merged with a raft 5 cm away within one minute. The speed with which it travelled

increased as it approached the raft.

Pollen masses coming together

Figure 3.9 The figures (a-d) show pollen masses released above the water surface. The
pollen masses landed essentially intact on the water surface but some small portions
broke apart in the air. Pollen masses came together to form pollen raft.

Figure 3.10 The figures (a-c) show pollen masses released above the water surface. The
pollen masses fell in fine powdery form of pollen even as they were travelling from air to
water.
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3.2.3 Lateral Migration of Pollen Rafts and Pollination

As discussed in Appendix B, particles denser than water can remain trapped on the water
surface because of the vertical capillary forces that arise because of the deformation of
water surface around the particles. The deformation also gives rise to lateral capillary
forces that move them on the surface towards a local surface depression where they get
collected. This is the key transport mechanism by which Ruppia pollen travels laterally
on water surface. It is noteworthy that the capillary force between two floating particles
varies as the product of their buoyant weights, and so the force varies as the second
power of the density difference and the third power of the product of their sizes or radii.
For pollen grains the density mismatch was small as their density was only slightly larger
than the water density and their size is about 40 pum. The capillary force between pollen
grains was in fact comparable to the Brownian force and so was not large enough to
cause them to cluster [3,4]. Therefore, lateral capillary forces can efficiently transport
pollen towards a surface depression (created by a stigma) only when the buoyant weight
of the search vehicle is sufficiently large and this can happen only when they first form
pollen rafts (see Appendix B).

When matured stigmas positioned themselves on the water surface such that their
openings were at the surface, that caused the water surface to depress around the
openings (see Figure 3.11). Pollen rafts deformed the surface substantially more than a
single pollen grain because of their larger size and buoyant weight and so were strongly
attracted to the surface depressions created by the stigmas and collected around such
openings of the stigmas. The formation of pollen rafts thus increases the probability of

pollination.
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Pollen at the
tip of stigma

Figure 3.11 A female florescence at a water surface with two of its stigmas in contact
with the water surface. (a) Female inflorescence, and (b-c) Magnified views of the
stigmas in contact with the water surface. Notice the white colored pollen that is
connected at their openings.
3.3 Pollen Dispersion on Pure Water

To study the role of native water’s salinity in the dispersion of pollen masses, we placed
the plant stems in native water and the anthers were placed so that the pollen mass would
fall into another container that was filled with pure water (pure deionized water obtained
from a Milli-Q system). The initial picture in Figure 3.12 shows pollen mass that fell onto
the pure water surface in powdered form. It continued to disperse and after a few hours
completely broke apart into a monolayer. Figures 3.9 and 3.10 show a similar pollen
mass that fell on native water and dispersed partially. This shows that native water
inhibits the breakup of pollen mass into a monolayer. Since pollen masses disperse only
partially on the native water, they can cluster together under the action of lateral capillary
forces. Completely dispersed monolayers of pollen, on the other hand, do not cluster
since lateral capillary forces for them are small.

To further study this matter, we studied the dispersion of pollen clumps under the
microscope by dropping them on the surface of water in a petri dish. The pollen clumps
in this experiment were the pollen masses that were captured on a microscope slide as

they fell from the anthers. When a pollen clump was dropped on to the surface of native
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water it dispersed only partially (see Figure 3.13a). But, when a pollen clump was
dropped on pure water surface it dispersed completely into a monolayer which contained
long chains (see Figure 3.13b). These results show that the properties of native water also
play an important role in the formation of pollen rafts. On native water pollen clumps
disperse only partially and several of them combine to form pollen rafts which does not

happen on pure water.

2) Initial b) Final c) Fimal, closenp view

Figure 3.12 Dispersion of pollen mass on the surface of pure water. The pollen mass
partially dispersed when it came in contact with the surface. It continued to slowly
disperse and after 05 hours, it dispersed into a monolayer of pollen grains and some small
clumps.

Figure 3.13 Dispersion of pollen clumps observed under microscope. (a) The pollen
clump dispersed only partially on the surface of native water. (b) The pollen clump
completely broke apart on the surface of pure water into a monolayer of chains.
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3.4 Pollen in Surfactant Contaminated Native Water
As described above, surface tension plays an important role in hydrophilous pollination.
It causes pollen masses to partially disperse when they are adsorbed at the water surface,
increasing the vertical capillary force which is essential for keeping them afloat. Also, it
gives rise to lateral capillary forces that cause floating pollen to come together to form
pollen rafts and transports pollen rafts tangentially on a water surface toward a depression
in the water surface created by a stigma. We, therefore, wanted to study how the presence
of a trace amount of surfactant in the water influences the movement of pollen. We added
different concentrations of Dawn dishwashing liquid surfactant (measured in ppm) to 500
ml of water to find out the optimal concentration required to disrupt the pollen transport
process. We considered concentrations ranging from 2 ppb (parts per billion) to 200 ppm
(parts per million). The surface tension of water decreased with increasing surfactant
concentration; it was 72.417 dyn/cm for the native water, 71.22 dyn/cm for 2 ppb and
27.21 dyn/cm for 200 ppm. The presence of surfactant for this concentration range did
not adversely influence the plants, at least not visibly. The leaves remained green and the
anthers matured normally. However, there was a critical concentration above which the
transport of pollen was affected, and there was a higher concentration at which the
transport was completely disrupted. For concentrations below the critical value there was

no noticeable effect.
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Figure 3.14 The surface tension of the native water as a function of the surfactant
concentration.

The stems containing anthers were placed above and below the surface of
surfactant mixed native water and the motion of pollen masses was recorded using the
cameras mounted at the sides and above the water surface as was done for the native
water cases (see Figure 3.5). We visually observed any changes in the pollen behavior to
determine the critical surfactant concentrations at which the transport mechanisms were

affected by the presence of surfactant.

3.4.1 Anthers in Native Water with 15 Ppm Surfactant

As discussed above, the pollen transport process was not affected when the surfactant
concentration was between 2 ppb and 15 ppm. However, when the concentration was
increased to 15 ppm, the behavior of pollen masses during the adsorption and dispersion
phases was noticeably different. The anthers placed above the water surface opened up
and the pollen masses detached from them normally, but most of the pollen masses did

not partially disperse when they were adsorbed at the water surface (see Figure 3.15). For
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the case where the anthers were placed below the water surface, the anthers dehisced
their pollen masses into gas bubbles that carried them to the water surface. Some of the
pollen masses dispersed partially after reaching the surface and some did not disperse and
retained their kidney-like shape (see Figure 3.16). The behavior of pollen masses released
below or above the water surface was similar. In both cases, pollen masses maintained
their kidney-like shape with a smooth boundary. These floating pollen masses formed
pollen rafts like they do on the native water and floated for several minutes. However,
after a few minutes these undispersed pollen sedimented to the bottom. This indicates that
the contact angle was reduced due to the presence of surfactant and so the contact line
advanced on the surface of pollen mass completely covering the surface causing it to
sink. Also, as pollen mass is denser than water, the vertical capillary force is required to
keep it afloat, but its magnitude was reduced because pollen masses did not disperse and
the surface tension was diminished due to the presence of the surfactant (see Figure
3.15¢c). At 15 ppm surfactant concentration, the surface tension was reduced to 44.02
dyn/cm from 72.42 dyn/cm for native water. The reduced surface tension prevented
pollen masses (both those falling from the air and those rising from below) from

dispersing and efficiently floating on the water surface.
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Figure 3.15 (a) Anthers placed above and below in native water mixed with 15 ppm
surfactant (b)-(e) show the anther sacs falling from air onto water surface mixed with 15
ppm surfactant. (f)-(g) show the anther sacs raising to the top of water surface from
below and due to the presence of surfactant the pollen masses are partially dispersed and
few of them did not disperse.

Figure 3.16 The figure shows that at 15 ppm only a fraction of the pollen masses that
rose to the surface with the help of gas bubbles dispersed. Both dispersed and
undispersed pollen masses clustered together under the action of lateral capillary forces.
However, after a few minutes most of them sedimented to the bottom.

48



3.4.2 Anthers in Native Water with 100 ppm Surfactant

We next describe the case for which the concentration of surfactant in the native water
was 100 ppm. At this concentration, the surface tension was reduced to 29.74 dyn/cm
from 72.42 dyn/cm for native water. As for the unadulterated native water, when the
anthers opened up they released gas bubbles to transport their pollen masses to the water
surface and for the anthers placed above the water surface pollen simply fell on to the
surface. The presence of surfactant, however, diminished the tendency of pollen grains to
breakup from the pollen mass to adsorb onto the surface of the bubble (see Figure 3.17).
The pollen mass remained intact and maintained a kidney-like shape. The gas bubbles
caused the pollen masses to detach from the anthers, but they were not always carried to
the water surface. In most cases, instead of rising up with the bubble to the water surface,
the pollen masses detached from the bubble and sedimented to the bottom of the beaker.
The pollen masses maintained their kidney-like shape, indicating that they remained
intact during this process (see Figure 3.17b). The anther sac also sedimented to the
bottom of the beaker.

In some cases, the pollen mass did rise to the water surface along with the gas
bubble, but did not disperse even after having been adsorbed at the water surface where it
maintained its kidney-like shape (see Figure 3.18b). It floated on the surface for several
minutes, but eventually desorbed as the contact line moved to cover the surface with
water. In addition, the vertical capillary force was smaller because the pollen mass did
not disperse after reaching the water surface and so the boundary length over which the
surface tension acted was smaller, and the surface tension was smaller due to the

presence of surfactant.
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Figure 3.17 Pollen mass released below the surface in water which contained 100 ppm of
surfactant. (a) Anther pods (b) Undispersed anther sacs at the bottom of the beaker.

& b Amnther zacs s

Pollen mass

Figure 3.18 The pollen mass rose to the water surface along with the bubble, but it did
not disperse and eventually sedimented to the bottom of the beaker. (a) Anther pods (b)
Anther sacs in kidney like shape on water surface (c) After several minutes the
undispersed pollen mass at the bottom of the beaker.

As in unadulterated native water, when anthers placed a few millimeters above
the surface of native water with 100 ppm surfactant concentration matured, the pollen
mass detached and fell on to the water surface. The presence of surfactant did not alter
the maturation process (see Figure 3.19). The pollen mass remained essentially clumped,
but some small pieces broke away from the main mass which was also the case in native
water (see Figure 3.10). The pollen mass dispersed immediately after coming in contact
with the water surface, but the larger sized pollen clumps were not trapped at the water

surface. The fraction of the pollen trapped at the water surface was significantly smaller
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than on native water and 15 ppm surfactant water as only individual pollen grains and
small pollen clumps were trapped. This, as discussed above, was a consequence of the
fact that the presence of surfactant reduced the surface tension and the contact angle. The
latter caused the contact line to advance and cover the pollen surface with water. The
vertical capillary force was reduced also because of a reduced tendency of pollen masses
to disperse. Thus, the trapped layer was essentially a monolayer of individual pollen
grains and small clumps.

These dispersed pollen monolayers did not combine to form a raft and the air
currents caused them to move around on the surface (see Figure 3.19¢). This is indicative
of the fact that the buoyant weight of pollen monolayers was too small and it did not
cause significant surface depression. On native water, on the other hand, the pollen

partially dispersed into densely packed clusters that combined to form pollen rafts.

A monolayer of pollen floating on the surface

Part of the pollen sedimenting to the bottom

Figure 3.19 Adsorption of pollen from anther pods placed above the surface of water
containing 100 ppm surfactant. (a) Anther pods above water surface, (b) A pollen mass
falling onto the water surface, (c) Pollen spreading into a monolayer, (d) A portion of the
pollen sedimenting, and (e) Monolayers moving around on the water surface but do not
combine.
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To understand this further we studied the dispersion of pollen clumps under a
microscope by dropping them on to the surface of native water with 100 ppm surfactant
concentration in a petri dish. The pollen clumps in this experiment were the pollen
masses that were captured on a microscope slide as they fell from the anthers. When a
pollen clump was dropped on to the surface of water only a relatively small portion
consisting of a monolayer of individual grains and small clumps was adsorbed trapped on

the water surface (see Figure 3.20).

t=4min t=10 min

c d
Pollen grains sedimenting as the cluster disparses

a

Figure 3.20 Dispersion of pollen clumps on the surface of native water with 100 ppm
surfactant concentration observed under microscope. (a) The pollen clump started to
disperse immediately. (b) The pollen clump completely dispersed and a large part of it
sedimented. (c) Monolayer of individual pollen grains and small clusters remaining on
the water surface. (d) A large portion of the pollen sedimented.

To summarize, the presence of surfactant reduces surface tension and contact
angle of water which adversely affect the pollination mechanisms. For example, when the
surfactant concentration is 100 ppm the surface tension is reduced to 29.74 dyn/cm which
reduces the maximum possible vertical capillary force that can act of a pollen mass, and
the reduction in the contact angle causes pollen grains to become covered with water and
thus sink. This combined with the fact that pollen masses do not disperse caused most of

the pollen mass not to get trapped at the surface and so it was not available for

pollination.
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3.5 Discussion and Conclusions

We observed two mechanisms by which the pollen released from male inflorescences of
Ruppia maritima is adsorbed on a water surface: 1) inflorescences rise above the water
surface and after they mature their pollen mass falls onto the surface as clumps and
disperses as it comes in contact with the surface; 2) inflorescences remain below the
surface and produce gas bubbles which carry pollen mass to the surface where it
disperses. In the second case, some pollen grains were also released onto the bubble
surfaces before they detached from the inflorescences. These pollen grains adsorbed on
the bubble surfaces were also carried to the water surface and were concentrated in the
lower portion of the bubble which was below the water surface. The video recordings
show that often the pollen mass within a bubble remained undispersed for several
minutes and then suddenly the bubble burst causing the dispersion of the pollen onto the
water surface. The mechanism by which the bubble burst at the surface and the
encapsulated pollen mass dispersed on to the water surface is not clear from the video
recordings.

In both cases, the pollen mass partially dispersed with a densely packed region of
pollen grains in the middle which was surrounded by a monolayer of pollen grains. The
latter appeared translucent compared to the densely packed region because it contained
mostly a single layer of grains with some smaller clumps within. The process by which a
pollen mass disperses is qualitatively similar to the process by which a clump of powder
disperses on a water surface. The dispersed area of a pollen mass released above the
water surface was smaller than that of a pollen mass released below the water surface.

However, in both cases dispersed pollen masses floated and combined with others to
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form pollen rafts. It is not known which of these pollen rafts were more efficient for
pollination.

Clustering driven by lateral capillary forces is essential for efficient hydrophily
for two reasons. First, it causes floating pollen masses to come together to form pollen
rafts. Second, pollen rafts deform the water surface substantially more than a single
pollen grain because of their larger size and buoyant weight, and therefore, they are more
strongly attracted to the depressions created by the stigmas (see Figure 3.14). Since the
attractive capillary force on a pollen raft toward a stigma is much larger than on a single
pollen grain, the former is more likely to reach the stigma which increases the probability
of pollination. For this reason, the pollen rafts are also referred to as the search vehicles.

We also observed that the attraction between individual pollen grains, and also
between monolayers that did not have the inner dense pollen cores, was weak, and
therefore they clustered very slowly or simply moved around on the surface because of
the water currents without clustering. The capillary force between two floating particles
varies as the product of their buoyant weights, and so the magnitude of the force varies as
the second power of the density difference and the third power of the product of their
radii. The density mismatch for the pollen grains was small as their density was only
slightly larger than the water density and their size was about 40 um. The capillary force
between pollen grains was comparable to the Brownian force and so was not large
enough to cause them to cluster[5, 6]. This was also the case for the monolayers of pollen
grains. Therefore, lateral capillary forces can efficiently transport pollen toward the

depressions created by the stigmas when the buoyant weight of search vehicles is
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sufficiently large and this can happen only when they consist of partially clumped
regions.

Our observational data also shows that individual pollen grains of Ruppia
maritima are attracted to each other by some as of yet unknown forces, suggesting that
additional forces are important in the dispersion of these pollen grains. These cohesive
forces between pollen grains are responsible for keeping the core of the dispersed clumps
densely packed, which as we have discussed above, is important in the formation of
pollen rafts and their transport toward a stigma. If these cohesive forces were not present,
the pollen from an anther would disperse completely into a monolayer. This would
decrease lateral capillary forces and thus the probability of pollination would also
decrease. We also studied the dependence of the pollen transport process described above
on the surface tension by adding a small amount of surfactant to the water which reduced
the surface tension. The presence of surfactant interfered with the process of pollen
transport. For anthers below the water surface, unlike before, most of the pollen masses
were not transported to the surface by the bubbles. The reduced capillary force was not
large enough to keep them attached to their bubbles as they raised to the surface and so
they sedimented to the bottom without reaching the water surface.

Some pollen masses were transported to the water surface, but they did not
disperse and after remaining on the water surface for a few minutes they also sedimented.
The reduced surface tension was not large enough to keep the pollen masses afloat or to
disperse them. For pollen masses released above the water surface, most of the pollen
was not trapped at the surface, especially the larger sized clumps. The pollen that was

adsorbed formed a monolayer which was not dense enough and so it was only weakly
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attracted toward a depression in the water surface. We may, therefore, conclude that the
presence of a small amount of surfactant can disrupt the surface pollination process in

Ruppia maritima.
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CHAPTER 4

CONCLUSIONS

Previous studies [4, 5] have shown that when a particle comes in contact with a liquid
surface it is pulled into the interface towards its equilibrium height by the vertical
capillary force and that during this process the particle can accelerate to a relatively large
velocity normal to the interface. For example, a particle of radius 100 um sprinkled onto
the water surface may attain a velocity of the order of 1 m/s. It is also shown that a
particle being adsorbed oscillates about its equilibrium height before coming to rest under
viscous drag. These oscillations of the particle cause the fluid around it to move away.

The flow during particle adsorption at a fluid-liquid interface is studied in this
work. During adsorption, the vertical capillary force pulling the particle into the interface
gives rise to a transient streaming flow. This lateral streaming flow is studied using the
Particle Image Velocimetry (PIV) technique. This flow is directed away from the test
particle at the interface and below the interface this flow is directed towards the test
particle. The PIV technique was used to study this flow for test particles of various sizes
ranging from 550 p to 2 mm. The test particles used were hollow glass spheres. The test
particles were dropped in a petri dish containing DI water seeded with tracer particles
which in the laser plane were illuminated by a green laser, and the flow of those partices
was recorded by a camera and then analyzed with the help of a Matlab based PIV
program.

The flow created due to adsorption was studied, and it was observed that even

though the water near the test particle started to move as soon as the particle came in
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contact with the surface, the adsorption-induced streaming flow intensity developed over
a period of time. The temporal evolution of the flow was analyzed and plotted at different
time intervals.

The intensity reached a maximal strength after a fraction of a second and then it
decreased. For a 650 um glass sphere the maximum flow strength occurred about 0.4 s
after the particle come in contact, and for a 2 mm sphere after about 1.5 s. We also
considered 1.1 mm, 0.85 mm and 0.55 mm glass spheres for which the maximal flow
strength occurred after 0.75 s, 0.47s and 0.18 s, respectively. These results show that the
time interval after which the maximal flow strength occurred decreased with decreasing
particle size.

Flow created due to adsorption of two or more particles was also studied. When
two or more particles are dropped simultaneously onto the surface their motion in the
direction normal to the interface (and to the line joining their centers) gives rise to the
strong repulsive hydrodynamic forces which cause them to move apart. This can be
understood as a cumulative effect of each of the particles creating a streaming flow upon
adsorption which drives the adjacent particle away. The velocity with which particles
move apart increases with increasing number of particles. Results for 2-650 um glass
particles and nearly 10-30 650 um glass particles are presented. Also, smaller sized
particles disperse more readily because the importance of interfacial forces increases with
decreasing particle radius.

A study of the mechanism of pollination in aquatic plant Ruppia maritima has
also been presented here. This aquatic plant is native to brackish water conditions.

Detailed results of anthers releasing pollen under different circumstances and the
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migration of pollen towards stigma on the water surface are discussed. Due to the
changing water levels affected by the tides (high or low), the anthers of the plant
(sometimes the entire plant) are either submerged or above the water surface (see Figure
3.2). The stigma positions itself at the top of the water surface, creating a depression at its
tip. We collected the plants along with the native brackish water that they grow in, and
transported them back to our lab for experimental study. During experiments, the plants
were placed in beakers (with native water) such that the anthers were above and below
the water level. The process of anthers releasing pollen was recorded at 60 fps using
cameras to understand the mechanism of pollen releasing from anthers and their transport
towards the stigma. The size and shape of the pollen, anthers and stigmas are presented.

The studies reveal that, during high tide-when the anthers are submerged below
the water surface, upon dehiscence the anthers release a gas bubble which carries the
pollen mass to the water surface This is important because, in general, the pollen are
denser than water and in the absence of a gas bubble the released pollen would not reach
the water surface and would sink and cannot reach stigma. During low tide, when the
anthers are above the water surface, the pollen released from the anthers reaches the
water surface due to gravity.

The released pollen mass disperses on the water surface, which is similar to the
particle dispersion discussed above. It is observed that the time taken for the pollen mass
to disperse is different for different cases, when the pollen is engulfed in gas bubble.
Results show that the pollen mass trapped in the gas bubble may disperse instantly upon
reaching the water surface, or may take a few minutes to a few hours to disperse. Several

of these dispersed pollen masses from same/different anthers come together to form a
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pollen raft, which acts as a search vehicle on the water surface, moving in search of
stigma. The pollen raft has a high probability of pollination compared to a monolayer of
pollen or individual pollen floating on the water surface. This is because the lateral
capillary attraction between a pollen raft and the stigma is stronger.

Surface tension plays a crucial role in the whole process of pollination. The
vertical capillary forces help the dispersed pollen mass to stay afloat and the lateral
capillary forces help in the formation of pollen rafts to reach the stigma. The influence of
surfactant on the pollen dispersal mechanism is also studied and reported, as the
surfactant can reduce the surface tension. This we established by adding dishwashing
liquid surfactant to the native water in varying concentrations from 2 ppb to 200 ppm, to
determine the optimum level of surfactant that can impact the mechanism.

The surface tension reduced from 72.41 dyn/cm for native water to 29.74 dyn/cm
in water with 100 ppm surfactant concentration. The pollination mechanism was affected
for concentrations of 15 ppm and above. At 15 ppm, it was partly affected, such that few
of the released pollen did not disperse at the water surface and eventually sedimented,
and few pollen masses dispersed and managed to form pollen rafts. At 100 ppm
concentration, none of the released pollen masses dispersed and all sedimented to the
bottom of the beaker. When pollen was released from anthers located above the water
surface, the pollen dispersed completely into a monolayer and during this dispersion
process a major portion of the pollen from the pollen mass was seen to be sedimenting to
the bottom.

To study the role of salinity of native water in the whole process of pollination,

pollen masses were released on the surface of pure water and were observed under
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microscope to understand the dispersal behavior. The pollen mass dispersed completely
into monolayer on the surface of pure water, whereas the pollen mass dispersed partially

on native water.
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APPENDIX A

VERTICAL FORCE BALANCE AND LATERAL CAPILLARY FORCES ON
FLOATING POLLEN CLUSTERS

The pollen to ovule ratio in Ruppia and other seagrasses is relatively smaller, and so they
have evolved efficient two-dimensional mechanisms for transporting their pollen [33]. As
discussed in chapter 3, in Ruppia maritima, the pollen mass released below the water
surface is carried to the surface by gas bubbles released by the anthers, and the pollen
mass released above the water surface simply falls onto the surface. Once adsorbed at the
air-water interface it can continue to float at the surface and travel laterally (tangentially)
on the surface in search of a stigma. However, since Ruppia pollen mass is denser than
water (density ~ 1.024 g/cm?®), if it is not adsorbed at the water surface it quickly

sediments to the bottom.

In this appendix, we estimate the lateral and vertical capillary forces acting on the
pollen grains and clusters trapped at a water surface that arise because of the deformation
of the water surface that they cause. The vertical capillary force allows particles to float
even though they are denser than water and the lateral capillary force causes them to
move laterally. However, since the magnitude of lateral capillary force decreases with
decreasing cluster size, there is a critical size below which the capillary force becomes

negligible in the sense that the force is smaller than the Brownian force.

For simplicity, in our analysis we will assume that the pollen grains and clusters

are approximately spherical. For an air-water interface, the interfacial tension is y =0.07
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N/m, the air density is p, =1 kg/ m> , and the water density is p; = 1000 kg/ m’. The

capillary force F acting on a floating spherical particle (pollen mass) is given by

Fo= §,vds =ysasinf] (A1)

The integral is along the contact line (CL), ¥ is the surface tension acting at the
contact line, j is the unit vector normal to the surface, y sin § is the vertical component of
surface tension, S is the angle the contact line makes with the surface, s.; is the perimeter
of contact line along which the surface tension acts, and y is the magnitude of y. In
general, the force has both horizontal and vertical components, but because of the
symmetry, the force on an isolated spherical particle is in the vertical direction. The
vertical capillary force is maximum when the surface tension acts vertically along the
contact line, and the maximum possible value is ys.;. The maximum vertical force on a
partially dispersed pollen mass is greater than that on an undispersed pollen mass because

for the former the perimeter of contact line is longer.

Let us consider the vertical force balance for the i particle trapped in the water

surface. The buoyant weight Fy; of the ith particle is balanced by the capillary force Fi;,

Fe+ Fri=0. (A2)

The buoyant weight can be written as F,, = _gpLa?f,”.(&,@,ad,

L PL a;

@) , where g is the

acceleration due to gravity, p,,is the density of the i particle, 6, and h, define the
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floating position for the i" particle (see Figure. A.l), and fp; is the dimensionless

buoyant weight which is a function of the included arguments (see [15]).

It is easy to deduce from Fig. Al that the capillary force F.; can be written as

F,=-2rya,sin ,sin (6, +a,), where ¢ is the three-phase contact angle on the surface of the

i particle (see [4] for the details). Using these expressions in equation (A.1), we obtain

E,=-2nya sin@,sin (6, +a, )= — Foi

a Ppi hi
O T (L e 8 (A3)

L PL a;

Tangent to sphere

Tangent to meniscus

Figure A.1 Schematic of a sphere of radius @ hanging on the contact line at &.. The point
of extension of the flat meniscus on the sphere determines the angle 6; and height /,. The
contact angle a is fixed by the Young-Dupré law and angle &. by the force balance.
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The equation A.3 takes the following dimensionless form

2sing, sin(@, +a) =B £, (2,20 g My (A.4)

L L ai

where B = p,a; g/ 7 is the Bond number. For a pollen grain of 40 um diameter, B = 5x10°

and for a pollen clump of 1 mm diameter, B = 0.035. Thus, the Bond number for pollen
clusters smaller than one millimeter is much smaller than one. When the Bond number is
small the interfacial deformation is small, and the position of the particle in the interface
is determined primarily by the contact angle. Such small clusters therefore can float on
the surface without sinking. However, the presence of surfactant decreases interfacial
tension and the contact angle, which, as discussed in chapter 3, can cause pollen clusters

to sink.

The external vertical force acting on a particle in equilibrium is balanced by the
vertical component of capillary force that arises because of the deformation of interface.
The profile of the deformed interface around a particle can be obtained by integrating
Laplace’s equation and using as boundary conditions that the interface far away from the
particle is flat and that the angle between the interface and the horizontal at the particle
surface is known in terms of the total external force acting on the particle. It can be
shown that the interface height n;(r) at a distance » from particle i is given by (see [1,

15])
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Figure B.5 The percentage of pollen rafts captured is shown as a function of x, for u =

0.3 m/s, y,=0.5m, a, =1mm,a; =2mm,and N = 3000.
For raft radius between 50 um and 1.5 mm, the effect of surface water velocity

u, on the capture percentage is shown in figure B.6a. The radius 50 pm is approximately

2.5 times the mean radius of a single pollen grain, and 1.5 mm is the average radius of
pollen rafts. The capture rate is maximal for the smallest speed considered, i.e., 100
mm/s. In fact, at this speed, the capture rate is 100% for the rafts that have radius larger
than 0.2 mm. This is because for them the capillary force is the dominant force and so all

of the rafts released upstream of the stigma lattice are captured. The capture rate

decreases from this maximal value when u, is increased. The decrease is faster for the
smaller rafts. For example, when # ,= 1 m/s and the raft radius is 1 mm, it decreases to

30%. For a 1 mm raft the capture rate decreases to about 10.2% when u,is 10 m/s. This

means that about 10% of the pollen mass in 1 mm pollen rafts is deposited at the stigmas,

the remaining 90% is swept away by the flow. On the other hand, about 18% of the
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pollen mass in 1.5 mm pollen rafts is deposited at the stigmas, and about 3% of the pollen
mass in 0.5 mm pollen rafts is deposited at the stigmas. Also, notice that for a fixed value

of u the capture rate increases with increasing raft size. This is because the capillary
force increases with increasing raft size, and so larger rafts are more likely to be captured
by stigmas. Thus, for small 2, there is a critical raft radius above which all the rafts are

captured. This analysis assumes that the surface minimums are created by stigmas alone.

It is noteworthy that the capture rate for 50 um pollen rafts (diameter 100 pum,
consisting of about 10 pollen grains) is around 0.67% even when the surface water
velocity is very small. This value of the capture rate is approximately the fractional cross-
sectional length of the surface that is occupied by the stigma in the direction
perpendicular to the flow direction, which means that only those pollen rafts that directly
collide with a stigma are captured. The fractional cross-sectional length determines the
fraction of the streamlines that intersect a stigma. This is because a 50 pm raft simply
moves in the direction of the surface flow since the capillary force acting on it is
negligible. In our simulations, it is assumed that a pollen cluster is captured if it comes in
contact with a stigma. However, in the real problem the pollen cluster will be captured
only if the capillary force acting on it is larger than the drag force. On the other hand, if
the drag force on the cluster is larger, it will not attach to the stigma, as the flow would
cause it wash away from the stigma. Also, our analysis assumes that the attractive force
causing the initial attachment of a pollen cluster with a stigma is the capillary force. This
leaves out the possibility that some other presently unkown attractive force between a

pollen cluster and a stigma exists.
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