, they are
abundant (Wilton 1997; R. McKenzie unpubl. data;
L. E. Newstrom & C. Morse unpubl. data). Noc-
turnal beetle pollination has been found in Olearia
paniculata (Asteraceae) (Fig. 7F; L. E. Newstrom
& R. Uschold unpubl. data).

The role of very small insects is also poorly
known but some cases have been documented. For
example, extremely small insect pollinators such as
indigenous thrips (Norton 1980,1984) carry few pol-
len grains, but their populations can rapidly expand
into the millions (D. Teulon pers. comm.). Godley

(1979) also listed weevils as pollinators but the ef-
fectiveness of such small insects has not been inves-
tigated. Armstrong & Irvine (1989) have described
"microcantharophily", a small-beetle pollination
syndrome, in the rainforest of Queensland, Australia.
They suggested that this type of pollination differs
significantly from large-beetle pollination (cf. Proc-
tor et al. 1996) and will be found in small, incon-
spicuous flowers with few exposed floral parts and
little to no post-opening movement. Further study
of minute blossoms could reveal specialisation to
small insects because rewards are likely to be too
insignificant for larger insects.

Community analyses are the best approach to
determine the relative roles of the different groups of
insect pollinators. In New Zealand, the only commu-
nity study has been conducted by Primack (1983) in
the montane and subalpine habitats in the South Is-
land where Diptera were 50-80% of the total flower
visitors. Fly pollination can be especially important
during cold rainy weather when other insects, such
as bees, are inactive (Primack 1978, 1983; Lloyd
1985; L. E. Newstrom & R. Uschold unpubl. data).
Since New Zealand is characterised by intermittent
inclement weather year round, the relative contribu-
tion of different pollinating groups is expected to
vary hourly, daily, and weekly (Primack 1983; Lloyd
1985; L. E. Newstrom pers. obs.). This has the poten-
tial to increase selection for generalised pollination
systems (Waser et al. 1996). On a seasonal basis
strong trends are found with indigenous and exotic
bees mostly inactive or less active in winter. The
pollinator fauna also changes with altitude (Primack
1978), as demonstrated in Hebe spp. with fewer bees
and more flies and butterflies visiting plants at higher
altitudes (Delph 1988).

Open-access blossoms visited by insects

Open-access blossoms are well adapted for most
pollinating insects, although very shallow flowers
are not best suited for long-tongued insects. Histori-
cally, fly pollination in New Zealand has been associ-
ated with the preponderance of small, white or pale
dish/bowl flowers (Heine 1937; Godley 1979; Lloyd
1985), but these types of flowers are also associated
with the small-bee syndrome (Frankie et al. 1983,
2004) which includes visits from diverse dipterans
and lepidopterans (but they are often not as effective
as the bees). For example, many indigenous plant
species are visited by a wide diversity of both indig-
enous and exotic flies, bees, moths, butterflies, and
even birds, such as the large dish flowers of Hoheria
and aggregated short tubular flowers of Hebe (Fig.
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7A; Godley 1979; Primack 1983; Lloyd 1985; Delph
& Lively 1992; Butz Huryn 1995; Castro & Rob-
ertson 1997; L. E. Newstrom & R. Uschold unpubl.
data). However, some indigenous plant species do
not attract exotic social bees, e.g., Olearia spp. and
other Asteraceae (Primack 1983; L. E. Newstrom &
R. Uschold unpubl. data). Some indigenous species
attract flies and beetles more than indigenous bees
(e.g., the primitive flowers of Pseudowintera colo-
rata (Fig. 4E; Lloyd & Yates 1982; Wells 1988). In
New Zealand, indigenous flies and bees visit many
exotic plant species with open-access blossoms
(e.g., Donovan 1980,1990, unpubl.; Primack 1983;
Donovan & Macfarlane 1984).

These results correspond to the high degree of
generalisation expected for open-access blossoms.
Are there examples of open-access blossoms with
restricted visitation showing specialisation? If pol-
linator effectiveness is taken into account then some
flowers may be more specialised than they appear
at first. Webb (1994) suggested cryptic specialisa-
tion for Corokia cotoneaster (Cornaceae), which is
pollinated by indigenous bees that were more effec-
tive than other insect visitors such as diverse flies.
An intriguing potential example of cryptic spe-
cialisation, perhaps mediated by floral scent, was
observed by Wilton (1997) in selected Asteraceae
species but more data are needed to confirm this.
Other potential examples of cryptic specialisation
may be related to amount of reward. For example,
Primack (1983) observed only flies (Tachinidae and
Muscidae) visiting the inconspicuous blossoms of
Donatia novae-zelandiiae (Donatiaceae), which has
small, white flowers (petals 2—3 mm long; Allan
1961; Fig. 4I).

Directed-access blossoms visited by insects

Directed-access blossoms in indigenous plant spe-
cies are relatively generalised. Discussion of the
large directed-access blossoms adapted for bird pol-
lination (but shared with insects) is deferred to the
section on bird pollination below. An example of a
medium-sized directed-access blossom with single
bell/funnel flowers is the indigenous Wahlenbergia
albomarginata (Campanulaceae), which is primarily
adapted for insects. This species was visited by a
wide array of indigenous bees, flies (including tachi-
nids and syrphids), day-flying moths, and butterflies
(Primack 1983). At the Landcare Research garden,
W. mathewsii was also visited by diverse bees, flies,
and other insects but not by honeybees or bumble-
bees in spite of their abundance in the garden (L. E.
Newstrom & R. Uschold unpubl. data). However,

Butz Huryn (1995) reported that Wahlenbergia spp.
is visited by honeybees, based on data from pollen
loads taken by Pearson & Braiden (1990). Other
indigenous species with directed-access blossoms
visited by diverse indigenous insects including bees,
flies, and butterflies (and sometimes honeybees) are
Mimulus repens (Böcher & Philipp 1985) and Ouri-
sia macrocarpa (Schlessman 1986), both species in
Scrophulariaceae.

Primack (1983) reported the potential for spe-
cialisation in at least three examples of indigenous
directed-access blossoms. First, Mazus radicans
(Scrophulariaceae) was visited only by small indig-
enous bees even though the blue and purple zygo-
morphic flowers appeared to be suited to bumblebees
that were present on other exotic plant species at the
site. Second, at the montane site, the fragrant flow-
ers of Dracophyllum acerosum and D. uniflorum
(Epacridaceae) were visited only by numerous and
diverse moths at night and were not visited during
the day. In contrast, at the subalpine site, D. pronum,
with a shorter corolla, was visited by flies, bees, and
moths. (The bird-pollinated Dracophyllum species,
referred to by Godley (1979), is probably the large-
flowered forest species and not the small-flowered
subalpine and alpine species discussed here.) Third,
only the day-flying moth Dasyuris aceps visited
Pratia macrodon (Campanulaceae (Lobeliaceae))
at the subalpine site (Primack 1983). In contrast,
Pratia angulata was visited by a wide diversity of
insects including small bees, flies (syrphids mainly),
day-flying moths, and butterflies at the montane
and subalpine sites. The contrast in apparent spe-
cialisation and generalisation in different species of
Dracophyllum and Pratia requires further research
to confirm and explain the patterns. Lloyd (1985)
noted that the trend from gullet to a more simple tube
blossom in Pratia had the potential for despecialisa-
tion.

Among exotic plant species, many with directed-
access blossoms in Primack's (1983) survey showed
restricted visitation. Indigenous bees did not visit
Echium vulgare (Boraginaceae), Digitalis purpurea
(Scrophulariaceae), Marrubium vulgare (Lamiace-
ae), or Prunella vulgaris (Lamiaceae). These exotic
plant species, with gullet or lip flowers, were mainly
visited by Bombus spp., sometimes Apis mellifera,
and a few syrphids. However, Donovan (unpubl.)
has recorded indigenous bees visiting these same
species at other sites. Primack (1983) also reported
that indigenous bees did not visit red clover, Trifo-
liumpratense (Fabaceae), or white clover, T. repens,
which have aggregated tubular flowers based on the
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flag construction. These species were both visited
mainly by Bombus spp., but also a few syrphid flies
and butterflies. Species of Bombus were originally
introduced to New Zealand to improve seed set in
red clover pastures because the short-tongued honey-
bees and indigenous bees were ineffective (Donovan
1980, unpubl.). For many exotic plant species intro-
duced bees may be more effective, but indigenous
bees have been observed visiting numerous exotic
species (Donovan unpubl.). The niche overlap in
floral resources between indigenous and exotic bees
on both indigenous and exotic plants appears to be
wide. Variation in floral preferences, however, would
depend on plant and pollinator population densities
and diversity at the community level.

Myosotis (Boraginaceae)

Myosotis, the 10th most species rich angiosperm
genus (c. 40 spp.) in New Zealand (Wilton & Breit-
wieser 2000), portrays an unusually high diversity
of blossom classes (Fig. 2). Recent molecular work
on the genus indicates rapid and recent speciation in
New Zealand after arrival in the Tertiary (Winkworth
et al. 1999,2002b). In comparison with elsewhere,
New Zealand species are characterised by low mo-
lecular diversity but considerable morphological and
floral diversity (Winkworth et al. 1999). Splits-graph
analysis of ITS and matK sequence data show a
distinct New Zealand clade (which includes some
South American and Australian species) with very
short internal branch length embedded in a more
diverse tree that includes representatives of Euro-
pean, North American, and African species. The
northern hemisphere species contain more sequence
divergence but are rather conservative in flower
morphology and plant form with the typical pale
blue flowers similar to M. sylvaticus (Fig. 2A). At
least one northern species, Myosotis scorpioides,
is self-incompatible (Varopoulos 1979) while all
the New Zealand species tested to date are all fully
self-compatible (see Table 1).

Within the New Zealand Myosotis, diverse trends
in floral morphology are evident, ranging from short
tubes with flat spreading rims (rotate corolla) (Fig.
2C) to long narrow tubes with flat rims (salver-
form corolla) (Fig. 2H), as well as variations with
wider, more funnel-form tubular and bowl-shaped
flowers (Fig. 2B,D,F). Some species have retained
the rotate corolla and narrow tubes present in their
northern hemisphere counterparts (Fig. 2A) but
vary the ratio of style and anther placements, which,
combined with the elongation of the tube and, with
it, the epipetalous anthers, allows for variation in

the likelihood and timing of autonomous selfing.
In some, selfing is automatic as soon as the anthers
dehisce (Fig. 2E), while in others, selfing is delayed
until the anthers finally reach the stigma (Fig. 2C),
or is prevented by the long style which is never
overtopped (Fig. 2G) (Robertson & Lloyd 1991).

The variation in tube length and width also alters
access to nectar and, in some cases, appears to result
in an unusual degree of reliance on one or a small
number of insect species. Populations of several
Myosotis species have been observed to receive
effective flower visits from a very restricted but
diverse set of pollinators (Robertson 1989). The
long corolla tube of M. colensoi (Fig. 2G) restricts
access to nectar which appeared to be collected
exclusively by a long-tongued fly, Protohystricia
huttoni (Tachinidae, Diptera), at Castle Hill, Can-
terbury (Robertson 1989). M. macrantha (Fig. 2H),
which has chocolate-brown, pendulous, long fun-
nel-shaped tubes with a trumpet-like opening (sal-
verform corolla), was visited only at dusk by the
moth Aletia cuneata (Noctuidae, Lepidoptera) at Mt
Cook (Robertson 1989). M. goyenii (Fig. 2F), with
similar flowers but a wider funnel and larger open-
ing, was only visited in the late afternoon by Helle
longirostris (Acroceridae, Diptera) in Canterbury
(Robertson 1989).

Other New Zealand Myosotis show a trend to-
wards floral despecialisation (Lloyd 1985), losing
the concealed nectar, inserted anthers, and rotate
or salverform corolla as they move towards bowl-
shaped flowers, such as M. laeta (Fig. 2D), and
towards shorter corolla tubes with exserted anthers
and aggregated flowers forming a short brush-like
inflorescence, such asM. monroi (Fig. 2B) (Robert-
son 1989). Short-tongued bees seem to be the most
important pollinators for these species (Brandon
2001). No flower visitors have been recorded from
M. spathulata (Fig. 2E) which produces no nectar
and autonomously selfs.

Closed-access blossoms visited by insects

The few indigenous species with closed-access
blossoms that are adapted for insects tend to show
rather specialised pollination systems. However, in
some species the flowers ultimately develop more
open access at later stages of anthesis providing
the opportunity for generalised pollination to take
place eventually. Examples of indigenous genera
(Pterostylis, Carmichaelia, and Solanum) and sev-
eral exotic species in Fabaceae, Solanum, and figs
demonstrate the diversity of mechanisms in insect-
pollinated closed-access blossoms.
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Pterostylis and other Orchidaceae

The New Zealand orchids exhibit a diversity of
floral strategies including widespread autogamy and
both generalised and specialised pollination systems
(Thomson 1879b, 1927; Molloy 1990; Lehnebach
2002; Lehnebach & Robertson 2004). Molloy (1990)
estimated that as many as half of the New Zealand
orchid flora may be autonomous selfers. On the other
hand, some species have well-developed strategies
for attracting visitors and several are now known to
be partially self-incompatible (see Table 1; Lehne-
bach & Robertson 2004).

In New Zealand four species of epiphytic orchid
(Lehnebach & Robertson 2004) are unusual in hav-
ing despecialised open-access blossoms that present
large quantities of unconcealed nectar taken by a
wide variety of insect visitors including bees, mem-
bers of seven families of dipterans, beetles, ants, and
wasps, as well as exotic honeybees and bumblebees
(e.g., Winika cunninghamii (Fig. 6A)). Epiphytic
orchids elsewhere, largely restricted to the tropics,
usually have concealed rewards and generally form
specialised relationships with a narrow set of flower
visitors (Tremblay 1992; Neiland & Wilcock 1998).
In contrast to these four epiphytic orchids with gen-
eralised pollination, the New Zealand terrestrial
greenhood orchids (Pterostylis spp., Fig. 6B) show
specialised pollination. They appear to use sexual
deception to entice male fungus gnats (Culicidae,
Mycetophilidae, Phoridae, and Keroplatidae) to visit
the trap blossoms (Cheeseman 1873; Jones & Cle-
ments 2002; Lehnebach 2002). Pterostylis, as men-
tioned above, is the largest animal-pollinated genus
in the monocotyledons of New Zealand, which may
be related to its specialised pollination system.

As is typical of orchids worldwide, all the New
Zealand species examined so far that do not autono-
mously self have been moderately to strongly pollen
limited (Table 1). However, Lehnebach (2002) made
the observation that efficiency of the pollen transfer
process differs in the epiphytic orchids and the green-
hoods. In the epiphytes, between 30% and 90% of the
flowers had pollinia removed but generally less than
10% of flowers had pollen deposited on the stigmas,
while in the much more specialised greenhood orchids,
pollen depositions were as common or more common
than removals (more depositions than removal can
occur when pollinia break up, as a single pollinia can
deposit pollen on more than one stigma).

Carmichaelia (Fabaceae) and other flag blossoms

Many flag flowers are closed-access blossoms be-
cause they restrict entry to only those insects, usually

bees, strong enough to pry open the flowers or trip
explosive mechanisms (Faegri & van der Pijl 1979;
Proctor et al. 1996). Lloyd (1985) predicted that flag
blossoms of indigenous species of Carmichaelia
(Fabaceae) would be specialised (Fig. 6C). These
flowers are small and match the size and capabilities
of indigenous bees such as Leioproctus (Heine 1937;
Donovan 1980, unpubl.), which are highly attracted
(B. Donovan pers. comm.). In Primack's (1983)
survey, C. arborea and C. odorata were visited by
Leioproctus spp. and unidentified tachinids, syr-
phids, and other large flies. It is not known if some
tachinid flies, which are larger than some indigenous
bees, are able to open these flag flowers; they may
only scavenge. Indigenous Leioproctus species have
been observed to easily depress the keel to gain entry
to several Carmichaelia species (B. Donovan pers.
comm.; L. E. Newstrom pers. obs.). Honeybees
and bumblebees also visit some species of Carmi-
chaelia (Butz Huryn 1995; Donovan unpubl.; L. E.
Newstrom & J. Lammerding unpubl. data) but they
are often relatively large for the flower. Moths and
butterflies also visit but are nectar robbers as they do
not open the flower to contact stigma or anthers (L.
E. Newstrom pers. obs.). One species, C. williamsii,
is not in the insect-pollinated group as it has a large
tubular blossom and is adapted for bird pollination,
as described by Heenan & de Lange (1999).

Indigenous bees are too small and not adept at
handling large exotic flag flowers which often have
explosive mechanisms (e.g., Lupinus polyphyllus
and Cytisus scoparius (both Fabaceae)), but they
do attempt to open them and are usually stunned
in the process (B. Donovan pers. comm.). In New
Zealand, efficient and successful flower opening
is restricted to large exotic social bees (honeybees
and bumblebees). Primack (1983) reported flower
visitors to be virtually absent from L. polyphyllus,
yet he did list some visitation by Bombus spp. and
Leioproctus spp. He observed only Lasioglossum
sordidum visiting broom, C. scoparius, although
elsewhere bumblebees and honeybees favour these
flowers (Parker & Haubensak 2002). In New Zea-
land, bumblebees are the fastest and most adept at
tripping broom flowers but honeybees are able to trip
them more slowly (L. E. Newstrom pers. obs.). The
specialisation of these blossoms for large social bees
plays a significant role in weed invasions (Hanley &
Goulson 2003; see below).

Solanum (Solanaceae)

All Solanum species share a floral morphology that
requires specialised insect pollination. The flowers
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generally have no nectar (Symon 1979), and this
excludes several pollinators (e.g., butterflies, most
moths, birds). All Solanum flowers further restrict
access, at least initially, because the anthers have a
very small pore for dispensing pollen and require
buzz pollination for effective removal of pollen.
Therefore, Solanum flowers are considered closed-
access blossoms in spite of the open dish shape
(Endress 1994). King & Buchmann (2003) showed
that species of Bombus and Xylocopa were able to
vibrate Solanum anthers at the right frequency to
extract pollen but Apis mellifera and the dronefly,
Eristalis tenax (Syrphidae), were not. This does
not mean that the latter are not able to transfer
pollen; rather, they are inefficient compared with
the former.

Two indigenous Solanum species stand out in
the New Zealand flora because of their brightly
coloured large flowers. Solanum laciniatum (blue
petals) (Fig. 6F) and S. aviculare (pink petals) both
belong to section Archaeosolanum restricted to
Australia, New Zealand, and New Guinea (Symon
1979). Their large fleshy fruits suggest they arrived
by bird dispersal from Australia where several large
bee species most likely buzz pollinate the flowers
(e.g., Amegilla, Armstrong 1979; C. Gross pers.
comm.). The plants' arrival in New Zealand was
pre-European (Allan 1961) but no indigenous bees
are able to buzz pollinate (B. Donovan pers. comm.).
However, more information on syrphids is needed
(P. Johns pers. comm.; Proctor et al. 1996, p. 70) and
the horse fly Scaptia (Tabanidae) is large, hovering,
and buzzy (J. Dugdale pers. comm.). If these flies
are ruled out, then information available indicates
that, in New Zealand, the only buzz pollinators may
be Bombus spp., which were not introduced until
1885 (Donovan 1980). They are highly attracted to
yellow anthers against blue backgrounds and have
frequently been observed buzzing S. laciniatum
flowers (L. E. Newstrom pers. obs.).

Less effective non-buzzing insects also visit
buzz-pollinated species because they are able to
scavenge spilled pollen from flower parts. On S.
laciniatum, diverse flies and indigenous bees (e.g.,
Lasioglossum) scavenge pollen in early-stage flow-
ers (day 1 to 2) when anthers still have very small
pores (Fig. 6G) (L. E. Newstrom unpubl. data). In
late-stage flowers (day 3 to 7), diverse pollinators
ultimately have access to more abundant pollen
because anthers gradually split open longitudinally
exposing the remaining pollen (Fig. 6H). Since
the anther-splitting trait occurs in all species of
Archaeosolanum, the transition from a closed-ac-

cess blossom to a more open-access condition did
not evolve in New Zealand and is not an example
of despecialisation. In addition, S. laciniatum is
self-compatible (L. E. Newstrom unpubl. data)
and has a delayed autonomous selfing mechanism
as mentioned above, so reproduction is assured in
the absence of its specialised buzz pollinator, which
could explain the colonisation of this species before
the introduction of Bombus.

A third species, S. americanum, presumed to be
indigenous, belongs to the section Solanum (Webb
et al. 1988), but anthers have not been examined.
The numerous naturalised exotic species of Solanum
in New Zealand appear to belong to sections of the
genus usually lacking the anther-splitting trait. Lim-
ited data show that naturalised exotic S. tuberosum
(Section Petota) was visited exclusively by Bombus
spp. (Fig. 4E) in the Landcare Research garden (L.
E. Newstrom & R. Uschold unpubl. data). Aside
from Solanum, specialised buzz pollination may
also occur in members of the Ericaceae, a family
noted for poricidal anthers. Primack (1983) ob-
served Bombus spp. visiting flowers of indigenous
Gaultheria crassa (Ericaceae) but he also saw other
visitors such as unidentified flies and small bees.

Ficus (Moraceae)

Fig species (Ficus spp., Moraceae) have the most
highly specialised pollination system in the world
because the flowers are enclosed inside the fig
(called a syconium) and only certain species of
wasps (Aagonidae) have access. They must enter the
syconium through a small opening (the ostiole) that
differs in size, shape, and surrounding scales and
matches the size and shape of different wasp spe-
cies, which means that in most cases the association
is species specific (Ramirez 1970). Of 40 fig species
indigenous to Australia (Chew 1989), 5 have been
cultivated in New Zealand but only 2 are known to
have their appropriate fig wasp pollinator present
(Gardner & Early 1996). At least 25 years ago, the
fig wasp Pleistodontes imperialis, which is specific
to the Port Jackson fig, Ficus rubiginosa, arrived in
New Zealand, but the arrival of the fig wasp P.frog-
gatti, specific to the Morton Bay fig, F. macrophylla,
in New Zealand is very recent (Gardner & Early
1996). These two fig species have both naturalised.
The pollinators of the other three introduced figs
have not been found; however, 50% of F. obliqua
figs on a solitary tree contained unsuitable female
P. imperialis stuck in the ostiole. This suggests that
the fig wasps that have arrived in New Zealand so
far are species specific.
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Bird pollination

Godley (1979) listed eight indigenous bird pollina-
tors in New Zealand, including the self-introduced
silvereye, Zosterops lateralis (Zosteropidae). Like
bee pollinators, the low diversity of bird pollinators
has been contrasted with the much higher diversity
in Australia (Ford 1979; Lloyd 1985). However,
many other regions of the world also have low bird
pollinator diversity; e.g., only three species of long-
billed nectar-feeding birds were major pollinators in
the tropical lowland dipterocarp forest in Sarawak
(Momose et al. 1998) and bird pollinators are absent
in Europe (Ford 1979). Bird pollination in New
Zealand has been reviewed recently by Anderson
(1997), Castro & Robertson (1997), and Kelly et
al. (unpubl.). The latter authors added three more
indigenous flower-visiting bird species and five
exotic birds to the list for New Zealand. They em-
phasised the lack of data on pollinator status of some
of these species; nectar robbers (flower piercers)
and non-nectar feeders may have been included in
the list. Based on published data on frequency of
bird visits to flowers, they showed the majority of
flower visits (89%) were by indigenous tui, Pros-
themadera novaezelandiae (Fig. 5D), indigenous
bellbird, Anthornis melanura (both Meliphagidae),
and silvereye.

The role of bird pollinators varies with season,
habitat, and region. At the community level through-
out the entire year the proportion of bird-pollinated
plant species in many countries is much lower than
that of insect-pollinated species. For example, bird-
pollinated species in a Costa Rican tropical dry
forest was 2% of all species surveyed, a nearby
cloud forest around 10% (Frankie et al. 2004), and
lowland tropical rain forest 15% (Kress & Beach
1994). In Sarawak, a tropical lowland dipterocarp
rain forest had 7% (Momose et al. 1998). These
estimates cannot be compared with New Zealand
because year-round community studies including
birds have not been conducted. However, the relative
importance of bird pollination can also be estimated
by the number of bird-pollinated plant species in the
entire flora. Lloyd (1985) suggested that only 1%
of the indigenous New Zealand flora is adapted for
bird pollination compared with around 15% in the
Australian flora. Previous counts by Godley (1979)
and Craig et al. (1981) show 1.5% (30/1896 spp.)
of the indigenous flora is visited by birds but not all
of these have bird-adapted blossoms. The current
list of 51 bird-visited indigenous species represents
nearly 3% but also includes species not well adapted

for bird pollination (Tables 7 and 8 and references
therein).

Guild-level studies have shown that, in winter,
birds play a dominant role in certain habitats in
New Zealand. For example, Anderson (1997,2003)
investigated nine selected bird-visited species in
coastal broadleaf forest at three sites in the North
Island. These canopy trees had more frequent visits
by birds than by insects and exclusion experiments
showed more effective pollination by birds than by
insects for most of the nine species. In temperate
Australia, many specifically bird-pollinated plants
flower in winter (Ford 1979). A similar pattern in
New Zealand is likely to be widespread in some
habitats since indigenous bees and many other pol-
linating insects are not active in winter.

In the New Zealand winter, though, the number
of indigenous species in flower is low: around 5%
(39 spp.) flower in July compared with a summer
peak of 83% (600 spp.) in December (Fig. 8; n =
729 spp. from Allan (1961), Moore & Edgar (1976),
and Webb et al. (1988)). In communities where birds
remain an important component, such as the canopy
trees of the northern broadleaf forests, bird pollina-
tion is dominant in winter at least, but summaris-
ing over all habitats and seasons insect pollination
dominates in New Zealand. These bird-dominated
communities were probably more widespread in the
past and contrast with the year-round bee-dominated
pollination of canopy trees in the neotropical for-
ests (Stiles 1978; Frankie et al. 1983) and the year-
round fly-dominated pollination in the montane and
subalpine communities of New Zealand (Primack
1983).

In New Zealand the diversity of blossom classes
in bird-visited species is highly unusual. Birds have
classically been associated with only four major
blossom classes: in the open-access series, mainly
brush flowers and inflorescences; and in the directed-
access series, mainly tubular, gullet, and flag flowers
(see Table 5). Of the reported bird-visited species in
New Zealand, approximately 28 have open-access
blossoms including brush and dish/bowl/"knob"
flowers, 20 have directed-access blossoms includ-
ing bell, tubular, gullet, and tubular flag, and 2 have
closed-access blossom with explosive buds (Tables
7 and 8).

Brush and tubular blossoms are considered to
be bird adapted but dish/bowl/"knob" blossoms are
not. They are considered entomophilous rather than
ornithophilous (Faegri & van der Pijl 1979; Proctor
et al. 1996). In addition, explosive bud blossoms are
highly unusual. Such a wide range of bird-visited
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Table 7 Indigenous plant species regularly visited by birds in New Zealand. The C&R score indicates how many of
3 nectar-feeding birds (tui, bellbird, and stitchbird) visited on Kapiti Island (Castro & Robertson 1997). Score of 9
indicates all 3 regularly visited; 6, only bellbird and stitchbird; 3, only bellbird; n/a, plant species not present. Mar-
ket indicates identified honey sold in NZ; surplus indicates species provides more honey than needed for honeybee
colony maintenance (Butz Huryn 1995). Pollination system and size of flowers from Castro & Robertson (1997).
Inflor., inflorescence.

Family

Kapiti Blossom
Island class

Flower C&R Used for Godley Blossom class
size score honey (1979) this paper Reference

Ornithophilous
Metrosideros excelsa
Metrosideros fulgens
Metrosideros

robusta
Metrosideros

umbellata
Knightia excelsa
Vitex lucens
Alseuosmia

macrophylla
Phormium tenax
Fuchsia excorticata
Rhabdothamnus

solandri
Sophora spp.
Clianthus spp.
Alepisflavida

Peraxilla spp.

Entomophilous
Weinmannia
racemosa

Dracophyllum spp.
Dysoxylum

spectabile
Pittosporum

crassifolium
Pittosporum

eugenioides
Pittosporum

tenuifolium
Pittosporum

umbellatum
Pittosporum

cornifolium
Elaeocarpus

dentatus
Myoporum laetum

Geniostoma rupestre

Pseudopanax
arboreus

Griselinia littoralis

Cordyline spp.

Myrtaceae
Myrtaceae
Myrtaceae

Myrtaceae

Proteaceae
Verbenaceae
Alseuosmiaceae

Agavaceae
Onagraceae
Gesneriaceae

Papilionaceae
Papilionaceae
Loranthaceae

Loranthaceae

Cunoniaceae

Epacridaceae
Meliaceae

Pittosporaceae

Pittosporaceae

Pittosporaceae

Pittosporaceae

Pittosporaceae

Elaeocarpaceae

Myoporaceae

Loganiaceae

Araliaceae

Cornaceae

Agavaceae

large
large
large

large

large
large
small

large
large
large

large
large
medium

large

minute

small
medium

medium

small

small

medium

medium

medium

medium

small

small

minute

medium

9
9
9

n/a

9
9

n/a

9
9

n/a

3
n/a
n/a

n/a

9

n/a
9

9

9

9

9

6

9

6

9

9

6

n/a

market
market
market

market

market
surplus
surplus

surplus

market

surplus

surplus

surplus

surplus

surplus

surplus

brush
brush
brush

brush

brush
tube
tube

tube
tube
tube

tube
flag

tube

brush

tube
tube

tube

tube

open

brush inflor.
brush inflor.
brush inflor.

brush inflor.

brush inflor.
gullet
tube

tube
tube
tube

flag/tube
flag/tube
explosive bud

explosive
bud

brush inflor.

tube
short tube

short tube

short tube

short tube

short tube

short tube

bell

bell

"knob"

"knob"

dish

dish

Godley 1979
Godley 1979
Godley 1979

Godley 1979

Godley 1979
Godley 1979
Godley 1979

Godley 1979
Godley 1979
Godley 1979

Godley 1979
Godley 1979
Ladley et al. 1997

Ladley et al. 1997

Godley 1979

Godley 1979
Godley 1979

Godley 1979

Castro &
Robertson 1997

Castro &
Robertson 1997

Godley 1979

Castro &
Robertson 1997

Craig et al.
1981

Castro &
Robertson 1997

Castro &
Robertson 1997

Godley 1979

Castro &
Robertson 1997

Craig etal. 1981
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blossoms with a high proportion of open-access dish
blossoms are inconsistent with the classical bird pol-
lination syndrome. Do birds in New Zealand forage
widely due to a scarcity of bird-adapted flowers or
are they naturally associated with (and well adapted
to) a wider range of blossoms than was previously

thought? Since the preponderance of research on
bird pollination has historically focused on hum-
mingbirds, perching bird syndromes are not well
characterised (Brown & Hopkins 1995; see refer-
ences cited therein); thus, the associated blossom
classes of perching birds may be underestimated.

Table 8 Indigenous plant species visited by birds on Kapiti Island (Castro & Robertson 1997). The C&R Score
indicates how many of tui, bellbird, and stitchbird visited. A score of 3 generally means that only stitchbird or bellbird
visited regularly (see Castro & Robertson 1997 for which species) and a score of 2 or 1 indicates only occasional
visitation by any bird species but usually not tui. Other abbreviations and sources are the same as in Table 7.

Family

Kapiti Blossom
Island class

Flower C&R Used for Godley Blossom class
size score honey (1979) this paper Reference

Entomophilous
Aristotelia serrata

Metrosideros
perforata

Laurelia novae-
zelandiae

Rubus cissoides

Ripogonum
scandens
Kunzea ericoides

Rhopalostylis
sapida

Syzygium maire

Corynocarpus
laevigatus

Myrsine salicina

Beilschmiedia
tawa

Hoheria populnea

Melicytus
ramiflorus

Pseudopanax
crassifolius

Shefflera digitata
Passiflora tetranda

Myrsine australis

Earina autumnalis

Astelia spp.

Nestegis
lanceolata

Toronia toru
Hebe spp.
Cyathodes spp.

Elaeocarpaceae

Myrtaceae

Monimiaceae

Rosaceae

Smilacaceae

Myrtaceae

Arecaceae

Myrtaceae

Corynocarpaceae

Myrsinaceae

Lauraceae

Malvaceae

Violaceae

Araliaceae

Araliaceae
Passifloraceae

Myrsinaceae

Orchidaceae

Liliaceae

Oleaceae

Proteaceae
Plantaginaceae
Epacridaceae

small

medium

small

small

medium

small

medium

medium

minute

minute

minute

medium

small

small

small
medium

minute

medium

minute

minute

small
minute
minute

3

3

3

3

3

3

3

3

2

2

2

2

2

2

2
2

1

1

1

0

0
0
0

market

surplus

surplus

brush

cup

open

open

apetalous

open
tube
tube

bell/dish

brush inflor.

dish

dish

dish

dish

aggregated
dish

brush inflor.

bowl/bell

bowl/bell

dish

dish

dish

dish/"knob"?

dish/"knob"?
dish/"knob"?

dish

irregular

dish

inconspicuous

dish
brush inflor.
short tube

Castro & Robertson
1997

Godley 1979

Castro & Robertson
1997

Castro & Robertson
1997

Castro & Robertson
1997

Castro & Robertson
1997

Castro & Robertson
1997

Castro & Robertson
1997

Godley 1979

Castro & Robertson
1997

Craig etal. 1981

Castro & Robertson
1997

Godley 1979

Godley 1979

Godley 1979
Castro & Robertson

1997
Castro & Robertson

1997
Castro & Robertson
1997
Castro & Robertson

1997
Godley 1979

Godley 1979
Godley 1979
Godley 1979
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Fig. 8 Number of indigenous spe-
cies in the New Zealand flora that
flower in each month. Dark bar in-
dicates wintermonths of June, July,
August. Flowering peak of 82%
(600 species) in December (mid
summer) compared with 5% (39
species) in July (mid winter). Data
based on a sample of 729 species
with data out of 1896 indigenous
species (38% coverage) from Allan
(1961),Moore&Edgar(1976),and
Webb et al. (1988).
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Open-access blossoms visited by birds

Dish/bowl/"knob" flowers and inflorescences

In New Zealand, perching birds visit numerous
species with open-access blossoms (Tables 7 and 8)
but many of these, especially those with dish/bowl/
"knob" flowers, have been considered entomophi-
lous (Anderson 1997, 2003; Castro & Robertson
1997; Webb et al. 1999). However, these types of
flowers are also frequently visited by perching birds
in Australasia (Armstrong 1979; Ford 1979; Brown
& Hopkins 1995). The simplest explanation is that
when floral resources are scarce, the marginal value
for visiting less rich, relatively unsuitable blossoms
is enhanced (Rasch & Craig 1988; O'Donnell &
Dilks 1994; Castro & Robertson 1997). For ex-
ample, the largest nectar-feeding bird in New Zea-
land, tui, do not usually forage on small nectar-poor
flowers and are known to aggressively monopolise
the largest, richest flowers in a community, driv-
ing smaller birds to small flowers (e.g., Rasch &
Craig 1988; Anderson 1997; Castro & Robertson

1997). Similar dominance hierarchies are found in
Australia (Ford 1979).

Castro & Robertson (1997) demonstrated a domi-
nance hierarchy in a survey of nectar-feeding birds
on Kapiti Island (off the west coast of North Island)
which is predator-free and has high bird densities
compared with the mainland. Their analysis of floral
preferences by tui, bellbird, and stitchbird, Notio-
mystis cincta (Meliphagidae), showed that many
small-flowered species had sufficient nectar to sup-
port bird-foraging activity (Tables 7 and 8). How-
ever, only the smaller birds, bellbird and stitchbird,
regularly visited dish blossoms of eight species with
small- to medium-flowers listed in Table 8. In con-
trast, none of the three honeyeaters regularly visited
15 of the entomophilous species but they did make
occasional visits to many of them (Table 8).

In a remarkable exception to this pattern, all three
honeyeaters, including the large tui, regularly visited
the small, shallow dish flowers of Pseudopanax ar-
boreus (Araliaceae) and Geniostoma rupestre (Loga-
niaceae) (Table 7). These blossoms are undoubtedly
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entomophilous but bird visits to P. arboreus are so
frequently reported they must be rewarding, even for
tui (Godley 1979; Rasch & Craig 1988; O'Donnell
& Dilks 1994; Anderson 1997,2003; Castro & Rob-
ertson 1997). Castro & Robertson (1997) showed
that cumulative nectar for the entire blossom (i.e.,
one inflorescence) in these species was equivalent to
other ornithophilous single flowers. They proposed
the term "lollipop" pollination because of the way
in which the birds lap up the copious sticky nectar.
Brown & Hopkins (1995) used the term "knob"
flower for similar flowers of Schefflera stahliana
and S. actinophylla (Araliaceae) in their community
study of bird pollination in a New Guinea tropical
rainforest. The adaptations for perching bird pol-
lination in the New Guinea blossoms are similar to
P. arboreus: compact inflorescences, protrusion of
anthers, copious nectar, and reduction or absence of
petals facilitating birds lapping up nectar.

How well matched are the birds for the morphol-
ogy of these types of flowers? Unlike hummingbirds,
perching-bird bill morphology did not correlate
with flower morphology in the study by Brown &
Hopkins (1995). Accessibility of nectar based on
flower shape was not a predictor of bird pollinator
species because the range of blossom classes visited
by perching birds differs dramatically from those
visited by hovering hummingbirds. Since perching
birds are agile and acrobatic, capable of foraging
from many different positions, Brown & Hopkins
(1995) suggested that the key predictors will be body
mass and perch size but these were not measured
in their study. If so, then for perching birds, land-
ing facilities rather than nectar access (i.e., flower
shape) may be the most important factor to predict
associations with blossoms.

Why perching birds visit such small, seemingly
entomophilous, blossoms has two explanations de-
pending on the size of the reward and morphology of
the flowers. The flower visitation records of Castro
& Robertson (1997) and other work by Rasch &
Craig (1988) show that dominance hierarchies and
the marginal value theorem explain some visits to
small dish/bowl blossoms that are not favoured by
any birds or only by smaller birds (Table 8), but it
does not explain the regular visits to "knob" flow-
ers (Table 7) by large birds. These flowers may be
adapted for nectar lapping by perching birds as an
integral part of a type of "lollipop" pollination.

Brush flowers and inflorescences

Association with brush flowers and inflorescences
(e.g., Fig. 4B) has been an important component of

the classical bird pollination syndrome as well as
bee, bat, and non-flying mammal syndromes (Table
5; Faegri & van der Pijl 1979; Proctor et al. 1996).
As previously discussed, these are the most highly
generalised blossoms if they have sturdy landing
platforms. In brush flowers, stamens are the at-
tractive display (petals are absent) forming shapes
such as "fluffy cups" (Brown & Hopkins 1995) or
"shaving brushes" (Proctor et al. 1996). In contrast,
brush inflorescences include diverse flower types,
e.g., aggregations of brush flowers (Metrosideros,
Fig. 4B) or of short tubular flowers with protrud-
ing anthers (e.g., Hebe spp. (Fig. 7A) and Myosotis
monroi (Fig. 2G). Brush inflorescences composed
of short tubular flowers are often entomophilous
depending on landing platform stability and are not
equivalent to brush inflorescences with sturdy brush
flowers adapted for larger pollinators.

In New Zealand, there are at least eight bird-vis-
ited species with brush inflorescences (Tables 7 and
8) (O'Donnell & Dilks 1994; Castro & Robertson
1997). Of these, five are considered ornithophilous
but two species with more delicate inflorescences
and small flowers have been considered entomophi-
lous: Weinmannia racemosa (Cunoniaceae) (Fig.
4A) and Metrosideros perforata (Myrtaceae) (Castro
& Robertson 1997; Webb et al. 1999). Hebe spp.
(counted as one instance in the list) are primarily
entomophilous and only occasionally visited by
birds (Godley 1979; Castro & Robertson 1997). In
the Kapiti Island survey, all of the species with brush
blossoms including W. racemosa but excluding M.
perforata and Hebe spp. were regularly visited by
all three honeyeaters (Tables 7 and 8). In brush in-
florescences the level of generalisation can be very
high, for example, Metrosideros excelsa is visited
by many orders of insects as well as birds (Schmidt-
Adam et al. 2000), bats (Arkins et al. 1999), and
lizards (Whitaker 1987). Schmidt-Adam et al. (2000)
showed that although birds carry large pollen loads,
insects can be as effective as birds if they are very
abundant. This illustrates that pollinator importance
is a function of both the amount of pollen transferred
per visit and the frequency and rate of visitation. It
also suggests that M. excelsa may be considered
a keystone species since it supports a diversity of
pollinators.

Directed-access blossoms visited by birds

Most of the 16 taxa with directed-access blossoms
that are regularly visited by birds in New Zealand
(Table 7) have simple tubular flowers with the excep-
tion of Vitex lucens (Fig. 5B) and Rhabdothamnus
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Newstrom & Robertson—Pollination systems in New Zealand 39

solandri with gullet flowers, Elaeocarpus dentatus
and Myoporum laetum with bell flowers, and Car-
michaelia williamsii, Sophora spp. (Fig. 5E), and
Clianthus spp. with tubular flag flowers. Similar
floras, such as in Tasmania, also have bird-visited
plant species associated with tubular flowers (Hings-
ton & McQuillan 2000). In the Kapiti Island survey,
all of the large directed-access blossoms had regular
visitation by all three honeyeaters except Sophora,
which was only visited by bellbirds at Kapiti Island
(Castro & Robertson 1997) but is regularly visited
and dominated by tui elsewhere in New Zealand
(Kelly et al. unpubl.).

Interestingly, half of the 16 directed-access blos-
soms have been considered entomophilous rather
than ornithophilous (Table 7). These species have
small-to-medium tubular flowers and many are also
visited by moths (e.g., Pittosporum spp., Dracophyl-
lum spp. (Godley 1979; Primack 1983)). Moth and
bird syndromes have certain similarities (Proctor
et al. 1996) and cluster closely in a multivariate
analysis of floral traits (Ollerton & Watts 2000).
For example, birds by day and moths at night share
access to the winter-flowering Dysoxylum spectabile
(Meliaceae) (Fig. 5C) Whangarei, North Island (L.
E. Newstrom & R. Uschold unpubl. data). The short
white tubes with included anthers, sweet scent at
night, and small amounts of nectar (2-5 μl; L. E.
Newstrom & R. Uschold unpubl. data) are adapted
to moths. However, this dioecious species (Brag-
gins et al. 1999) also has features adapted to birds
because the sturdy waxy flowers protect the ovules
from damage by bird beaks. Because the hanging
inflorescences are delicate, the landing facilities are
better adapted to bellbird than the larger tui, which
are only able to access flowers from branches (An-
derson 1997).

An example of a large directed-access blossom
that birds do not share with moths is the gullet flow-
ers of Vitex lucens (Verbenaceae). The flowers have
many features associated with bird pollination: red
colour, exserted anthers, no scent, copious nectar
(>150 μl/flower; L. E. Newstrom & R. Uschold
unpubl. data) with high energy return (26 calories/
flower; Anderson 1997). In Raumanga Park, Whan-
garei, abundant silvereye visited V. lucens but moths
did not (L. E. Newstrom & R. Uschold unpubl. data).
Moths in the vicinity (< 50 m away) were visiting D.
spectabile and white flowers of horticultural Camel-
lia spp. but they failed to visit the large V. lucens tree
nearby. The dull red colour of V. lucens and lack of
scent predict that moths would not detect this flower
in spite of the excellent nectar access and landing

facilities. This example demonstrates the value of the
syndrome concept because, in this case, floral traits
from the syndrome provide a better prediction than
blossom class alone.

At a coarse scale (animal class), Vitex lucens is
predicted to be specialised for birds and is considered
ornithophilous (Anderson 1997; Castro & Robertson
1997). At a finer scale, is there evidence for speciali-
sation (e.g., differential effectiveness) among bird
species in V. lucens? All three honeyeaters (stitch-
bird, bellbird, and tui) visited V. lucens on Kapiti
Island (Castro & Robertson 1997). However, tui are
not well matched because they are too large for the
exserted anthers to contact their forehead (Anderson
1997). In spite of the copious nectar reward, tui did
not visit the exposed tree of V. lucens in Raumanga
Park where bellbirds were absent and silvereye were
visiting but tui were elsewhere in the vicinity domi-
nating D. spectabile trees (L. E. Newstrom & R.
Uschold unpubl. data). The preference by tui for D.
spectabile over V. lucens in this case does not match
expectations based on the amount of nectar. Other
site characteristics such as exposure of the tree or
landing platform problems at the flower may account
for this. At Tiri Tiri Matangi Island (NE of Auckland),
bellbirds were the most frequent visitor to V. lucens,
but in the absence of bellbirds at Wenderholm, near
Whangarei, silvereyes were more frequent than tui
(Anderson 1997; Kelly et al. unpubl.). A specialised
relationship between any one bird species and V. lu-
cens requires more multi-site comparisons; however,
based on morphological match, bellbirds are likely
to be the most effective pollinator.

Disregarding pollinator effectiveness, some bird-
visited species with directed-access blossoms ap-
pear to have generalised pollination, sharing access
to diverse insect visitors. For example, Sophora
microphylla (Fabaceae) is visited by tui (Fig. 5E),
bellbirds, kaka, silvereyes, chaffinches, bumble-
bees, honeybees, butterflies, and indigenous moths
at night (Godley 1979; Clout & Hay 1989; Kelly
et al. (unpubl.). In Chile, hummingbirds and large
bumblebees visit this species (Godley 1979; Clout &
Hay 1989). Nevertheless, the relative effectiveness
of these visitors appears to show some degree of
specialisation. Morphological match indicates that
tui are the most effective in removing and deposit-
ing pollen because the long floral tubes (based on
the flag flower construction with separated petals
forming a tube) are too deep for small birds such as
bellbirds and silvereyes. These small birds resort to
accessing nectar at the base of the flower between
the petals thus often avoiding contact with pollen
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and stigma (Anderson 1997). In addition, tui are
usually the most frequent visitors, dominating in
four out of six sites at which they were present, with
bellbird dominating over tui at another two sites, and
silvereyes dominating when both tui and bellbird
are absent (Kelly et al. unpubl.). Further evidence
of an important relationship between tui and S. mi-
crophylla is that at Tiri Tiri Matangi Island (NE of
Auckland), visitation was higher than indicated by
tui background abundance and lower than indicated
by bellbird background abundance (Anderson 1997).
This means that in the absence of tui, bellbird or
silvereye may be effective pollinators; but, in the
presence of tui, they are probably parasites since
they may be robbing nectar or wasting pollen that
could have been better transferred by tui (see pollen
presentation theory; e.g., Thomson 2003).

Nectar robbery in directed-access flowers is a
critical feature to examine when considering the
effect of exotic pollinators on indigenous pollina-
tion systems. For example, in S. microphylla the
exotic hedge/house sparrow, which is even less
suited for pollinating this species, pierces the base
of the flower (Stidolph 1974 cited in Godley 1979).
Holes made by silvereyes or sparrows gave ille-
gitimate access to large populations of honeybees
(which are unable to pierce the base) at Landcare
Research garden in winter 2004 (L. E. Newstrom
pers. obs.). Bumblebees also robbed nectar and may
be strong enough to make their own holes. As one
of the few winter-flowering species, S. microphylla
is attractive because the energy return is high (28
calories/flower; Anderson 1997). Exotic bees could
drain a significant proportion of the nectar but it is
not known if indigenous birds could outcompete at
the same trees. In bird-pollinated Phormium tenax,
another tubular-flowered species, exotic insects
and indigenous lizards have also been observed to
rob nectar (Whitaker 1987; Craig & Stewart 1988;
Donovan unpubl.; Kelly et al. unpubl.).

Closed-access blossoms visited by birds

Mistletoes (Loranthaceae)

Among the bird-pollinated flora of New Zealand,
perhaps the most spectacular are the red-flowered
mistletoes (Peraxilla spp.) because of their highly
unusual closed-access blossoms. The discovery of
explosive flowering in P. colensoi and P. tetrapetala
(Fig. 6D), which was the first time explosive bud
opening had been found in these mistletoes outside
Africa (Ladley & Kelly 1995), initially suggested a
highly specialised pollination system. In explosive

mistletoes, nectar is already present and the pollen
is shed prior to the buds being opened explosively
by a twist of a bird's beak applied to the tip of the
bud (Ladley et al. 1997). It appeared in these spe-
cies that only tui and bellbirds regularly performed
the feat, and a dependence on these two species
seemed probable. However, Kelly at al. (1996) sub-
sequently observed small indigenous short-tongued
bees (Hylaeus and Leioproctus) opening buds (at the
time, these authors were unaware that discovery of
bee-opening in another mistletoe, Alepis flavida,
had already been made much earlier by Godley and
reported in Dugdale (1975) and Godley (1979)). The
realisation that bees as well as birds opened buds,
and that many insects visited the flowers once they
had been opened, prompted Robertson et al. (2005)
to reconsider the degree of specialisation and the
idea that all pollen removal and deposition occurs
in the act of bud opening by birds.

Nectar production in these plants indeed stops
soon after ripe buds are opened (Ladley et al. 1997),
but pollen deposition in the course of flower opening
by either birds or bees was remarkably low (Rob-
ertson et al. 2005), and, instead, pollen continued to
accumulate on the stigma over the next several days
(see also Robertson et al. (1999)). Hand-opening
buds inside a cage that excluded birds but allowed
insects access, including the bud-opening bees and
a range of other insects, demonstrated that, at two
out of three sites, insects could substantially increase
fruit set (compared with bagged control flowers) by
gradually adding pollen to stigmas of opened flow-
ers. This occurred despite the wide spatial separation
between stigmas, nectar remains, and anthers and the
likelihood that these visitors would fail to contact
the stigmas. It was considered much more likely
that birds would regularly contact the stigma in the
course of searching the plants for new buds to open
(Robertson et al. 2005).

Taken together, these results suggest that the most
effective pollinators are the indigenous honeyeaters
since they open buds, carry high pollen loads, and
are much more likely to contact the stigma of open
flowers. Indeed, bees may, through high rates of pol-
len removal, reduce the chances of pollen deposition
by birds since they limit the standing crop of pollen
in the system (Wilson & Thomson 1991; Thomson
& Goodell 2001). However, given the reduction in
avian honeyeater populations that has occurred on
the New Zealand mainland, bees may now offer an
alternative service that can at least partially replace
that provided by the declining bird pollinators. If the
bud is not opened by a specialist, it falls from the
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Newstrom & Robertson—Pollination systems in New Zealand 41

plant unopened (Fig. 6D), so the dependence on the
bud-opening pollinators is absolute.

Bat pollination
New Zealand has only two species of indigenous ter-
restrial mammals: the short-tailed bat, Mystacina tu-
berculata (an archaic bat, which is the sole member
of the endemic New Zealand family Mystacinidae),
and the long-tailed bat, Chalinolobus tuberculatus
(in the cosmopolitan Vespertilionidae) (Daniel 1976;
Godley 1979; Arkins et al. 1999). Flower-visiting
bat species only total about 50 worldwide and are
represented by the megachiropterans (Pteropodidiae)
in the Old World and the microchiropterans (Phyl-
lostomidae) in the New World (Dobat 1985 cited in
Winter & von Helversen 2001). The most highly spe-
cialised bats for nectar feeding are the long-tongued
subfamily Glossophaginae with 35 species in the
Neotropics (Winter & von Helversen 2001).

Mystacina, unlike Chalinolobus, has several adap-
tations for nectar feeding such as the small brush of
fine hairs or papillae at the tip of its tapered tongue,
although the brush is considerably less marked than
in Glossophaginae bats (Daniel 1976; Arkins et al.
1999). In contrast, Chalinolobus is solely an aerial
insectivore (Daniel 1976) and therefore not involved
in pollination. Specialist flower-visiting bats gener-
ally require large nectar resources (Winter & von
Helversen 2001) but Mystacina is not a nectar-feed-
ing specialist; it has a broad omnivorous diet includ-
ing flying and non-flying arthropods, plant parts such
as flowers and fruits, as well as nectar and pollen
(Arkins et al. 1999). Mystacina does not hibernate
in winter as does Chalinolobus (Daniel 1976). As
a winter-nectar feeder, Mystacina is in competition
with honeyeaters when flowering and fruiting levels
are low (Daniel 1976), and, as a large nocturnal
feeder, it would also be in competition with lizards
(Whitaker 1987).

Bat pollination in New Zealand is unusual be-
cause Mystacina is capable of "gleaning"; i.e., for-
aging on surfaces on the ground or tree trunks, a
feeding habit documented in some other bats (Arkins
et al. 1999 and references cited therein). Mystacina
has evolved behavioural and morphological adapta-
tions associated with "gleaning", such as the ability
to use its folded wings as a second pair of limbs for
manoeuvring on a surface (Daniel 1979,1990). The
absence of mammalian predators in New Zealand
has allowed Mystacina to develop a unique mutual-
ism on the ground with the rare, dioecious, obligate
root parasite Dactylanthus taylorii (the sole New
Zealand member of Balanophoraceae) in the North

Island (Ecroyd 1996). Intensive investigation includ-
ing video footage showed that Mystacina is not only
a pollinator but also the most frequent. However,
possums (Trichosurus vulpecula), ship rats (Rattus
rattus), Pacific rats (Rattus exulans), and, less often,
mice (Mus musculus), and various birds and insects,
particularly wasps and flies, also visited (Ecroyd
1996). This species is now endangered partly be-
cause of habitat destruction (Wilson & Given 1989)
but also because introduced mammals, especially the
Pacific rat and possum, destroy the flowers (Ecroyd
1996).

A few other plant species may be bat pollinated.
Pollen analyses from fresh guano and stomach con-
tents of Mystacina at Omahuta Kauri Sanctuary
in the North Island and on Stewart Island (Daniel
1976) showed high percentages of pollen fromMe-
trosideros spp. (Myrtaceae) and Knightia excelsa
(Proteaceae), which both have abundant nectar. Less
pollen was found from Collospermum hastatum
(Liliaceae) and a trace from Freycinetia baueriana
(Pandanaceae) although Mystacina take fruits from
both these species (Arkins et al. 1999). The asso-
ciation with bat pollination of these latter species
has not been demonstrated, but F. baueriana is
adapted for bat pollination (Cox 1984; Lord 1991).
On Little Barrier Island (east of Auckland), pollen
loads taken from bat fur and guano showed three
indigenous plant species most commonly visited
for pollen: Metrosideros spp., Knightia excelsa, and
Collospermum spp. (Arkins et al. 1999). Further
evidence associating Mystacina with pollination of
M. excelsa consists of recordings of bat echoloca-
tion "passes". Mystacina averaged 175 passes per
night on flowering trees compared with only 25 on
non-flowering trees, indicating that these bats are
actively foraging in M. excelsa.

Godley's (1979) analysis of the four bat-visited
blossoms (Metrosideros spp., Knightia excelsa, Col-
lospermum spp., and Freycinetia spp.) showed three
important features: "the pollen is exposed; the nectar,
if present, is not hidden but easily available to a
tongue that can protrude 5 mm; and the flowers are
aggregated in large or prominent inflorescences".
These four taxa all have open-access aggregated
brush or dish blossoms. D. taylorii has similar fea-
tures. The only potential bat blossom with large di-
rected-access flowers was suggested by Lloyd (1985
citing Cranwell 1962): Tecomanthe speciosa (the
sole New Zealand member of Bignoniaceae). This
species, with large cream-coloured tubular flowers
(4 cm long) and short peduncles, is considered an en-
dangered endemic of tropical origin and occurs only
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in the Three Kings Islands, off the north tip of the
North Island (Allan 1961; Wilson & Given 1989).
Although it appears to be adapted for bat pollination,
no bats have ever been found on the islands and the
plants have not been known to reproduce sexually
in the wild (Wilson & Given 1989).

Otherwise, no classically specialised bat blossoms
are found in New Zealand, i.e., large, dull, white or
pale flowers with copious nectar that are not easily
detected by other animals and hang down from long
peduncles thus excluding non-flying animals (Faegri
& van der Pijl 1979; Proctor et al. 1996; Winter &
von Helversen 2001). The New Zealand bat-visited
blossoms discussed above tend to have easy access
to non-flying mammals. For example, Lord (1991)
found that possums browse on F. baueriana and pol-
lination still takes place in the absence of Mystacina.
The disadvantage of generalisation is illustrated in
D. taylorii. The scent of the flowers attracts pos-
sums, but they destroy the flowers thus endanger-
ing the plant species (Ecroyd 1996). Resistance to
such damage may be a feature of some of the other
bat-pollinated flowers, particularly the brush inflo-
rescences, but this has not been investigated.

Lizard pollination
A lizard pollination syndrome has never been de-
scribed. Indeed, many doubt that lizards are able
to transfer pollen. Whitaker (1987) documented
that at least for Metrosideros excelsa (Myrtaceae)
two gecko species (Hoplodactylus duvauceli and
H. pacificus) probably achieve pollination in New
Zealand. Their pollen deposition rate is unknown but
they do contact the stigma, carry pollen for up to 12
hours at least 50 m, and may facilitate outcrossing
amongst plants (Whitaker 1987). Similarly, Eifler
(1995) observed H. duvauceli and H. maculatus
feeding on nectar from M. excelsa and Phormium
tenax (Agavaceae) (Fig. 5F).

Whitaker (1987) recommended that other brush
inflorescence blossoms be investigated such as
Knightia excelsa (Proteaceae) or Weinmannia rac-
emosa (Cunoniaceae), which are both also bird-
pollinated. However, he doubted that lizards are
effective pollinators for other classes of blossoms.
For example, although geckos can force petals apart
to reach nectar in the robust tubular flowers of P.
tenax, he thought the blossoms did not have the
best morphology for pollen transfer compared with
brush flowers of M. excelsa. Eifler (1995), how-
ever, observed geckos pressing their heads into the
corolla on P. tenax. Gecko species also take nectar
from Myoporum laetum (Myoporaceae) and Hebe

bollonsii (Plantaginaceae (Scrophulariaceae)), but
these flowers do not have suitable morphology for
pollen transfer (Whitaker 1987) and seem too frag-
ile to withstand damage from such relatively large
animals.

Whitaker's (1987) proposal of lizard pollination
was one of the earliest reports on this phenomenon
(NyHagen et al. 2001). Since then, a number of
new studies reviewed in Traveset & Sáez (1997)
and NyHagen et al. (2001) provide experimental
evidence that lizards may be effective pollinators,
particularly on islands. On Cabrera Island (in the
Balearic Islands), lizards played a predominant role
in the pollination of the shrub Euphorbia dendroides
(Euphorbiaceae) because, at one site, they were more
frequent in the cold season than insects (Traveset &
Sáez 1997). Nonetheless, in their study, no evidence
was found for pollinator-mediated selection on plant
traits related to fitness. Although lizards may be
pollinators, any adaptations of the plants or the
pollinators have yet to be demonstrated and hence
no syndrome can be described. The floral traits that
match the requirements for lizard pollination are
similar to those for other large non-flying animals:
accessible nectar that can be lapped up, stigma and
anthers exposed beyond the corolla and adapted for
imprecise pollen transfer, sturdy landing platforms,
and, most importantly, protection from damage to
the ovaries.

In New Zealand, lizard-visited blossoms discov-
ered so far have generalised pollination systems with
open access blossoms that birds, bats, and insects
also visit. Pollination and dispersal by lizards is
most common on islands, which could be explained
by the high densities of lizards and low predation
risk on islands compared with mainland situations
(Olesen & Valido 2003). In New Zealand, lizards
have been shown to play a role in frugivory (Wotton
2002); their contribution to pollination merits further
investigation.

EFFECTS OF EXOTIC POLLINATORS AND
PLANTS ON INDIGENOUS POLLINATION

In the past, Thomson (1927) and Heine (1937) have
both stated that land conversion in New Zealand may
have already depleted indigenous flower visitors and,
coupled with the introduction of exotic plants and
animals, the interpretation of indigenous pollination
systems would be difficult and complicated. It is be-
yond the scope of this review to address the potential
for disruption of indigenous pollination systems due
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to the loss of indigenous pollinators or plants: little
information exists for insect pollination, bird pollina-
tion has been reviewed by Kelly et al. (2004), and
some bat pollination issues have been discussed by
Ecroyd (1996). This section focuses on the potential
effects of the addition of exotic pollinator and plant
species, which have both become extremely wide-
spread and ecologically important in New Zealand.
In the context of pollination, few exotic birds play
a significant role (Kelly et al. unpubl.), but amongst
the insects, the introduced social bees are of great
importance. The long-term effects of introduced
social bees, primarily the honeybee and bumblebee,
on indigenous pollination systems in New Zealand
and Australia have recently been debated (e.g., Butz
Huryn 1997; Parker 1997; Morales & Aizen 2002;
Parker & Haubensak 2002; Goulson 2003a).

Exotic insect pollinators are not expected to sim-
ply blend into the mix of indigenous pollinators and
connect with indigenous flora by merely expand-
ing the existing web of species interactions. Exotic
social bees differ from indigenous bees in many
characteristics: (1) size, e.g., bumblebees are large;
(2) diurnal activity, e.g., bumblebees and honeybees
forage earlier than indigenous bees; (3) seasonality,
e.g., honeybees are active in some regions in winter;
(4) temperature flight thresholds, e.g., bumblebees
tolerate cold; (5) quantity of floral resources needed,
e.g., honeybees and bumblebees require abundant
pollen and nectar; and (6) population dynamics, e.g.,
honeybees form very large colonies and bumblebees
smaller colonies but indigenous bees are primarily
solitary. Exotic bees may, therefore, have unexpected
effects on indigenous pollination systems. Similarly,
as discussed above, exotic plant species differ from
indigenous species primarily in the diversity of
blossom classes, the complexity, size, and colour of
flowers, and opportunities for specialisation.

Insights into the debate about the effects of exot-
ics can be gained by systematically analysing all of
the potential combinations using the blossom class
analysis proposed above. The three possible com-
binations for the effects of exotics are: (1) exotic
pollinators on exotic plants, (2) exotic pollinators
on indigenous plants, and (3) indigenous pollina-
tors on exotic plants (see summary in Table 9).
Goulson (2003a) reviewed the possible negative
consequences of exotic pollinators: an increase in
invasions by exotic pollinators spreading exotic
weeds, competition with indigenous pollinators for
floral resources, and disruption of the pollination
of indigenous plants. He also included competition
for nests and co-introduction of natural enemies that

may infect indigenous organisms, but these are not
considered a problem for indigenous bees in New
Zealand (Donovan 1990).

Not all effects of exotics are predicted to be nega-
tive, for example, the gain of a better pollinator can
increase the fitness of an indigenous plant species
or the gain of an exotic plant species may provide
supplementary floral resources for indigenous pol-
linators. The following discussion lists examples of
potential negative and positive effects of the differ-
ent combinations of exotic pollinators and plants,
in the context of the benefits to New Zealand's
economy and biodiversity in pollination systems.
Some examples are obvious or have already been
demonstrated but others are speculative. This is a
new area of research in need of field observations
and experiments and has significance for conserva-
tion, restoration, biosecurity, biosafety, and sustain-
able agriculture, horticulture, and honey production
(Table 9).

Exotic pollinators on exotic plants

Positive effects

The worldwide importance of pollinators for sus-
taining agricultural and horticultural production
(Delaplane & Mayer 2000; Kevan & Imperatriz-
Fonseca 2002; Goulson 2003b) particularly applies
to New Zealand's economy. Both social and soli-
tary bees have been successfully imported to meet
these needs as discussed above (Donovan 1990,
unpubl.). Honeybees and bumblebees are the most
abundant and widespread pollinators for crops in
New Zealand (e.g., for clover, kiwifruit, and seed
production industry). Bumblebees were specifically
introduced to New Zealand for clover seed produc-
tion as mentioned above. It is well recognised that
economic benefits of social bees go beyond their pol-
lination services to exotic crop and pasture species
and include nitrogen fixation by clover pastures. In
addition the honeybee industry benefits from many
exotic plant species (Butz Huryn 1995; Butz Huryn
&Moller1995).

Negative effects

Hanley & Goulson (2003) summarised evidence for a
causative relationship between exotic bee pollinators
and the spread of certain exotic weeds. In particular,
the specialised relationships between honeybees
and/or bumblebees and weedy Fabaceae species
are of concern (e.g., Cytisus scoparius, Lupinus
arboreus, Ulex europaeus). Butz Huryn & Moller
(1995) listed the association of honeybees with
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these three plant species as having an unknown
importance for weed problems in New Zealand be-
cause of the lack of information on their pollination.
However, all three species have closed-access flag
blossoms that are specialised for either honeybees
or bumblebees or both. Hanley & Goulson (2003)
and Goulson (2003a) cited evidence, including ex-
amples from New Zealand, that without these exotic
bees reproduction in the weeds would be limited or
reduced. For fabaceous species with closed-access
flag blossoms, the inability of indigenous bees or
other insects to open the flowers means that the
weeds depend on large social bees that are capable.
This relationship, incorporating a positive feedback
loop between plant and pollinator, has been called
an invasive mutualism in which the exotic special-
ist pollinators and the exotic weeds promote each
other's expanded distributions (Hanley & Goulson
2003).

Another example, though minor and not a threat
at this point, is the absolute dependency of figs on
their specialised fig wasp pollinators. Gardner &
Early (1996) recommended that planting fig trees
be discontinued and naturalised trees in areas of
ecological interest be removed. The trees may not be
a serious threat if they are not weedy but their size
and vigour, lack of possum browsing, and especially
their prolific fig production (which provides food
for non-indigenous frugivorous birds and possums,
rats, and mice in seasons of scarcity) may result in
negative effects. With their specialist pollinators
available, the spread of fig species can be expected
and may result in an invasive mutualism in the long
term (the Morton Bay fig has recently been listed as
a weed by the Auckland Regional Council).

The potential risk of invasive mutualisms can
be predicted using the blossom class analysis and
syndrome concept. Any blossom that fails to attract

Table 9 Potential positive and negative effects of the introduction of exotic plants and pollinators on indigenous
pollination systems in New Zealand. Positive and negative effects are considered in the context of New Zealand's
economy and sustainable production with reference to effects on biodiversity conservation, biosecurity, and biosafety.
Examples are discussed in the text; some are obvious or have been demonstrated but others are possible or potential
and have not been investigated yet.

Exotic pollinators

Positive effect

Exotic plants Sustainable
production:
increased crop and
pasture seed yield and
honey production,
e.g., kiwifruit,
Brassica spp., clover
pasture and honey
including nitrogen
fixation

Indigenous Sustainable
plants production:

increased honey
production such as
manuka export honey
Biodiversity:
improved pollination
and seed set
e.g., buzz pollination
of Solanum
laciniatum,
bumblebees on
Hoheria

Negative effect

Biosecurity:
invasive mutualisms
(weeds and their
specialist pollinators),
e.g., Lupin, broom,
figs.
Biosafety:
potential for exotic
pollinators to carry
pollen from GM crops
to wild relatives

Biodiversity:

1. displaced
indigenous pollinators,
e.g., bees potentially
draining resources of
Sophora or manuka
2. Damaged
indigenous plants,
e.g., possum
Dacytlanthus taylorii

3. inadequate
pollination or nectar
robbery

Indigenous pollinators

Positive effect

Biodiversity:
enhanced floral
resources for
indigenous
pollinators,
e.g., solitary bees on
kiwifruit, Brassica
spp., weeds

Negative effect

Biodiversity:
potential displacement
of indigenous plant
species if indigenous
pollinators switch to
exotic plant
Biosafety:
potential for native
pollinators to carry
pollen from GM crops
to wild relatives
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or cannot be handled by indigenous pollinators is
a candidate for an invasive mutualism if the plant
species has weedy tendencies in the long term and
its exotic pollinators are present. Understanding
this relationship can provide opportunities for weed
management options especially for off-shore islands
without social bees.

Exotic pollinators on indigenous plants

Positive effects

An important economic benefit of exotic insect
pollinators on indigenous plants occurs in the hon-
eybee industry. Butz Huryn (1995) documented
224 indigenous plant taxa used by honeybees. Bird-
visited species, which tend to have copious nectar,
are especially important. Plant species providing
honeybees with nectar beyond the amount required
for current colony maintenance are called "surplus
producers" (Butz Huryn & Moller 1995). Many
of these species have bird-visited brush blossoms
(Tables 7 and 8), such as the marketed specialty hon-
eys of Weinmannia racemosa, Knightia excelsa, and
several Metrosideros spp. (Butz Huryn 1995; Butz
Huryn & Moller 1995). Others have bird-visited
tubular and bell blossoms such as Phormium tenax,
Sophora microphyllum and S. tetraptera, and Elaeo-
carpus dentatus. The open-access "knob"-flowered
Pseudopanax arboreus and Geniostoma rupestre
are also surplus producers. Primarily insect-visited
surplus producers are Discaria toumatou (Rham-
naceae) (Primack 1979; Webb 1985) and manuka,
Leptospermum scoparium (Primack & Lloyd 1980);
the latter is an increasingly important export market
honey because of its medicinal value.

Abenefit for biodiversity derived from exotic pol-
linators on indigenous plants may be the possibility
of enhanced pollinator services that could improve
fitness of indigenous species through increased seed
set, particularly since both honeybees and bumble-
bees carry large pollen loads. This advantage depends
on the blossom class and size of flower but could
apply, for example, to large polliniferous flowers
such as Hoheria spp. In addition, buzz-pollination
in Solanum laciniatum and S. aviculare may only be
effectively achieved by bumblebees, which would
promote outcrossing in this species and improve
pollination beyond the level that indigenous insects
could achieve by scavenging spilled pollen.

Negative effects

Although exotic pollinators may increase fitness
in indigenous plants, this may come at a net cost if

indigenous pollinators are displaced. It is difficult
to find unequivocal evidence for such displacement,
not only because of the lack of field data for New
Zealand but also because manipulative experiments
are difficult to design (Goulson 2003a). The absence
of indigenous pollinators at some sites populated by
exotic pollinators may be due to disturbance or habi-
tat loss rather than competitive displacement (Butz
Huryn 1997). Nevertheless, Murphy & Robertson
(2000) have at least some circumstantial evidence
that honeybees are displacing indigenous insects
from nectar resources in Tongariro National Park
in New Zealand. Examples from other countries are
cited by Goulson (2003a). The competition can be
either exploitative due to draining floral resources
(social bees forage earlier than indigenous bees)
or interference with active aggressive interactions
or deterrence at the flower. In addition, the effect
of nectar robbing by honeybees, bumblebees, and
introduced birds has not been assessed for indig-
enous plants such as Sophora microphylla. Finally,
in some blossoms, social bees or other exotic insects
may be inefficient compared with indigenous in-
sects and reduce fitness of indigenous plants (e.g.,
an example in Australia demonstrated by Gross &
Mackay 1998).

Indigenous pollinators on exotic plants

Positive effects

For indigenous pollinators, the main benefit of exotic
plants, including crops (e.g., kiwifruit, brassica) and
flower gardens, is an increase in available floral
resources, particularly from nectar- and pollen-rich
flowers that are accessible and attractive. Indig-
enous bees visit a large number of exotic plants,
e.g., solitary Lasioglossum sordidum has been re-
corded from the blossoms of 56 exotic plant species
(Donovan unpubl.). The level of supplementation
beyond the resources available in indigenous plants
is unknown.

Negative effects

It is possible that indigenous insects, particularly
bees and perhaps butterflies and moths, could favour
exotic over indigenous plant species if the pollen or
nectar was superior or easier to extract. Would this
leave some indigenous species without pollinator
services in some communities or are there suffi-
cient indigenous and exotic pollinator populations
to prevent such a possibility? Little information is
available on the relative preferences of indigenous
insect pollinators for exotic versus indigenous plant
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species. Primack (1983) found exotic and indig-
enous pollinators sharing some exotic species but the
population levels of exotic social bees were not high
at the sites. Community-level analyses are needed
to address this question because pollinator prefer-
ences are influenced by the available abundance
and composition of floral resources and competing
pollinators.

CONCLUSIONS AND FUTURE RESEARCH

Breeding systems and pollinator dependency
The floral biology of the New Zealand flora does not
appear to have been overwhelmingly influenced by
selection for reproductive assurance. Many plants
are highly dependent on pollinators for seed produc-
tion, and autonomous selfing does not appear to be
particularly common in the flora. There is currently
a modest set of plants that have been shown to be
self-incompatible, but the proportion of the species
tested that are incompatible is comparable with other
floras. Sexual dimorphism and monoecy are com-
mon features of the flora and impart those species
with pollinator dependence. Taken together, plants
adopting these strategies represent a large proportion
of the flora especially amongst the woody plants.
Relatively few species have been shown to be regu-
lar autonomous selfers and the proportion of flora
they represent is not especially high.

There is increasing evidence, particularly amongst
the bird-pollinated plants, of strong pollen limitation
sufficient perhaps to compromise the persistence of
some populations in the wild. Bird and bat pollina-
tors have declined over much of their former ranges,
and may in many cases be at densities too low to
efficiently pollinate some indigenous plants. The de-
mographic consequences of these shifts in pollinator
service require further investigation, but some spe-
cies appear to be likely to suffer seed limitation and
population decline as a result of these changes.

Pollination systems

The potential for disruption of indigenous pollina-
tion systems in New Zealand is difficult to assess
without baseline field data. Nevertheless predictions
can be made using the blossom class and syndrome
concepts although there are limitations. New Zea-
land has a limited diversity of indigenous pollinators,
including insects (flies, solitary short-tonguedbees,
moths, and butterflies) and perching birds (primarily
honeyeaters). One bat and a few lizard species play

a minor role. Pollination and visitation by beetles
and small insects (e.g., thrips, weevils) are evident
but no data are available to assess their importance
although some species with inconspicuous flowers
appear to be adapted for small insects. Pollination
in winter, especially in canopy trees of broadleaf
forests of the North Island, is distinctive because
of the dominance of bird visits to trees. Otherwise,
insect pollination predominates in terms of number
of species visited and pollinated. Exotic social and
long-tongued bees, self-introduced silvereye, and
other birds that have naturalised are now important
in the pollination of both indigenous and exotic plant
species. Indigenous pollinators also regularly visit
and may benefit from exotic plants.

A conceptual framework using a two-tiered ap-
proach for predicting pollination systems in New
Zealand is proposed. The first part, the blossom
class analysis, is preliminary and operates at a coarse
scale to make initial predictions of floral visitors and
potential pollinators. The "blossom class - func-
tional group" matrix is based on physical match of
the visitor according to access to rewards, landing
facilities, and protection of the ovary. It provides a
rationale for exclusion of floral visitors and estima-
tion of potential specialisation. For example, closed-
access blossoms in the indigenous flora tend to have
specialised pollination (e.g., greenhood orchids, flag
flowers of Carmichaelia, buzz-pollinated flowers
of Solanum, and explosive mistletoes). Large di-
rected-access blossoms tend to predominate in bird
pollination, with potential for specialisation in terms
of which bird species are more effective (e.g., tui
on Sophora microphylla, bellbird on Vitex lucens).
However, other birds and insects also visit, polli-
nate, and rob these flowers. Multi-site comparisons
highlight that plant—pollinator relationships shift in
time and space but, at the scale of animal class, it is
clear that directed-access flowers such as V. lucens,
S. microphylla, and P. tenax have floral traits adapted
for birds. If we consider only the 28 species most fre-
quently visited by birds (Table 7), then 57% (16 taxa)
have directed-access tubular blossoms while 22% (6
taxa) have open-access brush blossoms, only 14% (4
taxa) have open-access dish or "knob" blossoms, and
7% (2 taxa) have closed-access explosive bud blos-
soms. Almost no data are available for interpreting
pollinator effectiveness in insect pollination. Some
evidence, however, indicates that indigenous bees
may be the most effective pollinators in some open-
access blossoms corresponding to the "small-bee
syndrome", e.g., Corokia cotoneaster, but diverse
other insects also visit.
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On the other hand, the most generalised of all
blossoms are the open-access brush inflorescences
with sturdy landing facilities which are visited and
pollinated by all pollinating animal classes: insect,
bird, bat, lizard, and other non-flying animals. The
importance of each of these depends on their effec-
tiveness, visitation rate, and abundance; therefore,
pollen presentation theory and population dynamics
are needed to interpret these systems. The primary
limitation of using the blossom class as a predictor
is that it does not distinguish pollinators from visi-
tors or robbers and fails to predict exclusions from
an open-access flower (e.g., if a potential visitor
does not detect or is not attracted (cryptic speciali-
sation)). However, the analysis does predict highly
specialised systems in closed-access blossoms which
have associations that are invariant over time and
space (absolute specialisation) in that if the spe-
cialised pollinator is absent, then no pollination is
likely (e.g., figs, certain flag blossoms).

The second part of the conceptual framework
operates at a finer scale and uses the floral traits
of the syndrome concept such as those mediating
detection, attraction, and deterrence. For example,
pollinators may ignore open-access blossoms that
have nectar rewards below the threshold for profit-
able foraging, although this depends on which other
floral resources and pollinators are in the community.
Pollinators may be excluded from some open-access
blossoms based on scent or visual detection, e.g.,
moths not visiting Vitex lucens. The value of the
syndrome concept derives from the predictive power
of associations between floral traits (especially nec-
tar quantity and concentrations) and pollinator traits
based on behaviour and sensory capacities of the
pollinator.

Within each classical pollination syndrome the
blossom class analysis shows a continuum of spe-
cialisation from open-access to closed-access (lon-
ger tubes, more tightly closed complex flowers).
Highly specialised closed-access blossoms are not
common in the indigenous New Zealand flora. The
predominance of open-access small, white or pale,
dish/bowl blossoms in New Zealand are best char-
acterised by the "small-bee syndrome", which is a
generalised syndrome matching the predominance of
indigenous short-tongued bees, which have not been
well appreciated in the early literature. In addition,
unusual associations for a few species with small
open-access flowers could not be predicted by either
the blossom class or syndrome concepts and this
reflects our lack of knowledge about perching-bird
pollination syndrome in the Southern Hemisphere.

For example, "knob" flowers associated with perch-
ing birds are relatively uninvestigated and have not
been included in the classical bird syndrome. Similar
blossoms with convex nectar surfaces adapted for
lapping up copious nectar may be important for bat
and lizard pollination or other large animals in the
Southern Hemisphere.

The above examples demonstrate both the value
and limitations of coarse-scale blossom class and
fine-scale syndrome trait analyses for interpreting
and predicting plant-pollinator relationships in New
Zealand. The much debated syndrome concept can
be interpreted at several levels. At the most basic
level, a pollination syndrome is akin to a medical
syndrome because it (1) does not make perfect pre-
dictions, (2) is influenced by context, and (3) dem-
onstrates high levels of variability among organisms
and over time. When a syndrome is defined at this
level (e.g., as a group of symptoms that consistently
occur together as a characteristic combination (Con-
cise Oxford Dictionary)), it is useful for predicting
at least coarse-scale (animal class) plant-pollinator
relationships (e.g., syndrome traits have explana-
tory power to address cryptic specialisations not
predicted by blossom class analyses). This definition
of the syndrome concept is not useful for interpreting
evolutionary patterns (evolutionary specialisation)
or predicting specialisation over broad temporal
and spatial scales (ecological specialisation), but
it does argue for a pluralistic approach to using the
syndrome concept (similar to multiple definitions
for the species concept).

The view that New Zealand has predominantly
generalised entomophilous pollination systems is
valid but must not be overstated to include the en-
tire flora during all seasons or assume that all insect
pollination systems are homogeneous and that flies
conduct the majority of the pollination. There is
strong evidence that community-level pollination
systems are highly structured with clear differentia-
tion among pollination syndromes in many cases.
Specialisation, though uncommon, is evident and
can be predicted from the blossom class. More ex-
amples of specialisation are expected in insect-pol-
linated plants, particularly cryptic specialisation
based on scent or size of nectar reward.

Future research
As one of the most critical and essential ecosys-
tem services, pollination in the context of plant
breeding systems represents an important area for
further research, particularly since so little is known
about either of these aspects in our indigenous flora.
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Apart from the need for investigating neglected in-
sect pollination systems, the most important areas
of research are identifying pollinator-dependent
plant species and vulnerable specialist pollination
systems, as well as determining the positive and
negative effects of exotic pollinators and plants on
indigenous pollination systems. To advance these
goals, several approaches are available. Anderson
et al. (2002) recommended three types of compari-
sons for reproductive biology: (1) members within
the same clade (phylogenetic mapping studies); (2)
populations of a single species over a geographical
range and years; and (3) interactions at the com-
munity level over time.

Phylogenetic studies

Godley (1979) and Lloyd (1985) set the stage for
pollination studies in New Zealand. Their recom-
mendations to use the plant genus as the unit of
analysis to search for patterns in floral traits among
congeneric species from overseas forecast mod-
ern analyses of mapping floral traits and pollina-
tion systems onto phylogenies. These phylogenetic
analyses may reveal both the evolution and loss of
specialisation, e.g., despecialisation in Myosotis
and Oreostylidium. As more phylogenies become
available, the radiation of different groups may
show that despecialisation is more prevalent than
respecialisation in New Zealand. The increasing use
of phylogenetic data for interpreting the evolution
of reproductive systems will contribute to further
progress on many of the questions on the evolution
of the New Zealand flora originally raised by Godley
(1979) and Lloyd (1985).

Single species and guild studies

Focal studies of single species or guilds at multiple
sites over time reveal the resilience of pollination
systems under different pollinator regimes. Such
studies are represented by those on mistletoe and
Fuchsia and several bird-pollinated guilds. Further
work at the guild level for bird-pollinated species as
well as bat- and lizard-pollinated species will dem-
onstrate the relative roles of these larger pollinators
and their vulnerability to habitat loss. The manage-
ment of endangered and vulnerable species relies
on knowledge of dependencies on the part of both
pollinator and plant species for the long-term sus-
tainability of conservation and restoration projects.

Community-level studies

Community-level analyses are required to investi-
gate the potential for specialisation and the effects

of exotic plants and pollinators on indigenous pol-
lination systems. When diverse plant-pollinator
communities are compared, they reveal how pollina-
tor substitution, redundancy, and complementation
can be achieved for given blossom types. Com-
munity-level studies in regions other than montane
and subalpine South Island are needed to provide
baseline data on the relative importance of differ-
ent functional groups of pollinators, indigenous
and exotic. In particular, knowledge of the extent
of invasive mutualisms that depend on specialist
exotic pollinators will assist their management in
land-use planning, particularly for offshore islands.
Our ability to assess positive and negative effects of
exotic pollinators and plants in the context of New
Zealand's economy and biodiversity as well as de-
clines in both exotic and indigenous pollinators, es-
pecially insects, is hampered by an almost complete
lack of quantitative data for baseline monitoring in
plant communities in New Zealand.

ACKNOWLEDGMENTS

This paper is dedicated to New Zealand's greatest plant
reproductive biologists, Eric Godley and David Lloyd.
Eric Godley was an inspiring mentor to David Lloyd,
while David Lloyd was an inspiring teacher and mentor
to both authors. We are grateful to Colin Webb, another of
New Zealand's most prominent reproductive biologists,
for insightful discussions on pollination systems in New
Zealand and to Linley Jesson for contributing ideas.
We particularly thank Ilse Breitwieser and Bill Lee for
assistance in numerous ways. Also, Barry Donovan
provided his forthcoming treatment of New Zealand bees
(to be published in the New Zealand Fauna series) and
offered helpful suggestions throughout. We are grateful
for critical review of the paper by John Dugdale, Spencer
Barrett, Colin Webb, and Bill Lee. We thank Brian Patrick,
Richard Toft, and John Dugdale for identifying insects in
the photographs in Fig. 7. Technical assistance was given
by Richard FitzJohn, David Glenny, Ngaire Hart, Jana
Lammerding, Lara Nicholson, Chris Morse, Matt Walters,
and Robert Uschold. We thank James Thomson and Scott
Armbruster for access to unpublished manuscripts. For
informative discussion of the topic we also thank Sandra
Anderson, John Early, Gordon Frankie, Chris Green,
Caroline Gross, Peter Heenan, Brad Howlett, Peter
Johns, Dave Kelly, Jenny Ladley, Ricardo Palma, David
Teulon, Josephine Ward, and Aaron Wilton. We gratefully
acknowledge the Foundation for Research, Science and
Technology, New Zealand, for funding. This paper is
part of the Gene Flow Assessment Project at Landcare
Research.

D
ow

nl
oa

de
d 

by
 [

20
3.

17
3.

19
1.

20
] 

at
 0

6:
36

 0
4 

A
ug

us
t 2

01
7 



Newstrom & Robertson—Pollination systems in New Zealand 49

REFERENCES

Allan HH 1961. Flora of New Zealand. Vol. I. Wellington,
Government Printer. 1085 p.

Allen-Wardell G, Bernhardt P, Bitner R, Burquez A, Bu-
chmann S, Cane J, Cox PA, Dalton V, Feinsinger
P, Ingram M, Inouye D, Jones CE, Kennedy K,
Kevan P, Koopowitz H, Medellin R, Medellin-
Morales S, Nabhan GP, Pavlik B, Tepedino V,
Torchio P, Walker S 1998. The potential conse-
quences of pollinator declines on the conservation
of biodiversity and stability of food crop yields.
Conservation Biology 12: 8-17.

Anderson GJ, Bernardello G, Stuessy TF, Crawford DJ
2001. Breeding system and pollination of selected
plants endemic to Juan Fernandez Islands. Ameri-
can Journal of Botany 88: 220-233.

Anderson GJ, Johnson SD, Neal PR, Bernardello G 2002.
Reproductive biology and plant systematics: the
growth of a symbiotic association. Taxon 51:
637-653.

Anderson SH 1997. Changes in ecosystem processes: the
dynamics of pollination and dispersal in New Zea-
land forests. Unpublished MSc thesis, University
of Auckland, Auckland, New Zealand.

Anderson SH 2003. The relative importance of birds and
insects as pollinators of the New Zealand flora.
New Zealand Journal of Ecology 27: 83-94.

Arkins AM, WinningtonAP, Anderson S, Clout MN 1999.
Diet and nectarivorous foraging behaviour of the
short-tailed bat (Mystacina tuberculata). Journal
of Zoology 247: 183-187.

Armbruster WS 1993. Evolution of plant pollination sys-
tems: hypotheses and tests with the neotropical
vine Dalechampia. Evolution 47: 1480-1505.

Armbruster WS, Baldwin BG 1998. Switch from spe-
cialised to generalised pollination. Nature 394:
632.

Armbruster WS, Fenster CB, Dudash MR 2000. Pollina-
tion "principles" revisited: Specialisation, pol-
lination syndromes, and the evolution of flowers.
DetNorske Videnskaps-Akademi. I. Matematiski
Naturvidenskapelige Klasse, Skrifter, Ny Serie
39: 139-148.

Armstrong JA 1979. Biotic pollination mechanisms in the
Australian flora: a review. New Zealand Journal
of Botany 17: 467-508.

Armstrong JE, Irvine AK 1989. Floral biology of Myristica
insipida (Myristicaceae), a distinctive beetle pol-
lination syndrome. American Journal of Botany
76: 86-94.

Arroyo MTK, Squeo F 1990. Relationship between plant
breeding systems and pollination. In: Kawano S
ed. Biological approaches and evolutionary trends
in plants. Academic Press. Pp. 205-227.

Arroyo MTK, Uslar P 1993. Breeding systems in a
temperate Mediterranean-type climate montane
sclerophyllous forest in central Chile. Botanical
Journal of the Linnean Society 111: 83-102.

Ashman TL, Knight TM, Steets JA, Amarasekare P, Burd
M, Campbell DR, Dudash MR, Johnston MO,
Mazer SJ, Mitchell RJ, Morgan MT, Wilson WG
2004. Pollen limitation of plant reproduction: eco-
logical and evolutionary causes and consequences.
Ecology 85: 2408-2421.

Baker HG 1955. Self-compatibility and establishment
after "long-distance" dispersal. Evolution 9:
347-349.

Baker HG 1967. Support for Baker's Law - as a rule.
Evolution 21: 853-856.

Baker HG, Hurd PD 1968. Intrafloral ecology. Annual
Review of Entomology 13: 385–414.

Barrell PJ, Richardson TE, Gardner RC 1997. Molecular
markers and experimental pollinations reveal self-
fertility and high levels of natural inbreeding in the
New Zealand endemic tree Vitex lucens (puriri).
New Zealand Journal of Botany 35: 535-543.

Barrett SCH 1996. The reproductive biology and genet-
ics of island plants. Philosophical Transactions
of the Royal Society of London Series B 351:
725-733.

Barrett SCH 2002. The evolution of plant sexual diversity.
Nature Reviews Genetics 3: 237-284.

Barrett SCH, Helenurm K 1987. The reproductive biol-
ogy of boreal forest herbs. I. Breeding systems
and pollination. Canadian Journal of Botany 65:
2036-2046.

Barrett SCH, Harder LD, WorleyAC 1996. The compara-
tive biology of pollination and mating in flowering
plants. Philosophical Transactions of the Royal
Society of London Series B 351: 1271-1280.

Barth FG 1985. Insects and flowers: the biology of a
partnership. Princeton, Princeton University
Press. 297 p.

Bateman AG 1956. Cryptic self-incompatability in the
wall flower: Cheiranthes cheiri L. Heredity 10:
257-261.

Bawa KS 1974. Breeding systems of tree species of a low-
land tropical community. Evolution 28: 85-92.

Bawa KS 1980. Evolution of dioecy in flowering plants.
Annual Review of Ecology and Systematics 11:
15-39.

Bawa KS 1982. Outcrossing and the incidence of dioe-
cism in island floras. American Naturalist 119:
866-871.

Bawa KS, Opler PA 1975. Dioecism in tropical forest trees.
Evolution 29: 167-179.

D
ow

nl
oa

de
d 

by
 [

20
3.

17
3.

19
1.

20
] 

at
 0

6:
36

 0
4 

A
ug

us
t 2

01
7 



50 New Zealand Journal of Botany, 2005, Vol. 43

Bawa KS, Webb CJ 1984. Flower, fruit and seed abortion
in tropical forest trees; implications for the evolu-
tion of paternal and maternal reproductive patterns.
American Journal of Botany 71: 736-751.

Becerra JX, Lloyd DG 1992. Competition-dependent
abscission of self-pollinated flowers of Phormium
tenax (Agavaceae): a second action of self-incom-
patibility at the whole flower level. Evolution 46:
458–469.

Beever RE 1981. Self-incompatibility in Cordyline kaspar
(Agavaceae). New Zealand Journal of Botany
19: 13-16.

Beever RE 1983. Self-incompatibility in Cordyline pumilio
(Agavaceae). New Zealand Journal of Botany
21:93-95.

Beever RE, Parkes SL 1996. Self-incompatibility in
Cordyline australis (Asteliaceae). New Zealand
Journal of Botany 34: 135-137.

Bernardello G, Anderson GJ, Stuessy TF, Crawford DJ
2001. A survey of floral traits, breeding systems,
floral visitors, and pollination systems of the an-
giosperms of the Juan Fernandez Islands (Chile).
Botanical Review 67: 255-308.

Bianchi MB, Gibbs PE, Prado DE, Vesprini JL 2000.
Studies on the breeding systems of understorey
species of a Chaco woodland in NE Argentina.
Flora 195: 339-348.

Bierzychudek P 1981. Pollinator limitation and reproduc-
tive effort. American Naturalist 117: 838-840.

Bond WJ 1994. Do mutualisms matter? Assessing the
impact of pollinator and disperser disruption on
plant extinction. Philosophical Transactions of the
Royal Society of London Series B 344: 83-90.

Böcher J, Philipp M 1985. Aspects of the reproductive
biology of Mimulus repens (Scrophulariaceae) at
Lake Ellesmere, Canterbury, New Zealand. New
Zealand Journal of Botany 23: 141-149.

Braggins JE, Large MF, Mabberley DJ 1999. Sexual ar-
rangements in kohekohe (Dyxoxylum spectabile,
Meliaceae). Telopea 8: 315-324.

Brandon AM 2001. Breeding systems and rarity in New
Zealand Myosotis. Unpublished PhD thesis,
Massey University, Palmerston North, New
Zealand.

Brockie WB 1959. Breeding systems in New Zealand
species of Epilobium L. Transactions of the Royal
Society of New Zealand 87: 189-194.

Brown ED, Hopkins MJG 1995. Atest of pollinator speci-
ficity and morphological convergence between
nectarivorous birds and rainforest tree flowers in
New Guinea. Oecologia 103: 89-100.

Bullock SH 1985. Breeding systems in the flora of a
tropical deciduous forest in Mexico. Biotropica
17: 287-301.

Burd M 1994. Bateman's principle and plant reproduction:
the role of pollen limitation in fruit and seed set.
The Botanical Review 60: 83-139.

Butz Huryn VM 1995. Use of native New Zealand plants
by honey bees (Apis mellifera L.): a review. New
Zealand Journal of Botany 33: 497-512.

Butz Huryn VM 1997. Ecological impacts of introduced
honey bees. Quarterly Review of Biology 72:
275-297.

Butz Huryn VM, Moller H 1995. An assessment of the
contribution of honey bees (Apis mellifera ) to
weed reproduction in New Zealand protected
natural areas. New Zealand Journal of Ecology
19: 111-122.

Carlquist S 1966. The biota of long-distance dispersal. IV.
Genetic systems in the floras of oceanic islands.
Evolution 20: 433–455.

Castro I, Robertson AW 1997. Honeyeaters and the New
Zealand forest flora: the utilisation and profitability
of small flowers. New Zealand Journal of Ecology
21: 169-179.

Charlesworth D, Charlesworth B 1987. Inbreeding
depression and its evolutionary consequences.
Annual Review of Ecology and Systematics 18:
237-268.

Cheeseman TF 1873. On the fertilisation of the New
Zealand species of Pterostylis. Transactions and
Proceedings of the New Zealand Institute 5:
352-357.

Cheeseman TF 1875. On the fertilisation of Acianthus and
Cyrtostylis. Transactions and Proceedings of the
New Zealand Institute 7: 349-352.

Cheeseman TF 1877. On the fertilisation of Selliera.
Transactions and Proceedings of the New Zealand
Institute 9: 542-545.

Cheeseman TF 1878. Notes on the fertilisation of Glos-
sostigma. Transactions and Proceedings of the
New Zealand Institute 10: 353-356.

Cheeseman TF 1881. On the fertilisation of Thelymitra.
Transactions and Proceedings of the New Zealand
Institute 13: 291-296.

Cheeseman TF 1882. Notes on the fertilisation of Knightia.
New Zealand Journal of Science 1: 173-175.

Chew WL 1989. Moraceae. Flora of Australia 3: 15-68.

Clout MN, Hay JR 1989. The importance of birds as
browsers, pollinators and seed dispersers in New
Zealand forests. New Zealand Journal of Ecology
12 (Supplement): 27-33.

Cox PA 1984. Chiropterophily and ornithophily in Freyci-
netia (Pandanaceae) in Samoa. Plant Systematics
and Evolution 144: 277-290.

D
ow

nl
oa

de
d 

by
 [

20
3.

17
3.

19
1.

20
] 

at
 0

6:
36

 0
4 

A
ug

us
t 2

01
7 



Newstrom & Robertson—Pollination systems in New Zealand 51

Craig JL, Stewart AM, Douglas ME 1981. The foraging of
New Zealand honeyeaters. New Zealand Journal
of Zoology8:87-91.

Craig JL, Stewart AM 1988. Reproductive biology of
Phormium tenax: a honeyeater-pollinated species.
New Zealand Journal of Botany 26: 453–463.

Crawford TJ 1984. What is a population? In: Shorrocks
B ed. Evolutionary ecology. 23rd symposium of
the British Ecological Society. Oxford, Blackwell
Scientific Publications. Pp. 135-173.

Crawley MJ 1990. The population dynamics of plants.
Philosophical Transactions of the Royal Society
of London Series B 330: 125-140.

Crowe A 2002. Which New Zealand insect? Auckland,
Penguin Books. 127 p.

Culley TM, Weller SG, Sakai AK 2002. The evolution of
wind pollination in angiosperms. Trends in Ecol-
ogy and Evolution 17: 361-369.

Daniel MJ 1976. Feeding by short-tailed bat (Mystacina
tuberculata) on fruit and possibly nectar. New
Zealand Journal of Zoology 3: 391-398.

Daniel MJ 1979. The New Zealand short-tailed bat, Mys-
tacina tuberculata: a review of present knowledge.
New Zealand Journal of Zoology 6: 357-370.

Daniel MJ 1990. Bats: order Chiroptera. In: King CM ed.
The handbook of New Zealand mammals. Auck-
land, Oxford University Press. Pp. 114-137.

Darwin C 1862. The various contrivances by which Brit-
ish and foreign orchids are fertilized by insects.
London, Murray.

Darwin C 1876. The effects of cross and self fertilisation in
the vegetable kingdom. London, John Murray.

Darwin C 1877a. The different forms of flowers on plants
of the same species. London, Murray.

Darwin C 1877b. The various contrivances by which
orchids are fertilized by insects. 2nd ed. London,
Murray.

Delaplane KS, Mayer DF 2000. Crop pollination by bees.
Wallingford, CABI Publishing.

Delph L 1988. The evolution and maintenance of gender
dimorphism in New Zealand Hebe (Scrophula-
riaceae). Unpublished PhD thesis, University of
Canterbury, Christchurch, New Zealand. 134 p.

Delph LF, Lively CM 1992. Pollinator visitation, floral dis-
play, and nectar production of the sexual morphs of
a gynodioecious shrub. Oikos 63: 161-170.

Delph LF, Lloyd DG 1996. Inbreeding depression in the
gynodioecious shrub Hebe subalpina (Scrophu-
lariaceae). New Zealand Journal of Botany 34:
241-247.

de Nettancourt D 1977. Incompatibility in angiosperms.
Berlin, Springer-Verlag.

Dicks LV, Corbet SA, Pywell RF 2002. Compartmentalisa-
tion in plant-insect flower visitor webs. Journal of
Animal Ecology 71: 32-43.

Donovan BJ 1980. Interactions between native and intro-
duced bees in New Zealand. New Zealand Journal
of Ecology 3: 104-116.

Donovan BJ 1990. Selection and importation of new pol-
linators to New Zealand. New Zealand Entomolo-
gist 13: 26-32.

Donovan BJ, Macfarlane RP 1984. Bees and pollination.
In: Scott RR ed. New Zealand pest and beneficial
insects. Lincoln, Lincoln University College of
Agriculture. Pp. 247-270.

Dugdale JS 1975. The insects in relation to plants. In:
Kuschel G ed. Biogeography and ecology in New
Zealand. The Hague, Dr. W. Junk. Pp. 561-589.

Dugdale JS 1988. Lepidoptera - annotated catalogue, and
keys to family-group taxa. Fauna of New Zealand
14. Wellington, DSIR Science Information Pub-
lishing Centre.

Dupont YL, Skov C 2004. Influence of geographical distri-
bution and floral traits on species richness of bees
(Hymenoptera: Apoidea) visiting Echium species
(Boraginaceae) of the Canary Islands. Interna-
tional Journal of Plant Science 165: 377-386.

Eagle A 1978. Eagle's 100 shrubs and climbers of New
Zealand. Auckland, Collins. 144 p.

Ecroyd CE 1996. The ecology of Dactylanthus taylorii
and threats to its survival. New Zealand Journal
of Ecology 20: 81-100.

Eifler DA 1995. Patterns of plant visitation by nectar-feed-
ing lizards. Oecologia 101: 228-233.

Elberling H, Olesen JM 1999. The structure of a high
latitude plant-flower visitor system: the dominance
of flies. Ecography 22: 314-323.

Endress PK 1994. Diversity and evolutionary biology of
tropical flowers. Cambridge, Cambridge Univer-
sity Press. 511 p.

Faegri K, van der Pijl L 1979. The principles of pollination
ecology. Oxford, Pergamon. 244 p.

Fenster CB, Armbruster WS, Wilson P, Dudash MR,
Thomson JD 2004. Pollination syndromes and
floral specialization. Annual Review of Ecology,
Evolution, and Systematics 35: 375-403.

Fisher FJF 1965. The alpine Ranunculi of New Zealand.
Wellington, DSIR.

Ford HA 1979. Birds as pollinators of Australian plants.
New Zealand Journal of Botany 17: 509-519.

Frankie GW, Vinson SB 2004. Restoring native bee pol-
linators: A case history in Costa Rica. In: Freitas
BM, Pereira JOP ed. Solitary bees: conservation,
rearing and management for pollination. Forteleza,
Imprensa Universitaria. Pp. 107-113.

D
ow

nl
oa

de
d 

by
 [

20
3.

17
3.

19
1.

20
] 

at
 0

6:
36

 0
4 

A
ug

us
t 2

01
7 



52 New Zealand Journal of Botany, 2005, Vol. 43

Frankie GW, Haber WA, Opler PA, Bawa KS 1983. Char-
acteristics and organisation of the large bee pol-
lination system in the Costa Rican dry forest. In:
Jones CE, Little RJ ed. Handbook of experimental
pollination biology. New York, Van Nostrand
Reinhold Inc. Pp. 411–447.

Frankie GW, Haber WA, Vinson SB, Bawa KS, Ronchi
PS, Zamora N 2004. Flowering phenology and
pollination systems: diversity in the seasonal dry
forest. In: Frankie GW, Mata A, Vinson SB ed.
Biodiversity conservation in Costa Rica: learn-
ing the lessons in a seasonal dry forest. Berkeley,
University of California Press. Pp. 17-29.

Gardner RO, Early JW 1996. The naturalisation of banyan
figs (Ficus spp., Moraceae) and their pollinat-
ing wasps (Hymenoptera: Agaonidae) in New
Zealand. New Zealand Journal of Botany 34:
103-110.

Garnock-Jones PJ 1976. Breeding systems and pollination
in New Zealand Parahebe (Scrophulariaceae).
New Zealand Journal of Botany 14: 291-298.

Geber MA 1985. The relationship of plant size to self-
pollination in Mertensia ciliata. Ecology 66:
762-772.

Gibbs G 1980. New Zealand butterflies: identification and
natural history. Auckland, Collins. 207 p.

Gilmartin AJ 1968. Baker's law and dioecism in the Ha-
waiian flora: an apparent contradiction. Pacific
Science 22: 285-292.

Godley EJ 1966. Breeding systems in New Zealand plants
4. Self-sterility in Pentachondra pumila. New
Zealand Journal of Botany 4: 249-254.

Godley EJ 1979. Flower biology in New Zealand. New
Zealand Journal of Botany 17: 441–466.

Godley EJ, Smith DH 1981. Breeding systems in New
Zealand plants 5. Pseudowintera colorata (Win-
teraceae). New Zealand Journal of Botany 19:
151-156.

Goldblatt P, Manning JC 1999. The long-proboscid fly pol-
lination system in Gladiolus (Iridaceae). Annals of
the Missouri Botanical Garden 86: 758-774.

Goulson D 2003 a. Effects of introduced bees on native
ecosystems. Annual Review of Ecology, Evolution
and Systematics 34: 1-26.

Goulson D 2003b. Bumblebees: their behaviour and ecol-
ogy. New York, Oxford University Press.

Grant V, Grant KA 1965. Flower pollination in the Phlox
family. New York, Columbia University Press.

Gravendeel B, Smithson A, Slik FJW, Schuiteman A
2004. Epiphytism and pollinator specialization:
drivers for orchid diversity? Philosophical Trans-
actions of the Royal Society of London Series B
359: 1523.

Gross CL, Mackay D 1998. Honeybees reduce fitness in
the pioneer shrub Melastoma affine (Melastomata-
ceae). Biological Conservation 86: 169-178.

Hanley ME, Goulson D 2003. Introduced weeds pollinated
by introduced bees: cause or effect? Weed Biology
and Management 3: 204-212.

Heenan PB 1998. The pollination system and stigmatic
cuticle of Clianthus puniceus (Fabaceae). New
Zealand Journal of Botany 36: 311-314.

Heenan PB, de Lange PJ 1999. Reproductive biology,
ecology and conservation of Carmichaelia wil-
liamsii (Fabaceae), a vulnerable legume from
New Zealand. Pacific Conservation Biology 5:
179-190.

Heine EM 1937. Observations on the pollination of New
Zealand flowering plants. Transactions of the
Royal Society of New Zealand 67: 133-148.

Herrera CM 1987. Components of pollinator quality: com-
parative analysis of a diverse insect assemblage.
Oikos 50: 79-90.

Herrera CM 1988. Variation in mutualisms: the spatio-tem-
poral mosaic of a pollinator assemblage. Biologi-
cal Journal of the Linnean Society 35: 95-125.

Herrera CM 1989. Pollinator abundance, morphology,
and flower visitation rate: analysis of the quantity
component in a plant-pollinator system. Oecologia
80: 241-248.

Herrera CM 1996. Floral traits and plant adaptation to
insect pollinators: A devil's advocate approach. In:
Lloyd DG, Barrett SCH ed. Floral biology: studies
on floral evolution in animal-pollinated plants.
New York, Chapman and Hall. Pp. 65-86.

Hey J, Waples RS, Arnold ML, Butlin RK, Harrison RG
2003. Understanding and confronting species
uncertainty in biology and conservation. Trends
in Ecology and Evolution 18: 597-603.

Hickman JM, Lövei GL, Wratten SD 1995. Pollen feeding
by adults of the hoverfly Melanostoma fasciatum
(Diptera: Syrphidae). New Zealand Journal of
Zoology 22: 387-392.

Hingston AB, McQuillan PB 2000. Are pollination
syndromes useful predictors of floral visitors in
Tasmania? Austral Ecology 25: 600-609.

Hodges SA 1997. Floral nectar spurs and diversification.
International Journal of Plant Science 158 Supple-
ment: 81-88.

Holloway BA 1976. Pollen-feeding hover flies (Diptera:
Syrphidae). New Zealand Journal of Zoology 3:
339-350.

Hooker JD 1853. Flora Novae-Zelandiae. Part 1. London,
Reeve.

D
ow

nl
oa

de
d 

by
 [

20
3.

17
3.

19
1.

20
] 

at
 0

6:
36

 0
4 

A
ug

us
t 2

01
7 



Newstrom & Robertson—Pollination systems in New Zealand 53

Jaimes I, Ramirez N 1999. Breeding systems in a second-
ary deciduous forest in Venezuela: The importance
of life form, habitat, and pollination specificity.
Plant Systematics and Evolution 215: 23-36.

Jain SK 1976. The evolution of inbreeding in plants.
Annual Review of Ecology and Systematics 7:
469-495.

Janzen DH, Devries P, Gladstone DE, Higgins ML,
Lewinsohn TM 1980. Self-pollination and cross-
pollination of Encyclia cordigera (Orchidaceae) in
Santa Rosa National Park, Costa Rica. Biotropica
12: 72-74.

Johnson SD, Brown M 2004. Transfer of pollinaria on
birds' feet: a new pollination system in orchids.
Plant Systematics and Evolution 244: 181-188.

Johnson SD, Steiner KE 1995. Long-proboscid fly pol-
lination of two orchids in the Cape-Drakensberg
Mountains, South Africa. Plant Systematics and
Evolution 195: 169-175.

Johnson SD, Steiner KE 2000. Generalization versus
specialization in plant pollination systems. Trends
in Ecology and Evolution 15: 140-143.

Johnson SD, Linder HP, Steiner KE 1998. Phylogeny and
radiation of pollination systems in Disa (Orchida-
ceae). American Journal of Botany 85: 402-411.

Jones DL, Clements MA 2002. A review of Pterostylis
(Orchidaceae). Australian Orchid Research 4:
1-168.

Jordano P 1987. Patterns of mutualistic interactions in pol-
lination and seed dispersal: connectance, depen-
dence, asymmetries, and coevolution. American
Naturalist 129: 657-677.

Kay KM, Schemske DW 2004. Geographic patterns in
plant-pollinator mutualistic networks: Comment.
Ecology 85: 875-878.

Kearns CA 2001. North American dipteran pollinators:
assessing their value and conservation status.
Conservation Ecology 1-13.

Kearns CA, Inouye DW, Waser NM 1998. Endangered
mutualisms: The conservation of plant-pollina-
tor interactions. Annual Review of Ecology and
Systematics 29: 83-112.

Kelly D, Ladley JJ, Robertson AW, Edwards J, Smith DC
1996. The birds and the bees. Nature 384: 615.

Kelly D, Ladley JJ, Robertson AW, Norton DA 2000. Lim-
ited forest fragmentation improves reproduction
in the declining New Zealand mistletoe Peraxilla
tetrapetala (Loranthaceae). In: Young A, Clarke
G ed. Genetics, demography and viability of
fragmented populations. Cambridge, Cambridge
University Press. Pp. 241-252.

Kelly D, Ladley JJ, Robertson AW 2004. Is dispersal
easier than pollination? Two tests in new Zealand
Loranthaceae. New Zealand Journal of Botany
42: 89-103.

Kelly D, Brindle C, Ladley JJ, Robertson AW, Maddigan
FW, Butler J, Ward-Smith T, Murphy DJ, Sessions
LA 2005. Can stoat (Mustela erminea) trapping in-
crease bellbird (Anthornis melanura) populations
and benefit mistletoe (Peraxilla tetrapetala) pol-
lination? New Zealand Journal of Ecology 29.

Kevan PG, Imperatriz-Fonseca VL 2002. Pollinating
bees: The conservation link between agriculture
and nature. Brasilia, Ministry of the Environment,
Government of Brasil. 313 p.

King MJ, Buchmann SL 2003. Floral sonication by bees:
mesosomal vibration by Bombus and Xylocopa,
but not Apis (Hymenoptera: Apidae), ejects pol-
len from poricidal anthers. Journal of the Kansas
Entomological Society 76: 295-305.

Kress WJ, Beach JH 1994. Flowering plant reproductive
systems. In: McDade LA, Bawa KS, Hespenheide
HA, Hartshorn GS ed. La Selva: ecology and natu-
ral history of a neotropical rainforest. Chicago, The
University of Chicago Press. Pp. 161-182.

Ladley JJ, Kelly D 1995. Explosive New Zealand mistle-
toe. Nature 378: 766.

Ladley JJ, Kelly D, Robertson AW 1997. Explosive
flowering, nectar production, breeding systems,
and pollinators of New Zealand mistletoes (Lo-
ranthaceae). New Zealand Journal of Botany 35:
345-360.

Lande R, Schemske DW 1985. The evolution of self-
fertilisation and inbreeding depression in plants:
I Genetic models. Evolution 39: 24-40.

Larson BMH, Barrett SCH 2000. A comparative analysis
of pollen limitation in flowering plants. Biological
Journal of the Linnean Society 69: 503-520.

Lehnebach CA2002. Pollination ecology of New Zealand
orchids. Unpublished MSc thesis, Massey Univer-
sity, Palmerston North, New Zealand. 112 p.

Lehnebach CA, Robertson AW 2004. Pollination ecology
of four epiphytic orchids of New Zealand. Annals
of Botany 93: 773-781.

Lindsey A, Bell C 1985. Reproductive biology of Apia-
ceae. II. Cryptic specialization and floral evolu-
tion in Thaspium and Zizia. American Journal of
Botany 72: 231-247.

Lloyd DG 1972. Breeding systems in Cotula L. (Composi-
tae, Anthemideae) II. Monoecious populations.
New Phytologist 71: 1195-1202.

Lloyd DG 1979. Some reproductive factors affecting the
selection of self-fertilization in plants. American
Naturalist 113: 67-79.

D
ow

nl
oa

de
d 

by
 [

20
3.

17
3.

19
1.

20
] 

at
 0

6:
36

 0
4 

A
ug

us
t 2

01
7 



54 New Zealand Journal of Botany, 2005, Vol. 43

Lloyd DG 1980. Demographic factors and mating patterns
in angiosperms. In: Solbrig OT ed. Demography
and evolution in plant populations. Botanical
Monographs 15. Oxford, Blackwell Scientific
Publications. Pp. 67-88.

Lloyd DG 1985. Progress in understanding the natural his-
tory of New Zealand plants. New Zealand Journal
of Botany 23: 707-722.

Lloyd DG, Barrett SCH 1996. Preface. In: Lloyd DG,
Barrett SCH ed. Floral biology: studies on floral
evolution in animal-pollinated plants. New York,
Chapman and Hall. Pp. vii-xii.

Lloyd DG, Schoen DJ 1992. Self- and cross-fertilization
in plants. I. Functional dimensions. International
Journal of Plant Sciences 153: 358-369.

Lloyd DG, Webb CJ 1986. The avoidance of interference
between the presentation of pollen and stigmas in
angiosperms. I. Dichogamy. New Zealand Journal
of Botany 24: 135-162.

Lloyd DG, Wells MS 1992. Reproductive biology of a
primitive angiosperm, Pseudowintera colorata
(Winteraceae), and the evolution of pollination
systems in the anthophyta. Plant Systematics and
Evolution 181: 77-95.

Lloyd DG, Yates JMA 1982. Intra-sexual selection and
the segregation of pollen and stigmas in her-
maphrodite plants, exemplified by Wahlenbergia
albomarginata (Campanulaceae). Evolution 36:
903-916.

Lord JM 1991. Pollination and seed dispersal in Freyci-
netia baueriana, a dioecious liane that has lost its
bat pollinator. New Zealand Journal of Botany
29: 83-86.

Macfarlane RP, Gurr L 1995. Distribution of bumble bees
in New Zealand. New Zealand Entomologist 18:
29-36.

Macfarlane, RP 2005. Checklist of Diptera of New Zea-
land. Entomological Society of New Zealand
http://www.ento.org.nz [Accessed November
2004].

McMullen CK 1987. Breeding systems of selected Gala-
pagos Islands angiosperms. American Journal of
Botany 74: 1694-1705.

Mark AF, Adams NM 1995. New Zealand alpine plants.
Auckland, Godwit.

Memmott J 1999. The structure of a plant-pollinator food
web. Ecology Letters 2: 276-280.

Memmott J, Waser NM 2002. Integration of alien plants
into a native flower-pollinator visitation web.
Proceedings of the Royal Society London Series
B 269: 2395-2399.

Miller D 1971. Common insects in New Zealand. Wel-
lington, A. H. & A. W. Reed. 178 p.

Molloy B 1990. Pollination systems of New Zealand native
orchids. In: St George I, McRae D ed. New Zea-
land orchids. Dunedin, Southern Colour Print.

Molloy S 2004. Is Rhabdothamnus solandri seed limited
in Northland? Unpublished MSc thesis, University
of Canterbury, Christchurch, New Zealand.

Momose K, Yumoto T, Nagamitsu T, Kato M, Nagamasu
H, Sakai S, Harrison RD, Itioka T, Hamid AA,
Inoue T 1998. Pollination biology in a lowland
dipterocarp forest in Sarawak, Malaysia. I. Char-
acteristics of the plant-pollinator community in a
lowland dipterocarp forest. American Journal of
Botany 85: 1477-1501.

Montalvo AM, Williams SL, Rice KJ, Buchmann SL, Cory
C, Handel SN, Nabthan GP, Primack R, Robichaux
RH 1997. Restoration biology: a population biolo-
gy perspective. Restoration Ecology 5: 277-290.

Montgomery BR, Kelly D, Ladley JJ 2001. Pollinator
limitation of seed set in Fuchsia perscandens
(Onagraceae) on Banks Peninsula, South Island,
New Zealand. New Zealand Journal of Botany
39: 559-565.

Montgomery BR, Kelly D, Robertson AW, Ladley JJ 2003.
Pollinator behaviour, not increased resources,
boosts seed set on forest edges in a New Zealand
Loranthaceous mistletoe. New Zealand Journal of
Botany 41: 277-286.

Moore LB, Edgar E 1976. Flora of New Zealand. Vol. II.
Wellington, Government Printer.

Moore LB, Irwin JB 1978. The Oxford book of New
Zealand plants. Wellington, Oxford University
Press. 234 p.

Morales CL, Aizen MA 2002. Does invasion of exotic
plants promote invasion of exotic flower visitors?
A case study from the temperate forests of the
southern Andes. Biological Invasions 4: 87-100.

Morales CL, Galetto L 2003. Influence of compatibility
system and life form on plant reproductive success.
Plant Biology 5: 567-573.

Murphy C, Robertson AW 2000. Preliminary study of the
effects of honey bees (Apis mellifera) in Tongariro
National Park. Science for Conservation No. 139.
Department of Conservation, Wellington, New
Zealand. Pp. 1-18.

Nagamitsu T, Inoue T 1997. Cockroach pollination and
breeding system of Uvaria elmeri (Annonaceae)
in a lowland mixed-dipterocarp forest in Sarawak.
American Journal of Botany 84: 208-213.

Neal PR 1998. Pollinator restoration. Trends in Ecology
and Evolution 13: 132-133.

Neiland MRM, Wilcock CC 1998. Fruit set, nectar reward,
and rarity in the Orchidaceae. American Journal
of Botany 85: 1657-1671.

D
ow

nl
oa

de
d 

by
 [

20
3.

17
3.

19
1.

20
] 

at
 0

6:
36

 0
4 

A
ug

us
t 2

01
7 



Newstrom & Robertson—Pollination systems in New Zealand 55

Newstrom LE, Armstrong T, Robertson AW, LeeWG,
Heenan PB, Peltzer D, Wilton AD, FitzJohn RG,
Breitwieser I, Glenny D 2003. Environmental risks
to the New Zealand flora from transgenic crops:
the role of gene flow. Landcare Research Contract
Report LC0203/065 prepared for Landcare Re-
search. Available at http://www.landcareresearch.
co.nz/research/biodiversity/geneflow

Nicholls VJ 2000. Ecology and ecophysiology of subant-
arctic Campbell Island megaherbs. Unpublished
MSc thesis, Massey University, Palmerston North,
New Zealand.

Nilsson LA 1992. Orchid pollination biology. Trends in
Ecology and Evolution 7: 255-259.

Norton SA 1980. Reproductive biology of Pseudowintera
(Winteraceae). Unpublished MSc thesis, Victoria
University of Wellington, Wellington, New Zea-
land. 145 p.

Norton SA 1984. Thrips pollination in the lowland forest
of New Zealand. New Zealand Journal of Ecology
7: 157-164.

NyHagen DF, Kragelund C, Olesen JM, Jones CG 2001.
Insular interactions between lizards and flowers:
flower visitation by an endemic Mauritian gecko.
Journal of Tropical Ecology 17: 755-761.

O'Donnell CFJ, Dilks PJ 1994. Foods and foraging of for-
est birds in temperate rain-forest, South Westland,
New Zealand. New Zealand Journal of Ecology
18: 87-107.

Olesen JM 2000. Exactly how generalised are pollina-
tion interactions? Det Norske Videnskaps-Aka-
demi.I.Matematiski Naturvidenskapelige Klasse,
Skrifter, Ny Serie 39: 161-178.

Olesen JM, Jordano P 2002. Geographic patterns in
plant-pollinator mutualistic networks. Ecology
83: 2416-2424.

Olesen JM, Valido A 2003. Lizards as pollinators and
seed dispersers: an island phenomenon. Trends in
Ecology and Evolution 18: 177-181.

Oliveira PE, Gibbs PE 2000. Reproductive biology of
woody plants in a cerrado community of Central
Brazil. Flora (Jena) 195: 311-329.

Ollerton J 1996. Reconciling ecological processes with
phylogenetic patterns: the apparent paradox of
plant-pollinator systems. Journal of Ecology 84:
767-769.

Ollerton J 1998. Sunbird surprise for syndromes. Nature
394: 726-727.

Ollerton J, Watts S 2000. Phenotype space and floral
typology: towards an objective assessment of
pollination syndromes. Det Norske Videnskaps-
Akademi.I.Matematiski Naturvidenskapelige
Klasse, Skrifter, Ny Serie 149-159.

Parker IM 1997. Pollinator limitation of Cytisus scoparius
(Scotch broom), an invasive exotic shrub. Ecol-
ogy 78: 1457.

Parker IM, Haubensak KA 2002. Comparative pollinator
limitation of two non-native shrubs: do mutualisms
influence invasions? Oecologia 130: 250-258.

Parkinson B, Patrick B 2000. Butterflies and moths of New
Zealand. New Zealand Nature Series Auckland,
Reed. 64 p.

Pauw A 1998. Pollen transfer on bird's tongues. Nature
394:731-732.

Pearson WD, Braiden V 1990. Seasonal pollen collection
by honeybees from grasses/shrub highlands in
Canterbury, New Zealand. Journal of Apicultural
Research 29: 206-213.

Pellmyr O 2002. Pollination by animals. In: Herrera CM,
Pellmyr O ed. Plant-animal interactions: an evo-
lutionary approach. Oxford, Blackwell Science.
Pp. 157-184.

Pojar J 1974. Reproductive dynamics of four plant commu-
nities of southwestern British Columbia. Canadian
Journal of Botany 52: 1819-1834.

Potts SG, Vulliamy B, Dafni A, Ne'eman G, Willmer P
2003. Linking bees and flowers: how do floral
communities structure pollinator communities?
Ecology 84: 2628-2624.

Powlesland MH 1984. Reproductive biology of three
species of Melicytus (Violaceae) in New Zealand.
New Zealand Journal of Botany 22: 81-94.

Primack RB 1978. Variability in New Zealand montane
and alpine pollinator assemblages. New Zealand
Journal of Ecology 1: 66-73.

Primack RB 1979. Reproductive biology of Discaria
toumatou (Rhamnaceae). New Zealand Journal
of Botany 17: 9-13.

Primack RB 1983. Insect pollination in the New Zealand
mountain flora. New Zealand Journal of Botany
21:317-333.

Primack RB, Hall P 1990. Costs of reproduction in the Pink
Lady's Slipper Orchid: a four-year experimental
study. American Naturalist 136: 638-656.

Primack RB, Lloyd DG 1980. Andromonoecy in the New
Zealand montane shrub manuka, Leptospermum
scoparium (Myrtaceae). American Journal of
Botany 67: 361-368.

Pritchard GG 1957. Experimental taxonomic studies of
species of Cardamine Linn. in New Zealand.
Transactions of the Royal Society of New Zealand
85: 75-89.

Proctor M, Yeo P, Lack A 1996. The natural history of
pollination. London, Harper Collins. 479 p.

D
ow

nl
oa

de
d 

by
 [

20
3.

17
3.

19
1.

20
] 

at
 0

6:
36

 0
4 

A
ug

us
t 2

01
7 



56 New Zealand Journal of Botany, 2005, Vol. 43

Raguso RA 2001. Floral scent, olfaction, and scent-driven
foraging behavior. In: Chittka L, Thomson JD ed.
Cognitive ecology of pollination: animal behav-
iour and floral evolution. Cambridge, Cambridge
University Press. Pp. 83-105.

Ramirez BW 1970. Host specificity in fig wasps (Agaoni-
dae). Evolution 24: 681-691.

Ramirez N 2003. Floral specialization and pollination: a
quantitative analysis and comparison of the Lep-
pik and the Faegri and van der Pijl classification
systems. Taxon 52: 687-700.

Ramirez N, Brito Y 1990. Reproductive biology of a
tropical palm swamp community in the Ven-
ezuelan Llanos. American Journal of Botany 77:
1260-1271.

Ramirez N, Seres A 1994. Plant reproductive biology of
herbaceous monocots in a Venezuelan tropical
cloud forest. Plant Systematics and Evolution
190: 129-142.

Rasch G, Craig JL 1988. Partitioning of nectar resources by
New Zealand honeyeaters. New Zealand Journal
of Zoology 15: 185-190.

Rattenbury JA 1962. Cyclic hybridization as a survival
mechanism in the New Zealand forest flora. Evo-
lution 16: 348-363.

Raven PH 1973. Evolution of sub-alpine and alpine plant
groups in New Zealand. New Zealand Journal of
Botany 11: 177-200.

Raven PH, Raven TE 1976. The genus Epilobium (Onagra-
ceae) in Australasia: a systematic and evolutionary
study. DSIR Bulletin 216: 1-321.

Robertson AW 1989. Evolution and pollination of New
Zealand Myosotis (Boraginaceae). Unpublished
PhD thesis, University of Canterbury, Christ-
church, New Zealand. 157 p.

Robertson AW 1992. The relationship between floral
display size, pollen carryover and geitonogamy
in Myosotis colensoi (Kirk) Macbride (Boragina-
ceae). Biological Journal of the Linnean Society
46: 333-349.

Robertson AW, Lloyd DG 1991. Herkogamy, dichogamy
and self-pollination in six species of Myosotis
(Boraginaceae). Evolutionary Trends in Plants
5: 53-63.

Robertson AW, Kelly D, Ladley JJ, Sparrow AD 1999.
Effects of pollinator loss on endemic New Zealand
mistletoes (Loranthaceae). Conservation Biology
13: 499-508.

Robertson AW, Ladley JJ, Kelly D 2005. The effectiveness
of short- tongued bees as pollinators of apparently
"ornithophilous" New Zealand mistletoes. Austral
Ecology 30.

Roubik DW 2000. Pollination system stability in tropical
America. Conservation Biology 14: 1235-1236.

Roy B, Popay I, Champion P, James T, Rahman A 2004.
An illustrated guide to common weeds of New
Zealand. 2nd ed. Christchurch, New Zealand Plant
Protection Society. 314 p.

Ruiz T, Arroyo MTK 1978. Plant reproductive ecology of a
secondary deciduous tropical forest in Venezuela.
Biotropica 10: 221-230.

Sakai AK, Weller SG 1999. Gender and sexual dimorphism
in flowering plants: a review of terminology,
biogeographic patterns, ecological correlates, and
phylogenetic approaches. In: Geber MA, Dawson
TE, Delph LF ed. Gender and sexual dimorphism
in flowering plants. Berlin, Springer. Pp. 1-31.

Salmon JT 1963. New Zealand flowers and plants. Auck-
land, Reed.

Salmon JT 1991. Native New Zealand flowering plants.
Auckland, Reed.

Schemske DW 1983. Limits to specialization and coevolu-
tion in plant-animal mutualisms. In: Nitecki MH
ed. Coevolution. Chicago, University of Chicago
Press. Pp. 67-110.

Schlessman MA 1986. Floral protogyny, self-compat-
ibility and the pollination of Ourisia macrocarpa
(Scrophulariaceae). New Zealand Journal of
Botany 24: 651-656.

Schmidt-Adam G, Gould KS, Murray BG 1999. Floral
biology and breeding system of pohutukawa
(Metrosideros excelsa, Myrtaceae). New Zealand
Journal of Botany 37: 687-702.

Schmidt-Adam G, Young AG, Murray BG 2000. Low
outcrossing rates and shift in pollinators in New
Zealand pohutukawa (Metrosideros excelsa;
Myrtaceae). American Journal of Botany. 87:
1265-1271.

Schoen DJ, Morgan MT, Bataillon T 1996. How does self-
pollination evolve? Inferences from floral ecology
and molecular genetic variation. Philosophical
Transactions of the Royal Society of London
Series B 351: 1281-1290.

Schueller SK 2004. Self-pollination in island and mainland
populations of the introduced hummingbird-pol-
linated plant, Nicotiana glauca (Solanaceae).
American Journal of Botany 91: 672-681.

Seavey SR, Bawa KS 1986. Late acting self-incompat-
ibility in angiosperms. The Botanical Review
52: 195-216.

Sobrevila C, Arroyo MTK 1982. Breeding systems in a
montane tropical cloud forest in Venezuela. Plant
Systematics and Evolution 140: 19-37.

Sprengel CK 1793 (1996). Discovery of the secret of na-
ture in the structure and fertilization of flowers. In:
Lloyd DG, Barrett SCH ed. Floral biology: studies
on floral evolution in animal-pollinated plants.
New York, Chapman and Hall. Pp. 3-43.

D
ow

nl
oa

de
d 

by
 [

20
3.

17
3.

19
1.

20
] 

at
 0

6:
36

 0
4 

A
ug

us
t 2

01
7 



Newstrom & Robertson—Pollination systems in New Zealand 57

Stebbins GL 1970. Adaptive radiation of reproductive
characteristics in angiosperms. I. Pollination
mechanisms. Annual Review of Ecology and
Systematics 1: 307-326.

Stebbins GL 1974. Flowering plants. Evolution above the
species level. Cambridge, MA, Harvard University
Press. 397 p.

Stiles FG 1978. Ecological and evolutionary implica-
tions of bird pollination. American Zoologist 18:
715-727.

Sutherland S 1986. Patterns of fruit set: what controls fruit-
flower ratio in plants? Evolution 40: 117-128.

Symon DE 1979. Sex forms in Solanum (Solanaceae) and
the role of pollen collecting insects. In: Hawkes
JG, Lester RN, Skelding AD ed. The biology and
taxonomy of the Solanaceae. London, Academic
Press.

Thomson GM 1879a. Notes on cleistogamic flowers of
the genus Viola. Transactions and Proceedings of
the New Zealand Institute 11: 415-417.

Thomson GM 1879b. On the means of fertilization among
some New Zealand Orchids. Transactions and
Proceedings of the New Zealand Institute 11:
418-426.

Thomson GM 1881a. On the fertilization etc. of New
Zealand flowering plants. Transactions of the New
Zealand Institute 13: 241-291.

Thomson GM 1881b. The flowering plants of New
Zealand and their relation to the insect fauna.
Transactions of the Botanical Society of Edinburgh
14: 91-105.

Thomson GM 1927. The pollination of New Zealand
flowers by birds and insects. Transactions and
Proceedings of the New Zealand Institute 57:
106-125. [issued separately 1926.]

Thomson JD 2003. When is it mutualism? The American
Naturalist 162(4 Suppl): S1-S9.

Thomson JD, Barrett SCH 1981. Selection for outcrossing,
sexual selection and the evolution of dioecy in
plants. American Naturalist 118: 443-449.

Thomson JD, Goodell K 2001. Pollen removal and deposi-
tion by honeybee and bumblebee visitors to apple
and almond flowers. Journal of Applied Ecology
38: 1032-1044.

Thomson JD, Wilson P, Valenzuela M, Malsone M 2000.
Pollen presentation and pollination syndromes,
with special reference to Penstemon. Plant Species
Biology 15: 11-29.

Traveset A, Sáez E 1997. Pollination of Euphorbia den-
droides by lizards and insects - spatio-temporal
variation in patterns of flower visitation. Oecologia
111:241-248.

Tremblay RL 1992. Trends in the pollination ecology of the
Orchidaceae:evolution and systematics. Canadian
Journal of Botany 70: 642-650.

Turnbull LA, Crawley MJ, Rees M 2000. Are plant
populations seed limited? A review of seed sowing
experiments. Oikos 88: 225-238.

Varopoulos A 1979. Breeding systems in Myosotis scor-
pioides (Boraginaceae): I. Self-incompatibility.
Heredity 42: 149-158.

Vinson SB, O'Keefe ST, Frankie GW 2004. The conser-
vation values of bees and ants in the Costa Rican
dry forest. In: Frankie GW, Mata A, Vinson SB ed.
Biodiversity conservation in Costa Rica: learning
the lessons in a seasonal dry forest. Berkeley,
University of California Press. Pp. 67-79.

Vogler DW, Kalisz S 2001. Sex among the flowers: The
distribution of plant mating systems. Evolution
55: 202-204.

Wagstaff SJ, Wege J 2002. Patterns of diversification in
New Zealand Stylidiaceae. American Journal of
Botany 89: 865-874.

Wallace AR 1880. Island life. London, Macmillan.

Wardle P 1978. Origin of the New Zealand mountain
flora, with special reference to trans-Tasman
relationships. New Zealand Journal of Botany
16: 535-550.

Waser NM 1998. Pollination, angiosperm speciation,
and the nature of species boundaries. Oikos 82:
198-201.

Waser NM 2001. Pollinator behavior and plant speciation:
looking beyond the "ethological isolation" para-
digm. In: Chittka L, Thomson JD ed. Cognitive
ecology of pollination: animal behaviour and floral
evolution. Cambridge, Cambridge University
Press. Pp. 318-335.

Waser NM, Chittka L, Price MV, Williams NM, Ollerton
J 1996. Generalization in pollination systems, and
why it matters. Ecology 77: 1043-1060.

Webb CJ 1985. Protandry, pollination, and self-incompat-
ibility in Discaria toumatou. New Zealand Journal
of Botany 23: 331-335.

Webb CJ 1994. Pollination, self-incompatibility, and
fruit production in Corokia cotoneaster (Escal-
loniaceae). New Zealand Journal of Botany 32:
385-392.

Webb CJ, Kelly D 1993. The reproductive biology of the
New Zealand flora. Trends in Ecology and Evolu-
tion 8: 442-447.

Webb CJ, Littleton J 1987. Flower longevity and protandry
in two species of Gentiana (Gentianaceae). Annals
of the Missouri Botanic Gardens 74: 51-57.

D
ow

nl
oa

de
d 

by
 [

20
3.

17
3.

19
1.

20
] 

at
 0

6:
36

 0
4 

A
ug

us
t 2

01
7 



58 New Zealand Journal of Botany, 2005, Vol. 43

Webb CJ, Lloyd DG 1986. The avoidance of interference
between the presentation of pollen and stigmas in
angiosperms II. Herkogamy. New Zealand Journal
of Botany 24: 163-178.

Webb C, Johnson SD, Sykes B 1990. Flowering plants
of New Zealand. Christchurch, Caxton Press.
146 p.

Webb CJ, Lloyd DG, Delph LF 1999. Gender dimorphism
in indigenous New Zealand seed plants. New
Zealand Journal of Botany. 37: 119-130.

Webb CJ, Sykes WR, Garnock-Jones PJ 1988. Flora of
New Zealand. Vol. IV. Christchurch, Botany Divi-
sion, DSIR. 1364 p.

Weberling F 1989. Morphology of flowers and inflores-
cences. Cambridge, Cambridge University Press.
405 p.

Wells MS 1988. Reproductive strategies in plants: studies
on Pseudowintera colorata. Unpublished MSc
thesis, University of Canterbury, Christchurch,
New Zealand. 67 p.

Whitaker AH 1987. The roles of lizards in New Zealand
plant reproductive strategies. New Zealand Journal
of Botany 25: 315-328.

Wiens D, Calvin CL, Wilson CJ, Davern D, Frank D,
Seavey SR 1987. Reproductive success, spontane-
ous embryo abortion, and genetic load in flowering
plants. Oecologia 71: 501-509.

Wilcock C, Neiland R 2002. Pollination failure in plants:
why it happens and when it matters. Trends in
Plant Science 7: 270-277.

Wilson CM, Given DR 1989. Threatened plants of New
Zealand. Wellington, DSIR Publishing. 151 p.

Wilson P, Thomson JD 1991. Heterogeneity among floral
visitors leads to discordance between removal and
deposition of pollen. Ecology 72: 1503-1507.

Wilson P, Thomson JD 1996. How do flowers diverge? In:
Lloyd DG, Barrett SCH ed. Floral biology: studies
on floral evolution in animal-pollinated plants.
New York, Chapman and Hall. Pp. 88-111.

Wilson P, Castellanos MC, Hogue JN, Thomson JD,
Armbruster WS 2004. A multivariate search for
pollination syndromes among Penstemons. Oikos
104: 345-361.

Wilton AD 1997. An evolutionary investigation of the New
Zealand Inuleae (Compositae): stem anatomy and
flowering phenology. Unpublished PhD thesis,
University of Canterbury, Christchurch, New
Zealand.

Wilton AD, Breitwieser I 2000. Composition of the New
Zealand seed plant flora. New Zealand Journal of
Botany 38: 549.

Winkworth RC, Robertson AW, Ehrendorfer F, Lockhart
PJ 1999. The importance of dispersal and recent
speciation in the flora of New Zealand. Journal of
Biogeography 26: 1323-1325.

Winkworth RC, Wagstaff SJ, Glenny D, Lockhart PJ
2002a. Plant Dispersal N.E.W.S. from New
Zealand. Trends in Ecology and Evolution 17:
514-520.

Winkworth RC, Grau J, Robertson AW, Lockhart PJ
2002b. The origins and evolution of the genus
Myosotis L. (Boraginaceae). Molecular Phyloge-
netics and Evolution 24: 180-193.

Winter Y, von Helversen O 2001. Bats as pollinators;
foraging energetics and floral adaptation. In:
Chittka L, Thomson JD ed. Cognitive ecology of
pollination: animal behaviour and floral evolu-
tion. Cambridge, Cambridge University Press.
Pp. 148-170.

Wotton DM 2002. Effectiveness of the common gecko
(Hoplodactylus maculatus) as a seed disperser on
Mana Island, New Zealand. New Zealand Journal
of Botany 40: 639-647.

Zimmerman M, Pyke GH 1988. Reproduction in Pol-
emonium: assessing the factors limiting seed set.
American Naturalist 131: 723-738.

D
ow

nl
oa

de
d 

by
 [

20
3.

17
3.

19
1.

20
] 

at
 0

6:
36

 0
4 

A
ug

us
t 2

01
7 



Newstrom & Robertson—Pollination systems in New Zealand 59

Appendix 1 Glossary of terms and abbreviations

Actinomorphic: radially symmetrical flower, e.g., buttercup.
Agamospermy: reproduction by seed without sexual fusion.
Andromonoecy: all plants bear both male and hermaphrodite flowers.
Anemophily: wind pollination.
Anthesis: flower opening.
Apomixis: the agamospermous production of seed without involving male gametophytes.
Autochthonous: evolved or derived from within, e.g., characters that developed following colonisation.
Autogamy: seed derived from any mode of self-pollination (autonomous and facilitated).
Autonomous selfing: autogamy that occurs within a flower, without the aid of a pollen vector.
Autonomous selfing index (ASI): the ratio of seed set following pollinator exclusion to seed set from hand-crossing.
Corolla: inner whorl of the perianth composed of free or fused petals an surrounding the sexual organs of a flower.
Dichogamy: the temporal separation of male and female phases within flowers.
Dicliny: having unisexual flowers, either male or female, on the same or different plants.
Dioecy: having male and female flowers on separate plants.
Entomophilous: pollinated by insects.
Geitonogamy: autogamy caused by flower-to-flower pollination on the same plant.
Gynomonoecy: all plants bear both female and hermaphrodite flowers.
Gynodioecy: some plants with only hermaphrodite flowers and other plants with only female flowers.
Herkogamy: the spatial separation of male and female function within flowers.
Heterostyly: plants occur as two or three morphs that differ reciprocally in the placement of anthers and stigmas in

the flower tube, only between-morph pollen movements result in seed production.
Microcantharophily: syndrome of small beetles and other small insects (bugs, etc) pollinating flowers.
Monoecism: unisexual flowers of both types (male and female) on the same plant.
Ornithophilous: pollination by birds.
Partial-compatibility: seed set following self-pollination is reduced compared to cross-pollination but it is not close

to zero.
Pollen limitation: the degree to which seed production is limited by the supply of compatible pollen.
Protandry: pollen matures and dehisces before the stigma is receptive.
Protogyny: stigma is receptive before the pollen matures and dehisces.
Reproductive efficiency (RE): ratio of seed set from natural pollination to seed set from hand-crossing.
Self-compatibility: ability to form seed following self-pollination.
Self-compatibility index (SCI): ratio of seed set from hand-selfing to seed set from hand-crossing.
Self-incompatibility: self-sterility.
Zygomorphic: Symmetrical in one plane only, e.g., foxglove.
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