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A abstract. The most abundant tree species in much of the undisturbed Hawaiian forests
was the subject of a 2-yr study on plant-pollinator interactions and energetics. The purposes
of the study were (1) to determine the roles of insects and of some endemic Hawaiian birds
in the pollination of the tree Metrosideros collina, (2) to test the hypothesis that maximal
outbreeding and seed set occur at intermediate levels of nectar availability, (3) to understand
the adaptive significance of profuse flowering in this species, and (4) to determine the degree
of specialization in the pollination ecology of this species.
Endemic Hawaiian birds (Drepanididae) are essential for high levels of fruit-set and outbreeding in M. collina. Fruit-set was much higher in red-flowered individuals when birds were
allowed to use inflorescences than when only insects used them. This is apparently caused by
partial self-incompatibility, such that maximal fruit-set occurs only with outbreeding, the
primary agents of which are the birds. The predominant flower color in the population, the

dimensions of floral parts, and copious nectar secretion adapt this species to bird pollination.
However, insects effect moderate amounts of pollination and fruit-set. The open flower and
the color- and scent-variabilitywithin the population may be adaptations for insect pollination
in the event that bird pollination fails. The population seems to have differentiated along an
elevational gradient, with adaptations for bird pollination increasing proportionally with elevation. Individuals have a generalized pollination strategy, and the population as a whole shows
polymorphic variation. Generalization enables M. collina to be the good colonizer that successional patterns and its own geographic distributionshow it to be.
Red-flowered individuals are partially self-incompatible, but yellow-flowered individuals
are totally self-compatible. The yellow-flowered morph may be evolving autogamy. At this
stage its breeding system seems to be intermediatebetween autogamy and outbreeding. Yellowflowered individuals have a floral structure that may facilitate transferral of pollen to stigmas
in the same inflorescence by means of small pollinators, or even without the aid of a pollinator.
Bird numbers tend to be constant relative to nectar availability, although temporary deficits
and surpluses of these pollinators occur: their inability to respond instantly to changes in the
intensity of bloom introduces lags into the system, and these have important consequences for
pollination, outbreeding, and gene flow. During some times of the year pollinators are limiting
to M. collina, and interspecific competition occurs. Maximal fruit-set and outbreeding do
occur at intermediate nectar availabilities. Interspecific competition between species of trees
for pollinators is a potential selective force that may explain the character displacement and
staggering of flowering seasons of two bird-associatedtree species where they co-occur in the
Hawaiian forests.
Profuse flowering in M. collina results in lowered fruit-set per inflorescence apparently because of decreased outbreeding, but the total number of fruits set per tree is high because of
partial self-compatibilityin most individuals. Thus, the M. collina system does not help explain
profuse flowering in mainland tropical species that are totally self-incompatible. Partial selfcompatibility in M. collina permits dependable high seed production, adaptive in colonizing
species.
Key words: Competition; Drepanididae; energetics; forests; generalist strategy; Hawaii;
Myrtaceae; outbreeding; plant reproduction; pollination; species interactions.

INTRODUCTION

Probably the most abundant and widespread of
the native forest trees on the island of Hawaii is
the ohia, Metrosideros collina (Myrtaceae), which
grows from sea level to 2600 m under several climatic regimes (Mueller-Dombois 1966, 1975, Porter
1973). This species colonizes new lava flows rapidly
(Eggler 1971, Smathers and Mueller-Dombois 1974),
1 Manuscript received 25 November 1975; accepted 20
April 1976.

yet persists as one of the most abundant trees in later
stages of succession on mature soils as well, where
it can grow to 40 m tall (Baldwin 1953). As the
major component of vast areas of forest and woodland, it necessarily must play an important role in
the lives of much of the Hawaiian flora and fauna
and in energy flow through the Hawaiian ecosystems.
I chose to study a portion of this role, namely, the
interrelationships between ohia and the organisms
that take its nectar.
In contrast with mainlands, islands have few species
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and, hypothetically because of release from competition (MacArthur and Wilson 1967), island species
are relatively generalized (MacArthur 1972). One
might expect that plant-animal interactions should
be generalized in Hawaii, and therefore I hoped to
determine the degree of specialization of ohia's pollination strategy, and that of the animals on ohia
nectar as an energy source. It is anticipated that
the latter question will be treated in a future publication by R. E. MacMillen and F. L. Carpenter. In addition, I wished to determine ohia's response to both
ephemerality and variability of its habitat. Metrosideros collina and closely related species are distributed through more than 600 of latitude and occur
on many large Pacific islands (Dawson 1970). One
would expect that good colonizers and early successional species, like M. collina, should be selected to
produce large seed crops (Baker 1965, Bawa 1974).
Furthermore, on active volcanic islands such as
Hawaii, the habitat is ephemeral and subject to successive lava flows, and this also should select for
large seed crops produced early in the tree's life.
Metrosideros collina must cope with environmental
variation: it occurs and is successful over a wide
range of elevation and rainfall (Mueller-Dombois
et al. 1972) as well as latitude. One would expect
then that selection would exist for genetic variability
of offspring. Genetic variability in plants derives
from reproductive systems that encourage outbreeding, but this is often accomplished at the expense of
self-compatibility. If pollinators are required for
cross-fertilization, then self-incompatible species risk
setting lower seed crops at times when pollinators
are scarce. I wanted to determine the strategy of
Hawaiian ohia to cope with the potentially conflicting
selection pressures for large seed crops on the one
hand and genetic variability on the other.
It is well known that each plant species produces
a characteristic kind and amount of nectar reward
(Percival 1961, 1965) and that the richness correlates in general with the type of pollinator, "flyflowers" producing little, "bee-flowers" more, and
"bird-flowers" still more (Faegri and van der Pijl
1971). Plants adapted for outbreeding effected by
specific groups of pollinators should produce an
energy reward rich enough to attract those pollinators
but scant enough to force them to include more than
one individual plant in their foraging ranges (Heinrich and Raven 1972). It has not been shown yet
whether richness is optimized to an intermediate value
which maximizes outbreeding by minimizing sedentariness in the pollinators. Trees in the tropics often
flower profusely as individuals and are therefore rich
(Janzen 1967, Richards 1952); this would seem to
be an anomalous situation (Heinrich 1975a) that in
self-compatible species would increase selfing by
geitonogamy (pollination of another flower on the
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same individual plant) at the expense of outbreeding,
and in self-incompatible species would result in poor
seed set. Ohia is capable of profuse flowering, and
thus offers an opportunity not only to test the hypothesis that there is selection for an upper bound
on richness of nectar reward, but also to investigate
the anomaly of profuse flowering. The purpose of
this study, then, was threefold: to test the prediction
that ohia's pollination system should be generalized,
to observe how this species deals with conflicting
selection for and against autogamy, and to test recent
ideas about optimization of nectar flow in outbreeding plants.
MATERIALS

AND METHODS

Ten study sites were situated along an elevational
gradient between 1200 and 1850 m on the southeastern slopes of the volcano Mauna Loa (Kau District, Hawaii). Three sites were located in ohia scrub
forest with native shrubs on thin ash and soil over
pahoehoe lava (Mueller-Dombois and Fosberg 1974,
Baldwin 1953) between 1200 and 1230 m elevation
near Kipuka Puaulu in Volcanoes National Park.
The remaining seven sites were in fairly continuous
Metrosideros-Acacia koa forest beginning at 1200 m
in Kipuka Puaulu and continuing through the Keauhou Ranch to Keawewai at 1850 m (site elevations:
1200 m, 1290 m, 1350 m, 1560 m, 1700 m, and two
sites at 1850 mi). The forests of the Ranch have
been disturbed somewhat by logging which has
cleared narrow strips and patches of land-now grassland grazed by cattle. The land separating these strips
contains relatively undisturbed forest with rich complements of native fauna and flora. I found the
Ranch especially favorable for work because the
cleared strips facilitated transportation between sites
and provided vantage points for intensive observation
of the trees and their associated animals, such observation being extremely difficult in completely
closed forest. In Kipuka Puaulu the forest is mature
and diverse, with trees up to 40 m tall. The six higher
sites were in less mature forest in which ohia was
by far the most abundant species of tree and rarely
grew > 25 or 30 m tall. Our study sites were situated
intermediately between wet montane rain forest characteristic of the Kilauea Forest Reserve and arid
woodland of the Mauna Loa strip road to the west
(Bridges and Carey 1973, 1974, 1975).
Most of the techniques were developed in a pilot
project (Carpenter and MacMillen 1973) conducted
during July and August 1973. Most of the data
reported here were collected during December 1973,
and January, July, August, September 1974. During
both winter and summer periods two to five field
assistants aided in intensive data collection. In addition one of the field assistants was able to collect
data in April 1974.
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of Metrosideros collina showing
FIG. 1. Inflorescence
individualflowers,some with nectarglisteningin nectar
cup.
The study subjects
Metrosideros

collins

(Forster)

A. Gray subspecies

polymorpha (Gaud.) Rock is variable in almost all
characteristics: leaf size, shape, color, and texture,
growth form, flower color, and structure. Rock
(1917) attempted to classify this variability by
naming 11 varieties within the subspecies. However,
intermediates occur between his varieties (Porter
1973.), suggesting that the variability may be more
continuous than polymorphic. Variety incana predominated at our study sites (Porter 1973).
Metrosideros collina possesses an inflorescence
comprised of a variable number of flowers, usually
19-24 (Baldwin 1953, Carpenter and MacMillen
1973, Porter 1973). Each flower is constructedlike
a small Eucalyptus flower, with rudimentarypetals
and long stamens encircling a deep nectar cup from
the center of which protrudes the single style with
inconspicuous stigma (Fig. 1). Buds in a given inflorescence may open within a few days of each
other (Carpenter,personal observation) or may open
sequentially such that an inflorescence can produce
fresh flowers spanning as much as a 40-day period
(Baldwin 1953). The style and stamens of a bud
are tightly folded together into a whorl; a bud first
opens by extending the style. Within a few hours
the stamensbegin to unfold, bearing ripe pollen, and
they continue to unfold for several days. At the end
of the flower's life, the stamens begin to shed, eventually leaving only the style, which turns a darker
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color. An inflorescence with old flowers appears
darker in color than a fresh inflorescence. Corn
(1972a) found ohia to be protandrous;however, my
data differ (to be presented). The mean duration
of single flowers in three inflorescenceswas 12 days
in Baldwin'sstudy (1953); my data suggest a usual
span half that long. Style and filament lengths are
similar (within a few mm of each other) but vary
between individualtrees from 1-3 cm. Flower color
varies from light yellow to deep red, although red
individuals predominated in the study area. Of 61
trees in the populationsample for which flower color
was recorded,only 3 were yellow. The inflorescences
are borne near the tips of twigs and branches. Often
this results in a tree covered with flowers on the
exterior of its mushroom-shapedcanopy with almost
none occurringinteriorly. However, the growthform
of ohia is varied, many individuals being foliated
along the length of the main trunk-in these individuals the flowers also are scatteredalong the length
of the tree's axis and may occur interiorly as well
as exteriorly. See Dawson (1968, 1970, 1972) and
Wardle (1971) for technical descriptionsof Metrosideros spp., and McIntyre (1963) for a description
of the pollen.
If pollinated, the ovary develops into a capsule
containing hundreds of tiny, wind-dispersableseeds
(Corn 1972b). The green capsule grows rapidly
reaching full size within a month of anthesis and remains this way until turning brown prior to dehiscence, which occurs 4-12 months after flowering
(Porter 1973). Dehiscence on the island of Hawaii
occurs in fall and winter, the wettest season (Porter
1973). The flowering peaks for ohia determinedby
Baldwin (1953) and Porter (1973) for elevations
comparable to those of my study sites ranged from
late February through July, although some flowers
are present at almost any time of year somewhere
within the forest (Baldwin 1953).
Ohia long has been known to be associated with
some species of Hawaiian honeycreepers, family
Drepanididae(Perkins 1903, 1913), especiallyHimatione sanguinea and Vestiaria coccinea. The flower-

ing of the trees has been implicated strongly as a
factor determiningthe mass movements of some of
these birds (Baldwin 1953), and the birds have been
suggested as possible pollinators of ohia (Porter
1973). However,because the flowers are non-tubular
and shallow, insects are free to use their nectar and
pollen and thus perhapscause pollination also (Corn
1972a). Honeybees and several species of native
hymenopteraare often found on the flowers, sometimes collecting nectar at the bottom of the nectar
cup, sometimes collecting pollen at the tops of the
stamen brush. When collecting pollen, these insects
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Weighted multiple regression analyses
Independent variables

Sample sizes (N,/Ni)

Rate of nectar secretion over 24-h
periods in red-flowered trees
(cal X flower-' X hW)

Elevation and height of flower in tree
Scrub vs. forest
Red- vs. yellow- and orange-flowered trees

25/75
4/6 (scrub), 25/75 (forest)
3/5 (nonred), 25/75 (red)

A fruit-set

Elevation, height of flower in tree

28/105

B fruit-set

Elevation, height of flower in tree

25/82

C fruit-set

Elevation, height of flower in tree

29/149

potentially could effect pollination more than when
collecting nectar, because of the size and structure of
the inflorescence (see Free 1966-honeybees pollinate
a higher proportion of apple flowers when collecting
pollen than when collecting nectar). Nocturnal pollinators are unlikely for ohia since the one bat present
(Lasiurus cinereus semotus) is insectivorous, and
few nectar feeding nocturnal moths occur.
In the following paragraphs on Methods and in
Tables 1 and 2, sample sizes will be given for the
major experiments and statistical comparisons. Nt
represents the number of trees in the sample, Ni the
number of inflorescences in the sample.
Nectar measurements
The energy values of nectar secreted by ohia were
determined by first measuring sample volume with
microcapillary tubes calibrated from 1-50 pi, and
then measuring % of sucrose equivalents in the
sample with a Bausch and Lomb? sucrose refractometer (details in Hainsworth and Wolf 1972).
Volume X percentage yielded a sucrose index, which
in turn was converted into calories by calibrating
the refractometer against standard solutions of 0.5 M
and 1.0 M sucrose and assuming 4 cal/mg sucrose
(Brody 1964).
To determine the rhythms of nectar secretion and
the influence of sampling rate on ohia, I bagged 10
inflorescences on four trees with 55- X 44-cm finemesh (1 mm) nylon bags to exclude all nectarivores,
and sampled the flowers at known intervals to get
mean hourly production, or nectar "secretion rate."
The bags were cylindrical and supported by aluminum wire frames to prevent collapsing onto the inflorescences. This kind of bag maintains a natural
microclimate, necessary to obtain normal nectar
values (Baker 1975). I selected inflorescences with
flowers just ready to open, marked the pedicel of
each flower with spots of paint that coded the sampling regime, and sampled either 1, 2, 3, or 4 times
per day until secretion ceased and stamens were
shed. Time interval for "nocturnal" secretion included about 1.5 h at dusk and dawn. Rate of secretion was obtained as a function of the time of day,

age of flower, and rate of sampling. For subsequent
nectar analyses in these and other trees, the average
rate of flow over 24 + 3, 48 + 4, or 72 + 5 h was
used to help eliminate effects of time of day of
sampling. Data from flowers obviously past their
peak and data taken during and immediately after
moderate to heavy rain were deleted, because the
rate values were abnormally low.
The rate of nectar secretion was hypothesized to
be related to one or a combination of the following
factors: elevation and season, and the intrinsic factors of flower color, height of inflorescence in tree,
and size (age) of tree. To determine any relationships
between nectar secretion and height or elevation,
secretion rates from red inflorescences sampled within
the essentially homogeneous and continuous strip of
forest from 1290 to 1850 rn and at heights from 0.6
to 14.5 m in the trees, were analyzed by weighted
multiple regression with no assumption of linearity.
Four trees occurred in the scrub forest at elevations
< 1290 m and were not included in the regression
because soil type and vegetation structure were both
different from those in the forest and the trend of
secretion rate with elevation was sharply interrupted
at that soil ecotone. Possible effect of season was
tested in red-flowered trees at the 1350 m site where
the data were most comprehensive. Rates in orangeand yellow-flowered tree's at 1350 m were compared
with the rate for red-flowered trees at that elevation
predicted from the regression equation. The rates in
large (> 12 m) and small (< 9 m) trees were obtained working from a ladder or pole-climbing gear,
and values for red-flowered trees at the 1350 m site
were compared. Sample sizes and tests are summarized in Tables 1 and 2, presented in the order in
which the tests were conducted.
The assistants and I attempted always to select
inflorescences that looked fresh and whose flowers
were just opening or had been open not more than
1 or 2 days. Unfortunately the bloom at the time
of the most intensive data collecting (summer 1974)
was sparse and I could not perform neatly symmetrical experiments with equal sample sizes in each
treatment. Flowers of the appropriate age that were
reachable in any given tree were variable in abun-

Autumn 1976

POLLINATION ENERGETICS IN HAWAIIAN TREES
TABLE

Sample population or
experimental treatment
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2. Single variable analyses

Sample sizes
N,/Ni

Test

Flowers sampled 1, 2, 3, or 4 times
per day for 1-5 days at 1350 m
elevation

4/10

Winter red flowers vs. Summer red
flowers at 1350 m

11/26

t-test

Large (old) vs. small (young) redflowered trees at 1350 m

13/29

t-test

Selfing effected by artificial selfpollination vs. selfing effected by
A bags in red-flowered trees at
1350 m
A vs. B fruit-set (%)
B vs. C fruit-set (%)
All elevations and flower colors
included.
A fruit-set in red flowers vs. A
fruit-set in yellow flowers. All
elevations included.
Fruit-set effected by insects at peak
of bloom vs. that effected at dedine of bloom.

3/6

Paired t-test

Variables measured
Dependent: cal nectar secreted per
flower per h
Independent: No. samples per day, h
and days since flower opened
Dependent: cal nectar secreted per
flower per h over a 24-h period
Independent: Season
Dependent: cal nectar secreted per
flower per h over a 24-h period
Independent: Size category of tree
Dependent: % fruit-set
Independent: Self-pollination treatment type

25/82
25/82 (B)
94 (C)

Paired t-test

Dependent: % fruit-set
Independent: Bagging treatment (A
or B) or control (C)

28/105

t-test

Dependent: % selfing set
Independent: Flower color

23/82

t-test

Fruit-set effected by birds plus insects at peak of bloom vs. that
effected at decline of bloom.

25/92

t-test

Fruit-set in trees of different characteristic nectar secretion rates.

13/16

Regression

Dependent: % fruit-set in B bags,
corrected to 1500 m elevation
(refer to Table 1)
Independent: Date of bloom-April
1974 or Summer 1974
Dependent: % fruit-set in C bags,
corrected to 3.7 m height in tree
(refer to Table 1)
Independent: Date of bloom-April
1974 or Summer 1974
Dependent: % fruit-set in B and in
C bags, corrected to 1500 m
elevation for B treatment, and to
3.7 m height in tree for C treatment
Independent: Mean rate of nectar
secretion in each individual tree

dance so that in some cases replicated experiments
within trees were not possible. I tried to compensate
for this by increasing the number of trees in the
sample.
Relative amounts of nectar taken by insects and
birds were estimated by setting up trios of bagging
treatments in 19 trees at five sites. In each tree one
or more inflorescences marked with inconspicuous
plastic bands were assigned one of the following three
treatments: (A) bagging with the fine-mesh nylon
bags to determine base-line nectar secretion (Nt = 19,
N1 = 71); (B) bagging with 0.3 X 0.5-m cylinders
made of 2.5-cm mesh chickenwire which excluded
birds only (Nt = 19, Ni = 54); or (C) no bagging
at all (Nt = 15, N1 = 54; four trees in December
1973 were not provided with C treatments). Amounts
of nectar remaining after insect visitation (treatment
B) were compared to those remaining after insect
plus bird visitations (treatment C); the totals taken

by insects and by birds plus insects were calculated
by subtraction from nectar produced (treatment A).
I was unable to develop a technique that could exclude insects but not birds, and as a result the activity of birds alone could not be determined.
Seed set measurements
Similar bagging treatments were executed on inflorescences in the bud stage to determine the amounts
of seed set by selfing, insect pollination, and by bird
plus insect pollination. Inflorescences in bud were
selected just prior to opening, buds were counted,
inflorescences marked, and the A and B bags established. At least one complete trio (A-B-C) of treatments was set up in each of 25 trees, usually with
several inflorescences to a treatment; unbalanced expeiiments in summer 1973 account for the unevenness of total tree sample sizes in the three treatments
(see Tables 1 and 2). Within 1 month after flower-
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ing, the capsules had reached nearly maximum size,
and 2-3 mo after flowering the bags were removed
and the number of swollen capsules counted, yielding
percentage of fruit-set for each inflorescence and for
each treatment within a tree. A more thorough
analysis would have involved counting absolute numbers of seeds produced, but this was not feasible
because of the time involved to examine the hundreds
of seeds per capsule for presence of embryos. Because of the great variability of ohia and of the data,
large numbers of trees and inflorescences for each
sample were required, placing a premium on time.
Fruit-set was easily and quickly determined and often
is a good approximation of fertility (Bawa 1974 for
forest trees and Darwin 1876 for garden species).
At any rate, the number of fertile seeds per capsule
is consistently low (x = 11.9 + 3.5) in other closely
related Metrosideros (Dawson 1968) so that a count
of fertile seeds would not have affected the results
greatly.
If a flower is not pollinated, it usually is shed.
Occasionally a flower does not develop normally,
drying in a semi-closed stage and not being shed.
In these instances, the dried flowers were subtracted
from the initial bud count. When it was apparent
that an entire inflorescence had failed to set fruit
because of bud- and flower-destroying insects (Corn
1972a), such inflorescences were deleted-this occurred only a few times, and in all three bagging
treatments.
I compared the amount of selfing by artificial
self-pollination with that in the undisturbed A bags
by performing a paired experiment with one inflorescence per treatment in each of three red-flowered
trees. Artificial self-pollination was effected by collecting pollen from inflorescences bagged to prevent
pollen removal and mixing by insects, and then
placing a large smear of it on the stigmas of the
flowers in the experimental inflorescences on the
same tree; the inflorescence was protected from natural pollination by the fine-mesh nylon bags. Artificial self-pollination was repeated at all stages of the
life of each flower. Fruit-set in this inflorescence
then was compared to that in an undisturbed inflorescence on the same tree bagged with an A bag
in the same manner as described above.
Stage of maximum receptivity was determined in
one inflorescence on each of two trees by snipping
off anthers as soon as the stamens began to exsert
before shedding of any pollen. Each flower was
marked, the date of the first exserting of stamens
was recorded and the inflorescence was bagged.
Some flowers were artificially pollinated on the day
of first stamen exsertion (0-1 day treatment), others
on the next day (1-2 day treatment), and others 3-4
days after. The terminal 0.5 cm of stigma and style
was snipped off 24 h after pollination to prevent
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accidental pollination at an unknown later stage.
After all stigmas were removed, the bag was removed.
Most of the same intrinsic and environmental factors were investigated for relationships with fruit-set
as were studied for nectar secretion: height of inflorescence in tree, flower color, elevation, and season. A, B, and C treatments were performed at
various tree heights and at five elevations, in 26
red- and 3 yellow-flowered trees. Weighted multiple
regression analysis was carried out separately for
each treatment to determine any relationship between fruit-set and elevation or height in tree; relationships with season and flower color were tested
by a t-test. Heinrich and Raven's (1972) hypothesis
of optimal nectar availability for outbreeding was
tested by (1) comparing fruit-set at the peak of
flowering with that during the decline of flowering
and (2) collecting data from A, B, and C treatments
for both nectar and fruit-set pairwise on the same
trees. For test 1, trees at peak bloom had at least
10 times more inflorescences than at decline. The
trees for test 2 had similar numbers of inflorescences
(90 + 30), so differences in nectar secretion rates
reflected differences in nectar availabilities. See
Tables 1 and 2.
In sum, fruit-set was measured directly as a function of (1) age of flower, (2) artificial self-pollination
and self-pollination within A bags, (3) insects, and
birds plus insects as pollinators, (4) flower color,
(5) height of inflorescence in tree, (6) rate of nectar flow, (7) stage of flowering season, and (8)
elevation.
Other measurements
In July, August, and September 1974, the percentage of trees flowering and the intensities of
flowering per tree were measured along an elevational transect with stations every 61 m elevational
rise in July, and every 123 m elevational rise in
August and September. I counted the number of
trees fully visible within a 300 m radius of each station and recorded, using binoculars, the number of
individuals falling into each of the following flowering categories chosen to make my results comparable
to previous work (Porter 1973): (1) 1-10 inflorescences, (2) 11-30 inflorescences, or (3) > 30 inflorescences per tree. In addition, one of the field
assistants recorded less precise categories of flowering
at the 1560 m station in April 1974, categorizing intensities as "heavy," "partial," or "light"; his "heavy"
category was the same as category 3 above.
The inside diameter of the nectar cups on yellow-,
orange-, and red-flowered trees was measured from
five flowers chosen at random from two inflorescences per tree (Nt - 6, Ni = 12) to determine any
relationship between floral color and morphology.
In a separate experiment intended to determine the
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3. Timing of peak nectar flow in four trees

Tree No.
73-10 (yellow)
73-4
73-5
74-16
74-16

Day

Sample interval
containing peak

Midpoint
of sampling
interval

2
2
3
2
3
1
2
1

1400-1730 h
1400-1730
1100-1400
1300-1700
1330-1700
1000-1300
1200-1500
0800-1000

1545
1545
1230
1500
1515
1130
1330
0900
x

1400 ? 2 h

relationship between floral morphology and elevation,
cup diameters and style lengths were measured on
one flower from each of two inflorescences chosen
from each of 16 red-flowered trees at the six forest
elevations.
Birds were captured by setting mist nets. The
pollen from 104 freshly caught birds was sampled
by pressing the feathers of the head with a 2 X 3 cm
piece of cellulose adhesive tape and applying the
tape to a microscope slide (Corn 1972a). The pollen
was compared microscopically with standards made
from all major flowering plants in the study area
likely to be used by honeycreepers: M. collina,
Acacia koa, Sophora chrysophylla, and Myoporum
sandwicense. These standards and the slides of birdborne pollen are deposited in the Museum of Systematic Biology at the University of California, Irvine.
Because the pollen was collected from the heads of
the birds in a standardized manner, the density of
ohia pollen from any one bird could be categorized
on the slides to indicate relative heaviness of pollen
load. Three categories were employed: absent, light,
and heavy.
I extracted data on the flowering seasons of ohia
and Sophora chrysophylla and information on the
association between flowering intensities and honeycreeper relative abundances from Baldwin (1953);
it is anticipated that the method of extraction will be
described in a future publication by R. E. MacMillen
and F. L. Carpenter.
Statistical treatment
I assumed that the dependent variables in this
study, such as nectar and fruit-set values, were normally distributed, and I applied simple parametric
analyses for most comparisons. Unless specifically
stated, all t-tests performed were two-tailed. Weighted
multiple regressions were carried out to allow for
the fact that the number of inflorescences sampled
in each tree was not constant and that observations
within a tree were correlated.
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Unless otherwise stated, confidence
means are given at the 95% level.

limits for

RESULTS

Nectar production
Distinct day-night periodicity occurred in nectar
production of ohia, peak diurnal secretion exceeding
nocturnal secretion by about threefold (difference
significant by a paired t-test, p < .001). Peaks of
nectar flow were variable between trees and within
the same tree from day to day (Table 3), but generally occurred between 1200 and 1600 h. Mean
nectar flow in the entire population sample of 29
red-flowered trees (Ni = 79) sampled for base-line
nectar secretion was 0.57 cal per flower per hour
averaged over a 24-h period. Since an average of
17 producing flowers occurred per inflorescence
(Nt

=

3 1, Ni

-

156),

total production

in an in-

florescence was about 10 cal/h.
The rate of nectar secretion was affected by age
of the flower but not by sampling regime (Fig. 2).
Flowers began secreting within 10-18 h and reached
nearly maximal rates within 13-24 h after first style
or stamen exsertion from the bud. The 24-h rate
peaked broadly from 1-3 days after opening, and
the rate declined after that until stamen shedding on
days 5-7, when secretion ceased. During the last day
or two of the flow, nectar was often secreted at
higher concentrations: at the peak of flow, nectar
in 4-h samples averaged 14% sucrose (Nt = 5,
Ni = 10), whereas on the last day of measurable
secretion the mean concentration rose to 32% (Nt 13, Ni = 35). When nectar was allowed to remain
unsampled for > 4 h, concentrations varied because
of evaporation by wind and sun, but averaged 21%
(Nt = 20, N. = 92). Weather and old age of flower
sometimes interacted to produce concentrations of
50% sucrose or more.
Of the factors listed in Materials and Methods,
nectar was related significantly only to elevation. In
red-flowered trees flow rate was related parabolically
to elevation between 1290 and 1850 m, the predicted minimum rate occurring at 1580 m (Fig. 3).
Weighted multiple regression analysis revealed that
height in tree did not contribute significantly to the
regression and that the quadratic term was necessary
to describe the effect of elevation. Length of style
and diameter of nectar cup of red flowers were
directly related to elevation (F significant at p < .05
and .001, respectively), which suggests that nectar
secretion is independent of floral size. The largest
sample size was obtained at 1350 m; analysis of data
at this site showed there was no difference between
nectar flow rates of small (< 9 m) and large (> 12
m) red-flowered trees (t-test, p > .9), nor was there
a significant difference between December and July-
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FIG.2. Effect of age and sampling rate on nectar secretion in one red-orangeinflorescence. Values plotted are the
combined calories secreted over a 24-h period regardlessof number of samplingsper day. Ageing of the flowers was
precise, and the time axis represents the hours after the first exsertion of stamens from the bud. Data for nocturnal
secretion alone are not plotted but the resultant curve is here superimposed-age and sampling regime had identical
effects whether the 24-h, nocturnal, or diurnal secretion values are considered. To convert calories to joules, multiply
by 4.184.
August flow rates (t-test, .3 < p < .4). The mean
of three yellow- and orange-flowered trees at 1350 m
was significantly higher than the value for red trees
at that elevation predicted from the regression (Fig.

3, p < .05). Finally, observed secretion rates in four
trees in the scrub woodland at 1200 to 1230 m were
significantly lower (p < .01 ) than the rate predicted
by extrapolation.
Nectar availability
The percentage of trees flowering varied with
elevation in summer 1974 (Fig. 4) in a similar man-
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FIG. 4. Flowering percentages along an elevational
gradient in July, August, and September 1974. The three
closed symbols are the percentages in the scrub sites between 1200 and 1230 m in those 3 mo, while the open
symbols represent values obtained in the forest.
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flowers at different times of day. Values are standardized
for time by calculating the mean amount of nectar that
accumulated by the end of 1 h. Solid line represents
insect (B ) treatment, dashed line represents bird plus
insect (C) treatment. A total of 113 observations were
made in each treatment.
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Nectar utilization
Little nectar was used during the night, as shown
by the fact that large quantities accumulated and

'

_SCTS

A-_-IRDS
0
1200

ner as did nectar flow, except that upon descending
from forest at 1290 m to scrub at 1230 m, I found
that flowering usually increased whereas secretion
dropped markedly. The percentage of trees flowering was correlated (July, p < .01; August, p < .05)
with the intensity of flowering (number of inflorescences per tree) except in September when the percentage of trees flowering was extremely low. Because ohia densities were similar at our censusing
sites, variation in percentage and intensity of flowering meant that nectar availability varied spatially.
Nectar availability also varied temporally. In April
1974 at 1560 m the flowering was > 50% with 89%
of the flowering trees being heavily in flower (> 30
inflorescences per tree, category 3), whereas the percentage of trees flowering at that elevation in the
summer was less than 15%, 0% falling into category
3. Trees in heavy flower may possess hundreds of
inflorescences. I counted 600 in a tree in summer
to satisfy the total 24-h energy re1973-enough
quirements of seven honeycreepers (modified from
Carpenter and MacMillen 1973). Information on
temporal changes in flowering in this general area
in other years is available in Baldwin (1953) and
Porter (1973).
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FIG. 6. Top: Calories of nectar taken by insects along
an elevational gradient, calculated by subtractingB values
(nectar left unexploited) from A values (amount of nectar that was secreted during the pertinent time interval)
determined on different inflorescences on the same tree.
Open symbols represent averages over time on a single
tree. Closed triangles are the means for each elevation.
Bottom: Proportion of nectar produced that is left unexploited along an elevational gradient, calculated by
dividing the amount of nectar produced (A value) in a
time interval into the amount left unexploited (B value
for insects, C value for birds plus insects). Symbols
are the means of the the trees at each elevation.
The data points and means at the extreme left of the
abscissa are those obtained in the scrub; means at elevations within the forest are connected with heavy lines.

were available at dawn. The daily periodicity of
nectar use differed in insects and birds. Figure 5
shows the proportion of hourly observations that
represent large unexploited nectar quantities. Birds
were able to exploit nectar rapidly after dawn (Fig.
5, line C), whereas insects acting alone (Fig. 5, line
B) did not reduce nectar in flowers to low levels
(? 0.1 cal/flower) until afternoon. Furthermore,
unlike birds, insects were not able to reduce the nectar to low levels in late afternoon. Comparison of
lines B and C suggests that birds (high-energy homeotherms) rapidly replenish their energy reserves at
dawn after their nocturnal fast and that they store
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energy late in the day in preparation for another fast,
whereas the poikilothermic insects forage most intensely during the heat of midday.
The total amount of nectar taken during the day
by insects within the forest was variable at each
elevational site, suggesting patchy activity. The mean
values show a slight trend (not statistically significant,
F = 1.01, p > .05) to vary parabolically with elevation (Fig. 6, top), and overall insect densities may
have varied with elevation in the same way. This
is supported by the fact that at the elevation of lowest
nectar use in the forest (also the elevation of lowest
nectar flow rate), the mean proportion of nectar
20%
produced that was left unused by insects was
(Fig. 6, bottom), so that lower absolute quantities
of nectar used at this elevation did not reflect merely
less nectar available there. There was no apparent
relationship between elevation and the percentage of
nectar left unused in flowers open to birds and insects
both-unused amounts were universally low within
the forest. In the scrub, nectar seemed not to be
exploited by either birds or insects (Fig. 6) and with
binoculars I could see huge accumulated quantities
glistening in the nectar cups.
Pollination and fruit-set
For red-flowered trees the percentage fruit-set by
self-pollination was significantly less than that set
by insects (one-sided t-test of the means of percentages, p < .005; one-sided t-test of the paired differences, p < .001). The insect fruit-set in turn was
signficantly less than that effected by birds plus insects (one-sided t-test of the means of percentages,
p < .025; one-sided t-test of the paired differences,
p < .005). See Table 4. Thus, animal pollination
was necessary for high levels of fruit-set; the results
also suggest that highest fruit-set occurred as a result
of outbreeding and that ohia may have a weak selfincompatibility system. To test this, I performed an

To
0-1

1-2

2-3

3-4

4-

5

24 HOUR INTERVAL AFTER OPENING OF
FLOWER (TIME OF POLLINATION)
FIG. 7. Periodicity of receptivity of stigma, measured
by proportion of flowers setting fruit in one inflorescence
in each of two red-flowered trees. Timing of pollenshedding is represented by stippling.

artificial self-pollination experiment as described in
Methods. I predicted selfing effected by repeated
artificial self-pollination in three red trees to be
higher than that in A bags in the same trees; however, it was only 2% higher, and this difference was
not statistically significant (one-sided t-test, p > .45).
Thus, both self-pollination situations (undisturbed A
bag and artificial self-pollination) result in low fruitset, and the results indicate that the partial selfincompatibility suggested by A-B-C fruit-sets are
not due to simple lack of pollen transfer. Since selfpollination probably requires a pollinator (C. Corn,
personal communication),

the movement

of bag and

enclosed twigs and leaves by wind must be adequate
to cause self-pollination in the A bags, within which
large quantities of pollen accumulate and are spread
among the inflorescences at various stages of development. The question of self-incompatibility is not
completely resolved here because I did not artificially
cross-fertilize trees for comparison; if my pollination
technique was not as efficient as that of natural
pollinators, low seed-set would result. Bawa (1974)
working with tropical forest trees obtained excellent
success with his pollination techniques, only one out
of 29 experiments yielding lower fertilization with
artificial crossing than with natural "open" crosses.
He had problems obtaining adequate quantities of
pollen, whereas I was able to obtain large pollen
samples; therefore I feel that my technique was probably at least as efficient as his.
Significantly higher rates of selfing occurred in
yellow-flowered trees (Table 4, t-test, p < .01),
which also had significantly smaller nectar cups
(3.55 mm in yellow) than did red flowers (4.14 mm,
t-test, p < .001). Smaller diameters bring stamens
and anthers closer to the central stigma, facilitating
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Distribution of M. collina pollen loads on
11 bird species. (All birds collected between 1350 m
and 1850 m on Keauhou Ranch)
Light
(%)

80

Heavy
(%)

Nectar-feeding species
Loxops virens
(N = 27)
Himatione sanguinea
(N = 39)
Vestiaria coccinea
(N= 14)
Zosterops japonica

(N = 7)
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Y= 39-0.94(E-1423)+0.0003209
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Nt=25

1

Ni=82

(E2-2055302)

m 40\

Species using little or no nectar'
Loxops coccinea
(N = 1)
Hemignathus wilsoni
(N = 1)
Loxops maculata
(N= 1)
Phaeornis obscurus
(N = 6)
Leiothrix lutea

(N = 4)

Carpodacus mexicanus
(N = 3)
Lonchlura punctulata

(N = 1)

20
1200

100

0

0

83

17

0

50

50

0

100

0

0

100

0

0

1All records in the "Light" category except for one

of the Leiothrix resulted from a single pollen grain on
the slide.

pollen transfer within flowers. Apparently, the
yellow form has lost any genetic self-incompatibility
and may be developing automatic self-pollination
(autogamy).
In two red trees studied the stigma was maximally
receptive 1-2 days after the stamens began exserting
(Fig. 7). This corresponded with the peak of nectar
production determined in two different trees, and
thus presumably with the peak of pollinator visitation.
Pollen usually was shed from the moment the stamens
exserted to 4 or 5 days afterwards, and some nectar
was presented at these times also. The data on
timing of receptivity did not agree with those of
Corn (1972a), who found her trees to be protandrous; however, she worked with members of a
different population than mine, and may have been
dealing with a different variety.
Comparing pairs of treatments within red-flowered
trees showed that flowers open to birds as well as insects set 2.7 (? 1.2) times more fruit than did flowers
open only to insects (Table 4). However, in the
three yellow-flowered trees, selfing and insect treatments showed the same high fruit-set as in the birdpollinated red inflorescences and openness to birds
did not raise fruit-set. Thus, birds were important
pollinators of red trees, but not of yellow trees.
Smears made from head feathers of nectar-eating
birds produced large quantities of pollen, almost all

,I
1400

,

I

1600

1800

ELEVATION(m)
FIG. 8. Insect fruit-set (B treatment) against an elevational gradient. Weighted means for each elevation
are indicated by open triangles, and the line is the bestfit quadratic equation, shown on the graph. F for E2=
5.8, p = .05; F for E2 + E = 3.1, p = .05.

from ohia. Relative loads of ohia pollen carried by
various species on our study area during summer
1974 are shown in Table 5. Heaviest loads were
carried by two honeycreepers, Himatione sanguinea
and Vestiaria coccinea, and by introduced Zosterops
japonica (family Zosteropidae). Papers in press
(Carpenter and MacMillen a,b) discuss foraging in
the bird pollinators; the bearing of their results on
the present study will be discussed later.
Weighted multiple regression analysis showed that
in summer 1974 fruit-set effected by birds plus insects was not related to elevation (p > .05), whereas
fruit-set effected by insects alone showed a parabolic
relation (Fig. 8) with elevation; the quadratic was
necessary to describe the relationship (p = .05).
This corresponded to the trend in insect activity (Fig.
6, top) and suggested that fruit-set may have fallen
because of low insect activity at 1600 m. Fruit-set
was not correlated with height in tree for the insect
treatment (p > .05) but was positively correlated
with height for the bird plus insect treatment (Fig.
9). This pattern reflects the pattern of foraging
activity in the bird pollinators, which occupy high
levels in the canopy most of the day (Baldwin 1953,
Carpenter and MacMillen 1973, R. E. MacMillen
and F. L. Carpenter, personal observations).
Heinrich and Raven (1972) suggest that above an
optimal nectar availability, seed-set should decline
because pollinators become satiated and do not cause
much outward flow of pollen. I tested this two ways,
first with a between-season comparison, and second
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with a within-season comparison of trees with similar
numbers of inflorescences but with different nectar
flows. Because I wished to test the relation between
nectar availability and fruit-set without effect of
height in tree as a variable, I adjusted the values of
bird plus insect treatments to a standard height in
tree (3.7 m) according to the equation in Fig. 9.
Likewise, insect treatment fruit-set values were standardized to 1500 m elevation according to the equation in Fig. 8. The results in Fig. 10 are similar
without these adjustments, although the correlation
coefficients and significance levels are altered slightly.
I predicted that fruit-set should be lower, because
of geitonogamy, at the peak of flowering when large
numbers of flowers occur per tree and pollinators
therefore should be less likely to leave an individual
tree, than in the decline of flowering. Fruit-set by
birds plus insects in April, the peak of the bloom,
was significantly lower than that in summer toward
the end of the bloom (one-sided t-test, p < .05).
However, insect treatment fruit-set was not significantly lower at the peak than in the decline (onesided t-test, p > .15). Thus, birds may have been
more sedentary at the peak of the flowering than
later because of rich availability of nectar in single
trees, and the resultant geitonogamy lowered fruitset. Insects, however, seemed not to be affected by
the change in the flowering regime and possibly were
being largely sedentary at both seasons. Insect and
bird foraging is discussed below.
Fruit-set declined in trees with nectar flow rates
> 0.4 cal/flower per hour (Fig. 10), in both B and
C treatments. Maximal fruit-set occurred in trees
0.4 cal/flower per hour,
that had a nectar flow of
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FIG. 10. Relation
fruit-set effected by:

between

nectar

productivity

and

values corrected
Top: Birds plus insects (C treatment,
F = 11.3, p = .005; standard
for effect of height),
= 15.75.
error of regression coefficient
Insects alone (B treatment, values corrected for
Bottom:
F = 8.0, p < .025; standard error
effect of elevation),
= 17.07.
of regression coefficient
by open symbols were included
Only data represented
Total sample sizes including
in the regression analyses.
data represented by closed symbols were Nt = 14, Ni 16 for both B and C treatments.

apparently declining rapidly in trees with lower
nectar flow rates, as was also predicted. Polynomial
regressions were not fit to the data in Fig. 10 because of too few data points from low nectar producers. Trees were selected presumably randomly
with respect to their rates of nectar secretion (unknown at the time of selection), and the small sample
of low producers suggests that few of these individuals occur in the population as a whole. The rapid
decline in fruit-set below the rate of about 0.4 cal
may mean that pollinators act as strong selection
pressure against these individuals, while the gentler
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STAGGERINGOF FLOWERING
SEASONS

Heinrich and Raven's (1972) hypothesis assumes
that the more abundant nectar is, the more restricted
NI
0
q
will be the foraging range of pollinators. Heinrich
w
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(1975b) has shown that bees will shorten the time
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H70
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spent in an unproductive plant and thereby increase
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,~
the number of plants visited. If a source is producFIG. 1. Top: Staggering of the floweringseasonSITE 7
tive, bee foraging is highly site-specific (Grant 1950,
Heinrich 1975a). I assumed that the behavior of
the bee and wasp visitors to ohia is similarly affected.
a.250 I
Studies (Carpenter and MacMillen, a,b, in press)
on the honeycreepers will show that for V. coccinea
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there is an indirect relationship between foraging
area (and number of flowering trees included
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therein) and floral density; 6 out of 10 birds
foraged in sites where flowering intensity was high
and included a single ohia in their foraging areas. In
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sparser
flowering sites, birds foraged in as many
Lj 80
m
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as five or six trees. Data on H. sanguinea were more
difficult to obtain because this species is not territorial; however, it does have a fixed foraging area,
and resightings of banded birds suggested that its
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abundantly available are needed.
Vestiaria coccinea was capable of ohia pollination
(Table 5); given that fruit-set declines directly with
p the
Fat. 1
T
Sgiof
flower
hu
ing seasswatrwr(cletdfomtrespaaests
I Mauna
hav
decline in cross-fertilization in ohia, I was able to
Metrosideros
collina and Sophora chrysophylla on
Loa between 1200 and 1800 m. Data are extracted from test whether the geitonogamy that would result from
Baldwin's (1953) three study sites at which the two single-tree territoriality
by V. coccinea, caused lower
species co-occurred in numbers.
than average fruit-set. Fruit-set in the bird plus inBottom: Flowering seasons of Metrosideros collins on
sect treatment of the one V. coccinea tree for which
Mauna Loa at 2300 m where no Sophora chrysophylla
occurred and of S. chrysophylla on Mauna Kea between I had data fell below the lower limit of the 98%
2000 and 2300 m where no M. collina occurred. Data confidence interval of nonterritorial trees
whose
for M. collins were extracted from Baldwin (1953), for
flowers secreted at about the same rate, whereas
S. chrysophylla from van Riper (1975). Data for the
latter were collected from three separate sites; I have fruit-set by insect pollination in the territorial tree
plotted the means for the three sites each month since was normal (p > .30, one-sided t-test). The evoluthe variation between sites was low.
tionary implications of the presence of V. coccinea
are discussed later.
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decline in fruit-set above 0.4 cal suggests weaker
selection and more tolerance of variation. The mean
rate of 0.57 cal/flower per hour in my 29 redflowered trees was slightly higher than the "optimum"
suggested by Fig. 10 but agreement is good considering the variability in natural systems.
Other evidence supports the hypothesis that highest
fruit-set at relatively low nectar flows in ohma was
caused in fact by satiation of pollinators at high nectar flows: higher levels of nectar remained unused
at all times of the day in f ast nectar producers than
in slow (one-sided t-test, for B treatment p < .025;
for C treatment, trend only, with .10 < p < .15).

DISCUSSION

Factors affecting nectar flow
The rate of nectar flow in red-flowered ohia depended primarily on stage of flower, elevation, and
time of day. The apparent tendency of peak nectar
flow to coincide with maximal stigmatal receptivity
should be corroborated with more observations since
my sample was small. However, such a phenomenon
would be adaptive in ohia because even self-pollination probably requires a pollinator, and pollinator
visits should be a function of nectar availability, all
other factors being equal.
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The nonlinear effect of elevation on nectar flow
suggests a complex of interacting factors. Rate of
nectar production is directly related in some plants
to both insolation (Shuel 1955, Beutler et al. 1957)
and ambient temperature (Percival 1965). On Mauna
Loa, temperature declines inversely with elevation
("lapse rate" = 1.70C per 308 m rise, Stearns and
Macdonald 1946), but insolation is low at elevations
below 1500-1850 m because of frequent cloud cover
(F. L. Carpenter, personal observation, also Juvik and
Perreira 1973). It is possible that ambient temperature affects nectar production from lower to middle
elevations, which are frequently cloud-covered, but
that still lower temperatures at higher elevations are
counteracted by increased surface insolation. The
activity of poikilothermic insects may have varied
with elevation in the same way as nectar production
(see trend in Fig. 6). Their activity should be directly related to total heat load in the environment
which will decline with decreasing ambient temperature, but increase with increasing surface insolation.
Honeycreeper activity is independent of elevation
and depends primarily on flowering intensity (Baldwin 1953). I was unable to determine whether nectar
secretion is physiologically limited by physical factors or is the optimum for maximal fruit-set given
pollinator activity patterns. Because birds seem to
be the most important pollinators of ohia, I would
have expected secretion rates to be constant with
elevation.
If nectar production is temperature- and insolationdependent, this would also explain the external cues
for the diurnal rhythm of secretion, with its midday
peak. Different plant species have different diurnal
rhythms, including those with nocturnal peaks, and
secretion rhythms are thought (Baker 1961) to be
adapted to the activity patterns of the appropriate
pollinators. Ohia's peak coincides with the peak of
activity of insects during the day, but also with an
afternoon peak of activity of H. sanguinea (R. E.
MacMillen and F. L. Carpenter, personal observation). Other nectar-feeding birds seem to increase
activity in late afternoon (Pearson 1954, Stiles and
Wolf 1970, Carpenter and MacMillen 1973, 1975b,
in press), and this is suggested by Fig. 5 for the birds
using ohia in our study area. Thus, the high afternoon secretion rates benefit both insects and birds.
In addition to floral stage, elevation, and time of
day, soil type may have affected nectar flow in ohia.
The low flow rates in the scrub forest could not be
accounted for by difference in climate. The most
conspicuous difference between the scrub and forest
was difference in soil depth and base rock type
(Mueller-Dombois and Fosberg 1974). The scrub
was growing on shallow ash and soil over smooth,
ropey pahoehoe lava that does not decompose
quickly. The forest was growing on more mature
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soils built from the jagged chunks of aa lava, which
breaks down quickly. It seems reasonable that trees
growing on pahoehoe might be limited severely by
water or nutrients or both, and that this would limit
nectar production. Both water and nutrients are
known to affect nectar secretion in other plants
(Percival 1965). Whether lowered secretion in scrub
is adaptive for pollination was not determined by
the present study. Fruit-set at scrub sites was not
lower than the lowest values at other study sites.
Nectar availability and utilization
In spite of low flow rates in the scrub, large
amounts of nectar accumulated in scrub ohia flowers
because of low insect and bird usage. One of the
assistants observed unusually low numbers of honeycreepers in the scrub during the summer of 1974;
this observation was confirmed by the censuses of
Conant (1975).
According to my nectar usage
measurements (Fig. 6) insects also seemed to be
unusually scarce in the scrub. The reason for such
apparent avoidance of the scrub by pollinators is not
clear. Large numbers of honeycreepers were censused in the scrub in winter and spring 1974 (Conant
1975), so it would seem that the scrub is suitable
habitat. However, the census may have picked up
masses of birds passing through on their way to
higher elevations beginning in the winter, as Baldwin
(1953) showed such movements must take place.
Perhaps the scrub is not suitable for extended visitations of honeycreepers; slow nectar secretion could
explain this. Insects might avoid the scrub because
of less shelter from wind and rain.
As a result of these several patterns, the amount
of nectar available to insects and birds varied with
elevation and time. Within the forest, middle elevations had less nectar available in the summer of 1974
than did higher or lower elevations because fewer
trees were flowering, the number of flowers per tree
was lower, and the nectar flow rate was lower.
Nectar availability for the pollinators is patchy temporally also. Baldwin (1953) showed that the birds
respond to the temporal patchiness by vast seasonal
movements across the mountain slopes, following the
bloom. Other nectar feeding birds seem to perform
similar movements (Stiles 1973). One would expect
then that the birds should respond to spatial variations in bloom by adjustments of their own densities.
This may have occurred during my study, as Fig. 6
indicates that the total usage of nectar by birds remained relatively constant along the forest transect
in spite of varying flowering intensities. This means
that the ratio of birds to nectar availability may have
been relatively constant throughout the patchy environment. Data on flower and bird abundances
from Baldwin (1953) show that V. coccinea numbers were directly correlated with flower abundance
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but H. sanguinea lagged 2-4 wk behind changes in
flower abundance. Because of this lag H. sanguinea
may be a more effective pollinator during flowering
declines than is V. coccinea because it must remain
behind feeding on insects and visiting flowers in
many trees, thereby causing cross-fertilization.
Pollination
1) The significance of birds in ohia's pollination
strategy.-The pollination ecology of ohia suggests
a relatively generalized pollination strategy, encompassing self-pollination and cross-pollination effected
by two major groups of pollinators, insects and birds.
Ohia possesses many characteristics that seem specifically adapted for bird pollination: copious nectar
production (Heinrich and Raven 1972), low sugar
concentration of newly secreted nectar (Baker 1975),
predominantly red flower color (Grant 1966). But
by maintaining an open flower ohia does not exclude
insects as do many hummingbird-pollinated flowers
(Grant and Grant 1968) and, therefore, insects can
effect pollination during years when or at locations
where the bird population might be low. The high
sugar concentration of nectar at the end of the life
of the flower may be an adaptation that attracts insects in the event that bird pollination has not occurred, since most nectar-feeding insects prefer more
concentrated nectars (von Frisch 1950, Percival
1965). Nectar in bee flowers is on the average
1.5-2.0 times more concentrated than that in hum20% sugar
mingbird flowers, the latter averaging
(Baker 1975). Thus, although birds are extremely
important to ohia for a high proportion of successful seed-set and probably for much of the
cross-fertilization that occurs, insects may aid in
emergencies. A plant that occupies ephemeral environments like those on active volcanoes cannot
afford seed crop failures, and should be selected
towards generalization, like ohia.
If V. coccinea were the most abundant nectareating bird species in the forest, selection should have
acted to reduce nectar flow in ohia to force this
territorial species to forage from more than one tree
during the day; but V. coccinea is the rarest of the
three honeycreeper species that we studied (Baldwin
1953). It seems likely from behavioral and morphological characteristics that H. sanguinea is the species
that has played the most important pollinating role
during the history of ohia on Hawaii. This species
visits other plant species besides ohia.
In the present study individuals of M. collina were
shown to compete for pollinators. If nectar availability was too low in an individual, fruit-set also
was low, presumably because of lower attractiveness
of those individual trees. Furthermore, pollinators
often seemed to be scarce relative to the flowers
available: nectar was not fully exploited in those in-
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dividual trees that produced nectar at the highest
rates, nor in most trees observed during one season
of heavy bloom (summer 1973). Since intraspecific
competition occurs, it is reasonable to suppose that
interspecific competition potentially occurs between
tree species using these same pollinators. The only
abundant species in Hawaiian forests that likely shares
honeycreepers for pollination is Sophora chrysophylla
Sophora chrysophylla has bright
(Leguminosae).
yellow flag-type flowers, a color and shape often
associated with bird pollination (Faegri and van der
Pijl 1971). Honeycreepers are strongly associated
with this legume (Baldwin 1953). Sophora chrysophylla and M. collina have staggered flowering periods so that almost no temporal overlap occurs in
areas where they overlap geographically (Fig. 11,
top). That this mechanism is effective in preventing
pollen loss and wastage in M. collina was shown by
the fact that pollen smears of the birds contained
almost no other types of pollen. In areas where these
two species do not overlap, their flowering seasons
are shifted (Fig. 11, bottom), suggesting character
displacement in the overlap areas.
Several species of Metrosideros and Sophora occur
in New Zealand, and three species of honeyeaters
(Aves: Meliphagidae) apparently play important
roles as pollinators (Thompson 1927, McCann 1952,
1975). Compared to the Mauna Loa forests, the
New Zealand forests, especially those of the North
Island, have a higher diversity of species associated
with birds (McCann 1952, 1975, Cockayne 1958):
three species of Metrosideros, two of Sophora, Vitex
lucens (Verbenaceae), and Knightia excelsa (Proteaceae). Strong ecological segregation occurs between almost all of these forms (Table 6). The
Metrosideros species are the most abundant element
in the forests, and the three species that assume the
arboreal life form (several others are small shrubs
or lianes) are largely isolated from each other geographically and by habitat. The Sophora species are
habitat-isolated from each other, and are isolated
from Metrosideros either by habitat or by blooming
season. In the diverse forests of the North Island,
staggering of flowering is the major isolating factor,
with different species flowering from June or July
to October, from October to November, and from
November to January. One case of overlap occurs
with Vitex and Sophora microphylla, but there is
some suggestion that the latter may occur in more
open forest than Vitex (Hamilton 1961, Johnson
1968, Salmon 1970).
It appears that evolution has acted in a parallel
manner on New Zealand and Hawaii, staggered
flowering periods having reduced interspecific competition between sympatric species using the same
pollinators. The main difference in the two communities lies in the greater diversity of bird-associated
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TABLE

6. Pollinator segregation in New Zealand trees'

Primary geographic range

Primary habitat

Metrosiderosexcelsa
Metrosiderosrobusta
Metrosiderosumbellata
Vitex lucens

Auckland provinces, North Island
North Island2
South Island3
North Island4

Seaside
Forest
Forest
Forest

Knightia excelsa
Sophora microphylla5
Sophora prostrate

North Island
North and South Islands
South Island

Forest
Forest
Open, rocky places

Species

Ecology, Vol. 57, No. 6

Flowering season
December-January
November-January
November-January
All year with peak
June-October
October-November
July-October
November-December

1Data from Salmon (1963), Wardle (1971), Moore and Adams (1963).
Occurs in extreme northern South Island also.
'Also occurs sporadically in three small areas on North Island and on two islands off the coast of North Island
(Wardle 1971).
'Northern half of the North Island only.
2

'Sophora microphylla includes the localized form tetraptera, with which S. microphylla hybridizes (see Johnson

1968).

trees in the North Island forests. This has resulted
in shorter flowering periods for each species-2-3
mo usually (Table 6), compared to 4-6 mo (Fig. 11)
for Sophora and Metrosideros on Hawaii. Staggering of flowering occurs in the highly diverse mainland tropical forests and greater abbreviation of
flowering periods is seen (Frankie et al. 1974). The
characteristic period of flowering can be considered
an important aspect of niche for plants requiring
pollen vectors, and one would expect competition
to narrow the length of flowering. As with other
systems studied to date (e.g., Colwell 1969), flowering trees in Hawaii and New Zealand support the
suggestion that species diversity and niche breadth
are inversely related.
are
2) Plant-pollinator interdependency.-There
many known examples of highly specialized relationships between plants and their pollinators, some of
which are so nearly obligate that extinction of one
member species would probably cause extinction or
rapid evolutionary change in the other (examples in
Faegri and van der Pijl 1971). Tightly bonded relationships may be characterized by strict coincidence
of geographic distributions (Aconitum and Bombus,
see Baker and Hurd 1968) and of phenological
timing (Robertson 1925, Linsley and MacSwain 1955,
Linsley et al. 1955). Such refined interdependency
seems to occur rarely in bird-plant associations. Birds
are relatively long-lived organisms and cannot afford
to depend on a single species of plant. Furthermore,
bird-plant relationships are probably more recently
evolved (Baker and Hurd 1968) and therefore may
have lacked the time to develop complex interdependencies. However, several plant species are
thought to be pollinated primarily or strictly by specific birds (Porsch 1926, Broekhuysen 1959, McCann
1952, Wakefield 1960). Sometimes the timing of
breeding is strongly correlated with the flowering of
one or two species (Stiles 1973, Broekhuysen 1959,

1963; Skead 1963, Wolf and Stiles 1970, Wagner
1945).
The relationships between honeycreepers and ohia
are not as nearly obligate as in these examples. The
peak breeding times of the birds and the trees do
not coincide in most areas (Baldwin 1953, Berger
1972); the densities of H. sanguinea do not correlate
well with flowering intensities of ohia; this honeycreeper can occur in numbers where there is no
bloom and therefore seems to be able to exist at
least temporarily on insects alone. The birds, however, are probably more dependent on ohia (R. E.
MacMillen and F. L. Carpenter, personal observation)
than ohia is on the birds. Because of its general
reproductive strategy, ohia would probably continue
setting some fruit even in the absence of honeycreepers.
3) Selfing and self-pollination in ohia.-Ohia
seems to have some morphological barriers to selfpollination, and may have a moderate degree of
genetic self-incompatibility. Bawa (1974) found a
gradation of genetically determined self-incompatibility, from total to none; the percentage fruit-set by
self-pollination ranged from 0-60. Ohia apparently
falls midway along that gradient. Percival (1965, p
118) refers to a similar system in Eucalyptus calophylla. Some plants attain self-incompatibility by
means of chemicals in the stigma and style that inhibit growth of pollen tubes of the same genotype
(Pandey 1960). Inhibition can be total, or it merely
can slow the growth of pollen tubes such that tubes
from different genotypes grow faster and are therefore favored in the race to pollinate ovules. Furthermore, sometimes such chemicals dissipate during the
life of the flower, and selfing can occur as an emergency measure in the event that little or no outbreeding has taken place at earlier stages (Lamprecht
1929, Ascher and Peloquin 1966, Pandey 1960).
Since I measured fruit- rather than seed-set in ohia,
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and did not determine seed viability, more work
needs to be done on the ohia reproductive system to
confirm partial self-incompatibility and determine its
basis.
Although the sample size of yellow individuals
was small, the results suggest that rate of nectar flow
is related partly to flower color, different colors
seeming to represent different pollination syndromes.
Keeping the above cautionary note in mind, I suggest that the yellow form seems to have lost any
genetic self-incompatibility and may be evolving a
floral structure which encouarges self-pollination (I
interpret the yellow form as derived from red because red is the predominant color in the genusDawson 1968, 1970, 1972, 1975). Concomitant with
color and structural differences is an increase in
nectar productivity, which should enhance selfpollination and geitonogamy. It is possible that the
yellow tones increase the attractiveness of these
flowers to insects relative to birds as is generally
accepted by pollination biologists (Faegri and van
der Pijl 1971, Grant and Grant 1968) although I
have no data to support this for ohia. I noticed
strong fragrance in the flowers of one of the three
yellow trees, a trait that is associated with insect but
not with bird pollination. Insects would be more
likely to be satiated by large quantities of nectar than
would be birds, because of their lower energy requirements. Some bees possess strong site constancy
behavior (Grant 1950, Butler 1945, Free 1962), and
outward pollen flow effected by honeybees on crops
has been found to decline precipitously 10 m beyond
the source (Bateman 1947, Levin and Kerster 1974,
Heinrich 1975a). Both site constancy and low energy
requirements enhance the likelihood that insects
would effect primarily geitonogamy in the yellowish
ohia forms.
The selection pressures for differentiation of yellow
from red are not known, although it is possible to
speculate. The yellow form occurs most frequently
at lower elevations: I have seen populations with
predominantly yellow-flowered individuals below 900
m, only occasional yellow trees between 1200 and
1350 m, and none above 1350 m. At present, honeycreepers rarely occur below 1000 m (Berger 1972),
although their distribution during the evolutionary
history of ohia is unknown. It is possible that birds
have been relatively more abundant and important
as pollinators at higher elevations and that the red
form has evolved for bird pollination. Direct relationship between bird-flower diversity and elevation
is known to occur elsewhere and is attributed to more
dependable pollination by birds than by insects under
fluctuating climatic conditions at high elevation
(Vogel 1958, Hedberg 1964, Cruden 1972, Faegri
and van der Pijl 1971, van der Pijl and Dodson 1966,
Grant and Grant 1968). Decreasing floral dimen-
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sions with elevation in the red form also suggests
that adaptation for insects occurs at lower elevations.
This could explain differentiation in the yellow form
for insect pollination but not for seif-compatibilty,
unless the insects are undependable even at low
elevation.
If the yellowish forms are evolving autogamy, the
situation is ripe for genetic isolation from the red
form, and thus, speciation.
Outbreeding in red-flowered trees probably occurs
primarily during the beginning and decline of the
flowering in an individual tree, and also in years
when that individual does not flower heavily at all.
On the other hand, the tree must achieve most of
its total yearly seed-set by geitonogamy effected by
both birds and insects at the peak of a heavy bloom,
because at these times, huge numbers of flowers
are produced. Although fruit-set per inflorescence
(measured in this study) is relatively low at these
times, nevertheless fruit-set per tree is high, and
probably greater than at the beginning and decline
of flowering. In fact, both Baldwin (1953) and
Porter (1973) stated that the intensity of flowering
in any given tree is variable from year to year and
unpredictable by climatic conditions. This may ensure both outbreeding in light-flowering years and
good total seed-set in heavy-flowering years. The
anomaly of profuse flowering in tropical mainland
trees is still an unexplained phenomenon because
many of the tropical species are known to be almost
totally self-incompatible (Bawa 1974, Heinrich
1975a).
The M. collina group is characteristically a good
colonizer, both of islands (Dawson 1970) and of
new lava flows on those islands (Eggler 1971).
Ability to set large quantities of seed in variable
environments is crucial for success at colonizing
(Baker 1965, Bawa 1974). Although ohia does not
possess autogamy, nor complete self-compatibility as
do the plants that have colonized the Galapagos
(Rick 1966), nevertheless, it comes close in its reproductive and pollination strategies to the "general
purpose genotype" suggested by Baker (1965) for
herbs in disturbed environments. The cost of the
pollination strategy has been production of enough
nectar for both birds and insects. "Weedy" species
in other environments have been found (Heinrich
1975a) to secrete relatively copious amounts of
nectar.
Generalized strategies so prevalent in island communities are often interpreted as ecological release
caused directly by low numbers of competitors. Ohia
may follow this pattern. In New Zealand, a possible
source area for Polynesian invasions by Metrosideros
(J. W. Dawson, personal communication), three
arboreal Metrosideros species seem to show less variation in habitat and in floral color and structure
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(Cockayne 1958, Johnson 1968, Moore and Adams
1963, Salmon 1970) than does ohia. It is possible
that the variability of Hawaiian Metrosideros is a
kind of ecological release in the presence of an environment with no closely related species and few
other abundant tree species. This variability is adaptive for a colonizer, and M. collina obtains it by
attracting birds as pollinators, without risking small
seed crops as a result of total self-incompatibility.
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