Reports

Pollination and Airflow Patterns Around Conifer Ovulate Cones

Abstract. Wind-tunnel studies indicate that the geometry of Pinus ovulate cones
may enhance the probability of pollen entrapment by aerodynamically predetermin-
ing airflow patterns around scale-bract complexes. Pollination experiments reveal
that pollen from a particular species has the highest probability of reaching the
ovules of its own species. The phenomenon of species-specific pollination appears to
be related to the specific morphometry of scale-bract complexes and the terminal
settling velocity of pollen of the same species. These data are interpreted as evidence
for a reciprocity between the aerodynamic characteristics of airborne pollen and

ovulate cones of some conifer species.

Although the aerodynamic character-
istics of wind-suspended pollen grains
must be consistent with their entrapment
by ovulate cones, the mechanics of pol-
len impaction are not known. Research
indicates, however, that there may be a
high correlation between the features
which define the behavior of pollen as
dispersed particles, and the morphology
of ovule-bearing ‘‘cone scales’’ (that is,
scale-bract complexes) which define
close-proximity airflow patterns (/). The
evidence comes from statistical analyses
of the pattern and frequency of pollen
impaction on the surfaces of different
species of Pinus, as well as from wind-
tunnel experiments. This report provides
evidence to support the aerodynamic
reciprocity hypothesis.

Freshly released pollen was collected
from seven species of pine (Pinus austra-
lis, P. banksiana, P. echinata, P. resin-
osa, P. rigida, P. strobus, and P. sylves-
tris), discharged upwind of receptive
ovulate cones at varying wind velocities,
and the frequency and pattern of pollen
impaction for each species was deter-
mined (2) (Table 1). For the species
examined, regions of maximum pollen
impaction for all orientations of the ovu-
late cone axis to airflow (normal, paral-
lel, and at a 45° angle, distal end pointing
downwind) were on the adaxial, proxi-
mal surfaces of scale-bract complexes.
Regions of maximum pollen impacts are
on the downwind surfaces of the ovulate
cones when cones are oriented parallel
to airflow. In normal or 45° orientations,
a second region of high pollen impaction
was observed on the leading surfaces of
the cone. Maximum pollen impact per

scale-bract complex occurs when cones
are oriented at a 45° angle to airflow (Fig.
1, Ato O).

Although no correlation was found be-
tween the species of pollen that pro-
duced the maximum overall impact score
and the taxonomic affinity of the ovulate
cone used (Table 1), there is a distinct
statistical bias of species-specific polli-
nation (r = .893), if only pollen impacts
on the adaxial surfaces of the scale-bract
complexes are compared (Table 1).

Morphometric analyses of pollen and
ovulate cone features from the seven
species examined indicate high intraspe-
cific coefficients of correlation (Table 2):
cone length-to-width ratio (r = .896,
based on 12 individual cones from each
species), number of scale-bract complex-
es per ovulate cone (r = .889), pitch of
the scale-bract complex parastichy
(r = .869), and scale-bract complex
length-to-width and thickness-to-width
ratios (r = .864 and .895, respectively).
Terminal settling velocities of pollen and
scale-bract morphometry show a high
correlation (r = .882) for each species.
The data suggest that these pollen and
ovulate cone features (Table 2) may con-
trol the net deposition mechanism and
explain the observed bias in pollen im-
paction (Table 1). Aerodynamic factors
alone are not sufficient to explain the
intraspecific bias (Table 1); other net
deposition mechanisms such as rebound,
rebound and reentrainment, or simple
reentrainment may be responsible (3).

To test the aerodynamic attributes of
ovulate cone morphology—specifically,
the geometry of scale-bract complexes
(that is, aspect ratios)—scale models of
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generalized ovulate cones were con-
structed. These models helped in visual-
izing the aerodynamics of pollen entrap-
ment. The small size of real ovulate
cones, when receptive to pollination,
precluded their use in wind-tunnel analy-
ses. The characteristic air disturbance
patterns created by the model were de-
termined for different wind velocities
and orientations to airflow. Airflow visu-
alization was achieved by the bubble-
streak method (¢). Briefly, helium-filled
bubbles (2 mm in diameter) that are
neutrally buoyant (that is, the weight of
the bubble is balanced by the helium),
are released upwind of the model. When
illuminated by an arc lamp directed to-
ward the wind-tunnel opening, the bub-
bles reflect light and appear as bright
streaks in photographs. Aerodynamic
conformity between the models and pro-
totype ovulate cones is ensured by the
use of the appropriate Reynolds number
(5). Laminar and nonlaminar airflow are
shown by undisturbed and irregular bub-
ble streaks, respectively. By correlating
the airflow patterns around the model
and the actual pollen impaction patterns
on prototype ovulate cones, both empiri-
cal and simulated data could be used to
reconstruct the acrodynamics of conifer
pollination.

Regions of nonlaminar airflow statisti-
cally correlate (68 to 97 percent) with
regions of high pollen impaction seen on
real ovulate cones. In normal orienta-
tion, the ovulate cone model produces
downwind nonlaminar flow, which
causes back-sweeping eddies between
and among scale-bract complexes (Fig.
1, D to F). In 45° orientation the nonlam-
inar flow occurs between successive
scale-bract complexes (Fig. 1G). In par-
allel orientation, airflow eddies appear
over the adaxial surfaces of each scale-
bract complex (Fig. 1H). Analyses of
videotapes made of nonlaminar flow
around individual portions of the model
indicate that air disturbance features are
statistically predictable: (i) doldrum-like
eddies between scale-bract complexes,
(ii) corkscrew vortices around the cone
axis along successive complexes, and
(iii) downwind eddies that backsweep
(upwind) between complexes (Fig. 1, Tto
J). The aspect ratios of scale-bract com-
plexes (Table 2) provide a basis for con-
sidering complexes as airfoils which de-
flect suspended particles, such as pollen,
toward the micropyles of attached
ovules. The species-specific aspect ra-
tios of ovulate cone scale-bract complex-
es together with the species-specific
aerodynamic properties of pollen, such
as terminal settling velocities, appear to
provide some of the physical mecha-
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nisms necessary to bias pollination intra-
specifically. Other mechanisms, depen-
dent on such characteristics as adhesion
and surface roughness, also appear to
effect the bias (3).

These studies have not been placed in

the context of larger biometeorologic
systems encountered in forests or tree
stands (6), nor has the influence of fasci-
cles near ovulate cones or of clusters of
ovulate cones been taken into account.
The disruption of mass airflow by

branches and leaves may decrease the
relative frequency of pollen impaction,
but it does not alter the potential for an
intraspecific bias in pollination. The
data, if verified for other pine species,
support the contention that the morphol-

Table 1. Frequency (given in percentage) of pollen impaction on seven species of Pinus ovulate cones at the indicated settling velocity (3).

SPC?CS Pollen source and settling velocity
O e —_—

ovulate P. banksiana P. echinata P. rigida P. strobus P. australis P. resinosa P. sylvestris

cone 2.0 cm/sec 2.0 cm/sec 2.1 cm/sec 2.1 cm/sec 2.2 cm/sec 2.3 cm/sec 2.5 cm/sec

P. banksiana 15 (23)* 15 (12) 16 (9 15 9 15 (23) 9 (14) 15 (8)
P. echinata 10 (20) 14 (25) 18 (15) 19 (8 10 (10) 20 (13) 9 O
P. rigida 17 (18) 18 (10) 23 (24) 11 (9 11 (20) 10 (8) 10 (12)
P. strobus 16 (11) 10 (10) 22 (13) 15 31) 20 (11) 9 (12) 8 (12)
P. australis 15 (11) 14 16 (20) 14 (9 15 (29) 10 (12) 16 (10)
P. resinosa 14 (13) 9 (10) 17 (13) 13 (15) 16 (8) 17 (26) 14 (15)
P. sylvestris 12 (9) 10 (5) 16 (16) 16 (18) 16 (11) 17 (16) 13 (25)

*In each entry, the first value is the percemage ot pollen adhenng to external surface of ovulale cone, and lhe value in parentheses is the percenlage of po]len adhering

to ovules.

Table 2. Morphometric data of Pinus ovulate cones.

Aspect ratios of

Pitch of Pollen

Species I(E_:nog[:fl MY scale-bract seale-bract complexes dimeneions settling

width* complexes genetic spiral Length: Thickness: (pm)¥ vel(;cny

(rad/m) width width (cm/sec)
P. strobus 2.61 74 6 4.8 0.21 34 (49) 56 2.1
P. resinosa 1.05 54 14 4.1 0.79 32 (52) 62 23
P. sylvestris 1.09 74 14 4.3 0.68 32 (54) 68 2.5
P. banksiana 1.40 48 10 3.5 0.52 31 (41) 47 2.0
P. australis 1.75 122 9 3.9 0.47 30 (34) 42 2.2
P. rigida 1.25 88 13 2.8 0.49 39 (48) 56 2.1
P. echinata 2.00 70 4 4.5 0.34 28 (38) 52 2.0

*Values are based on ten sets of measurements.

Fig. 1. Empirically determined pollen impaction patterns on ovulate
cone surfaces (A to C) and air disturbance patterns characteristic for
an ovulate cone model (D to J) as determined by ‘‘bubble’” wind-
tunnel studies. Airflow in all cases is from left to right. Regions of high
pollen impaction (stippled areas) are shown for ovulate cones oriented
normal (A), parallel (B), and at a 45° angle (C) to airflow. (D to F)
Airflow normal to the axis of a scale model of an ovulate cone shows a
downwind eddy that pulses up from the lowermost scale-bract com-
plexes (D) and down from the uppermost complexes (not shown), The
downwind eddies are found in regions where pollen impaction fre-
quencies are high (A). The upwind region of adhering pollen occurs
from direct impaction. (E to F) Individual scale-bract complexes
produce doldrum-like eddies (arrows) over their upper surfaces. (G)
Models of ovulate cones oriented at a 45° angle to airflow produce a
distal downwind eddy in a region corresponding to high pollen
impaction frequencies (C). Direct impaction of pollen produces the
upwind region of adhering pollen (C). (H) When oriented parallel to
airflow, scale-bract complexes produce corkscrew and doldrum-like
eddies. The region of maximum air disturbance occurs on the portion
of the cone furthest downwind. This corresponds to the pollen
impaction pattern shown in (B). (I and J) Representations of the most
prevalent air disturbance patterns based on videotape analyses of
cone models oriented normal (I) and at a 45° angle (J) to airflow. The
ovulate cone directs unidirectional wind to vortices around and
between scale-bract complexes. Impacts from pollen of the same
species as the ovulate cone are found in highest frequency near or on
the ovules of scale-bract complexes.
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ogies of ovulate cones and pollen from
the same species have responded to re-
productive selective pressures incurred
by anemophily. In this respect, wind
pollination in the conifers appears to be a
quite sophisticated and aerodynamically
interactive system.
KARL J. NikLAS
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Cornell University,
Ithaca, New York 18453
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Resource Partitioning and Interspecific Competition in Two

Two-Species Insular Anolis Lizard Communities

Abstract.

Population experiments with Anolis lizard species demonstrate a

relation between the amount of between-species competition and the degiree of
interspecific resource partitioning (the more the partitioning the less the competi-
tion). Specifically, the amount of resource partitioning beiween the two species
(Anolis gingivinus and Anolis wattsi pogus) on the island of St. Maarten is less than
that between the two species (Anolis bimaculatus and Anolis wattsi schwartzi) on the
island of St. Eustatius. The presence of Anolis wattsi both lowers the growth rates
and raises the perch heights of Anolis gingivinus individuals. In contrast, Anolis
wattsi has no effect on Anolis bimaculatus. Thus, when there is less resource
partitioning, Anolis wattsi has a greater competitive effect. This verifies, for these
species, a central assumption of competition theory: the strength of between-species
competition is inversely related to the amount of interspecific resource partitioning.

Many studies in community ecology
are based on the assumption that there is
present-day competition between spe-
cies and that the strength of the competi-

tion is inversely related to the degree of

interspecific resource partitioning. How-
ever, few experimental studies demon-
strate that interspecific competition ex-
ists, and few empirical studies of any
kind attempt to determine how the
strength of competition is related to the
degree of interspecific resource parti-
tioning. As a result, the theory of com-
munity ecology has been criticized (1).
We now report results of density ma-
nipulation experiments designed to ex-

amine the above assumptions. The ex-
periments involve two two-species Ano-
lis lizard communities on islands in the
Eastern Caribbean. These lizards are di-
urnal, insectivorous, and occur at high
density (more than 10,000 per hectare).
The species on the island of St. Maarten
(A. gingivinus and A. wattsi pogus) are
more similar in their resource use than
the species on nearby (approximately 30
km) St. Eustatius (A. bimaculatus and A.
wattsi schwartzi). Our data imply that
competition between anole species is
greater on St. Maarten than on St. Eu-
statius. We show that growth rates of A.
gingivinus individuals are lower in the
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presence of A. wattsi than in their ab-
sence. Also, the presence of A. wattsi
induces a shift in A. gingivinus resource
use. No similar effects of A. wattsi on A.
bimaculatus are observed. Thus, by
these criteria, resource partitioning data
correctly predict the rank order of the
magnitude of interspecific competition.

Two locations, one on St. Maarten and
one on St. Eustatius, were chosen for
their similar topography [elevation, 150
to 200 m; 15° to 19° slopes facing north-
west (310° to 339°), in ravines running
northeast to southwest, on the northeast
side of each island] and forest type (xe-
ric, 6- to 8-m hardwoods with 2- to 3-m
understory). Four enclosures (12 by 12
m) were constructed in each location
during November, December, and Janu-
ary of 1980 to 1981. An enclosure con-
sisted of a fence (1.15 m tall), embedded
in the ground and topped with a polypro-
pylene overhang. Also, a corridor, 2 m in
width, on either side of the fence was
cleared of vegetation to keep lizards
from jumping over.

After construction, lizards were re-
moved from the enclosures. The number
of resident anoles captured in each en-
closure (110 + 7) represents an underes-
timate of the resident population size
because some animals were removed
with the vegetation that was cleared
from the lanes. In December 1980 and
January 1981 each area was restocked
with animals caught outside that area.
Two enclosures on St. Maarten (labeled
GWI1 and GW2) were each stocked with
60 A. gingivinus and 100 A. wattsi po-
gus. The other two St. Maarten arcas
(G1 and G2) were each stocked with 60
A. gingivinus and no A. wattsi. Similar-
ly, two enclosures on St. Eustatius (BW1
and BW2) contained 60 A. bimaculatus
and 100 A. wattsi schwartzi and two (Bl
and B2) contained only 60 A. bimacula-
tus. The numbers and biomass of anoles
introduced to the two-species enclosures
were of the same order as population
size and biomass estimates obtained in
undisturbed sites (2). Introduced animals
were permanently and individually
marked by toe clipping. Size distribu-
tions and sex ratios (50:50) were careful-
ly matched.

At monthly intervals, from January
until May 1981, approximately 30 A.
bimaculatus or A. gingivinus in each
enclosure were recaptured, weighed,
and measured. All unmarked animals
were removed. These data were used to
compute Lincoln estimates of population
size. Three findings are indicated. First,
we were successful in our original re-
moval of lizards inasmuch as we never
recovered more than four unmarked
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