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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

oviilate 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 secord 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, A to Q).

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 (» = .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 aerodynamics of conifer
pollination.

Regions of nonlaminar airflow statisti-
cally correlate (68 to 97 percent) with
regions of high pollen impaction seen on
real ovulate cenes. 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, Dto 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, 1 to
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).

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.

These studies have not been placed in =~ 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).

Specfies Pollen source and settling velocity
(8] = —

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

cone 2.0 cn/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 (9
P. rigida 17 (18) 18 (10) 23 (24) I (9 11 (20) 10 (8) 10 (12)
P. strobus 16 (11) 10 (10) 22:413) 15 (31) 20 (11) 9(12) 8 (12)
P. australis 15 (1) 14 (9 16 (20) 14 (9) 15 (29) 10 (12) 16 (10)
P. resinosa 14 (13) 9 (10) [F7ACER) 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 percentage of pollen adhering to external surface of ovulate cone, and the value in parentheses is the percentage of pollen adhering

to ovules.

Table 2. Morphometric data of Pinus ovulate cones.

Aspect ratios of

Pitch of Pollen
Cone Number of scale-bract ¢ S Pollen .

Species length: scale-bract scalt_:-bragi ol e dimensions setthpg

width* complexes genel‘:ﬁ Shital Length: Thickness: (pm) ¥elociy

g di width width (em/scc)
P. strobus 2.61 74 6 4.8 0.21 34 (49) 56 241
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 25
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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tBased on 100 pollen grains: minimum (average) maximum.
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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.
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