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ABSTRACT 
 

The effects of collector motion on particle capture:  
Lab studies and wind pollination in the field 

 
 

Dori Gao                 Advisor: Dr. J.D. Ackerman 
University of Guelph, 2015 
 

Particle capture is important for many aquatic and terrestrial processes including 

abiotic pollination and suspension feeding. The standard model for examining particle 

capture is a stationary cylinder but it does not account for the natural movements of biotic 

collectors. This study examined the effects of collector motion in the transverse and 

longitudinal direction on capture efficiency using a cylindrical model in the lab and a 

grass species, Phleum pratense, in the field. Results from the both experiments indicated 

that movement increased particle/pollen capture efficiency and distribution, especially at 

low collector Reynolds numbers (Rec). This effect was greatest for transversely moving 

collectors with large magnitudes of motion, which encountered more particles with 

higher relative momentum. Results provided helpful insight into controversies in the 

literature and showed that collector motion can lead to different particle capture than the 

stationary model could predict and therefore, movement should be considered in particle 

capture models.  
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INTRODUCTION 

The process of particle capture involves the capture and retention of the 

suspended particulate matter from the fluid medium (Shimeta and Jumars 1991). Particle 

capture is important for many biological and biogeochemical processes in aquatic and 

terrestrial systems (e.g., Okubo et al. 2002). For example, the capture of suspended 

particles can alter trophic structures and energy fluxes within aquatic ecosystems (Wetzel 

1995) as passive and active suspension feeders capture food particles from the water 

column (Vogel 1994; Riisgård and Larsen 2010).  Some meroplankton (i.e., larvae) may 

act as passive particles and thus rely on the particle capture for settlement (Butman 1987; 

Grizzle et al. 1996).  Particle capture is also important for abiotic pollination (i.e., wind 

and water pollination) where pollen capture serves as the mechanism of pollination 

(Niklas 1985; Ackerman 2000). At large spatial scales, natural and constructed wetlands 

improve water quality through particle capture mediated by macrophytes that lead to 

increased nutrient retention.  Submerged macrophytes can also capture suspended 

pollutants, which mitigate the downstream impacts of pesticides and heavy metals, 

changing the chemical fate of these suspended particles (Sondergaard et al. 2001; 

Armitage et al. 2008).  

Previous studies of particle capture have relied on stationary collectors of 

different size and surface texture as well as under varying hydrodynamic environments 

(Rubenstein and Koehl 1977; Shimeta and Jumars 1991; Spielman 1997; Palmer et al. 

2004; Haugen and Kragset 2010). An axial-symmetric cylindrical collector, such as a 

cylinder, is most commonly used because it can act as a generic model for a variety of 

processes such as pollination, particle removal by vegetation, suspension feeding and 



!
!

!
!

2!

passive larval settlement. The cylindrical shape provides a good representation for 

grasses, reed-like vegetation, algae (Harvey et al. 1995) and cilia or siphons of 

suspension feeders (Shimeta and Jumars, 1991; Riisgård and Larsen 2010). The 

symmetry of a cylinder also means that the transitions between flow regimes will occur 

synchronously across the entire collector (Vogel 1994).  

Particle capture on moving collectors remains a relatively unknown topic, despite 

the fact that flow-induced oscillations (e.g., plant oscillation due to wind- or water-

induced forces) result from the pressure and shear forces between a moving fluid and a 

body (Feng 1968; Sumer 2006; De Langre 2008; Riisgård and Larsen 2010; Espinosa-

Gayosso et al. 2013).  Fluctuations in aquatic plant canopies (monami) occur due to 

hydrodynamic instability at the top of the canopy (Ghisalberti and Nepf 2002) due in part 

to the hydroelasticity of plants (Ackerman and Okubo 1993). These are analogous to 

honami, which are seen as cow-licks in grass canopies caused by the penetration of 

canopy scale eddies and the mechanical response of the rigid plants (Inouee 1955).  

 

Particle Capture Theory 

Particle capture mechanisms can be understood in part by the flow regime around the 

collector indicated by the collector Reynolds number (Rec, ratio of inertial to viscous 

forces) given by, 

    !"! = ! !!!!      (1) 

where dc is the collector of diameter, u is the mean velocity of the fluid and v is the 

kinematic viscosity (e.g., Vogel 1994). The Rec and associated flow patterns around a 

rigid circular cylinder are well known (e.g. Harvey et al. 1995; Palmer et al. 2004; 
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Haugen and Kragset 2010): (1) at low Rec (i.e., Rec < 10), the flow around the cylinder is 

laminar; (2) at Rec between 10 and 40, two attached eddies form downstream from the 

cylinder with one eddy rotating clockwise and the other rotating counter clockwise (i.e., 

Föppl vortices); (3) when 40 > Rec > 200, vortices detach alternately creating a Von 

Kármán vortex street; (4) at Rec > 200, the flow transitions to turbulence; and (5) 

becomes fully turbulent as Rec > 300 (Blevins 2001). Rec ranging from 1 to 1000 is of 

ecological interest because many aquatic and terrestrial processes such as larval 

settlement, suspension feeding and pollination occur within this range (Palmer et al. 

2004; Py 2006; De Langre 2008; Dupont 2010). 

Particle collection is thought to occur via five principal capture mechanisms 

identified in aerosol filtration theory: (1) direct interception; (2) inertial impaction; (3) 

gravitational deposition; (4) diffusional deposition; and (5) electrostatic attraction 

(Langmuir 1942; Rubenstein and Koehl 1977; LaBarbera 1984; Shimeta and Jumars 

1991; Espinosa-Gayosso et al. 2012). Direct interception is where a particle is captured 

when it comes within a radius of a collector and the capture efficiency depends on the 

size of the particle relative to the collector. Inertial impaction occurs when particles 

follow fluid streamlines until they deviate from the streamline due to their inertia and are 

captured by a collector. Particles that are denser than their fluid medium will sink via 

gravitational deposition. Diffusional deposition is where Brownian motion causes 

particles to deviate from the streamline and applies for particles <10-6 m diameter 

(Spielman 1977). The last mechanism, electrostatic attraction, occurs when the collector 

and particles carry opposite electrical charges, thus increasing attraction between them. 

These five mechanisms have been used to predict ecological particle capture but 
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experimental results have shown that classical capture mechanisms may need to include 

hydrodynamic interactions between particle and collector to achieve consensus between 

theoretical and experimental data for biological systems (Spielman 1977). 

The capture of particles is typically described as capture efficiency (η), which is 

defined as the ratio of the flux of particles captured on the surface of a collector to the 

flux that passed through that space – or the rate at which particles are removed from the 

fluid to the particles that would have passed through the space occupied by the collector 

if it were absent (Shimeta and Jumars 1991). Numerous studies have developed models to 

determine capture efficiencies (Langmuir 1942; Fuchs 1964; Palmer et al. 2004). 

Recently, capture efficiency (!) in a flow chamber was estimated through the use of 

acoustic methods to measure particle concentration (Palmer et al. 2004),  

   ! = ! !!!
!!!!!!!(!!!!!")

            (2) 

where Nc is the number of particles captured on the collector over a given duration t (i.e., 

5 minutes per trial), k is the settling rate constant of the particles, calculated using 

Acoustic Doppler Velocimeter (ADV) readings, P0 is the numerical concentration of 

particles when the cylinder was inserted, and lc is the length on the cylinder where 

particles were captured. Equation (2) is used to calculate the rate at which particles 

collect on a surface, assuming that this is equal to the rate that particles are removed from 

the system through settling due to gravitational forces.  

Capture efficiency is not only a function of the Rec but also a function of a 

number of other factors including: the relative particle diameter (R = particle diameter/ 

collector diameter = dp/dc); the specific gravity of the particle (s = particle density/fluid 

density = δp/δF); and the Stokes number (Stk) (Ingham et al. 1990; Palmer et al. 2004; 
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Krick and Ackerman 2015). The Stk is the ratio of the particle stopping distance to the 

collector radius. The stopping distance is the distance a particle would continue to travel 

under its own inertia if the fluid was stopped instantly; thus it is a function of the particle 

density, fluid density and fluid viscosity. The Stk can be calculated using,  

    !"# = !
!!"!!

!!.                  (3) 

Increasing R, s and Stk can result in higher capture efficiencies because it increases the 

probability of capture by direct interception, gravitational deposition and inertial 

impaction (Rubenstein & Koehl 1977).  

 

Numerical Simulations and Field Experiments of Particle Capture on an Oscillating 

Model 

Several studies have attempted to determine how oscillations affect pollination success 

(Niklas 1985; Friedman & Harder 2004; and Cresswell et al. 2010). These studies arrived 

at conflicting conclusions.  Friedman & Harder (2004) found that when plants with 

compact panicles (i.e. Elymus repens, Elymus innovatus and Phleum pratense) were 

‘staked’ (i.e. movement was restricted), pollen capture was not significantly affected but 

when plants with diffuse panicles (i.e. Fetuca campestris, Anthoxanthum nitens and 

Bromus inermis) were ‘staked’, they captured significantly less pollen.  Recently, 

Cresswell et al. (2010) reported that grass plants capture pollen primarily by inertial 

impaction on upstream surfaces. Niklas (1985), however, found that the motion of certain 

plant species caused “leeward sedimentation”, a mechanism in which downstream 

vortices, caused by complex aerodynamic patterns, led to pollen grains being captured on 

the downstream side of the plant surface (Niklas 1985).  Niklas (1985) found that 35-70% 
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of captured particles accumulated on the leeward side of the grass, Knotroot foxtail 

(Setaria geniculate).  Cresswell et al. (2007) used two different grass species: meadow 

foxtail (Alopecurus pratensis) and sweet vernal grass (Anthoxanthan odoratum), which is 

similar in architecture to S. geniculate, and found that only 5% of the captured particles 

were found on downstream surfaces. The discrepancy in their findings may be due to 

factors such as differences in morphology and structure of the grass species and the 

amplitude of oscillation, none of which were controlled or compared directly between 

studies. Importantly, Cresswell et al. (2010) used plant species that did not oscillate with 

large amplitude as those used by Niklas (1985).  

Computation Fluid Dynamics (CFD) has also been used to determine the effects 

of collector motion on particle capture (Espinossa-Gayossa et al. 2013; Krick and 

Ackerman 2015). Espinossa-Gayossa et al. (2013) demonstrated that oscillations affected 

particle capture upstream of the cylinder. In their simulation, a cylinder in unsteady flow 

(i.e. moving primarily in the longitudinal direction) captured particles in a narrow 

upstream window whereas a cylinder in steady flow (i.e. moving primarily in the 

transverse direction due to vortex-shedding) was able to capture particles on a much 

broader area.  

Krick and Ackerman (2015) showed that when a collector oscillates in the 

transverse direction, capture efficiency increased considerably compared to a stationary 

cylinder. However, when the collector oscillation was in the longitudinal direction (in-

line with flow), the increase in capture efficiency was less (Krick and Ackerman 2015). 

This phenomenon was explained through an examination of the particle momentum 

relative to the collector during the different phases of oscillation. If that momentum 
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becomes sufficiently large as when the collector moves toward the particle, it allows 

particles to penetrate through the boundary layers of the cylinder, leading to increased 

capture (Krick and Ackerman 2015). This effect is less pronounced for particles with 

higher Stk and when the collector is moving longitudinally to the flow because the 

momentum that is added to the particles during the first half of the oscillation phase (i.e. 

when the cylinder moves towards the particles) is lost during the second half of the 

oscillation phase (i.e., when the cylinder moves in the same direction as the particles) so 

there is little net gain in momentum (Krick & Ackerman 2015). The results from Krick & 

Ackerman (2015) also indicated that the oscillation affects capture efficiency when the 

amplitude and frequency are sufficiently large. They also found in the majority of 

simulations, <10% of capture particles occurred on the leeward or downstream side of the 

cylinder but in a few cases, under a specific combination of parameters, 30-75% of 

captured particles were caught on the downstream side.  

Though the computational modeling results provide insight into the mechanisms 

underlying particle collection on a moving collector, they have not been validated 

empirically. There is, therefore, a need to investigate particle capture on an oscillating 

cylinder in a systematic way using a physical model in the laboratory that will bridge the 

gap between the computational model and a natural system involving wind pollination in 

the field. 

 

 

 

 



!
!

!
!

8!

Hypotheses 

The objective of this thesis is to examine how the direction and magnitude of an 

oscillating collector affects particle capture efficiency in the lab and the field. Two 

hypotheses were examined: 

 

(1) H0: Particle capture will be similar for the moving and stationary collectors. 

HA: Particle capture will be greater for a transversely oscillating collector than a 

longitudinally moving or stationary collector because in the transverse direction, the 

collector will encounter more particles whose relative momentum will be larger as it 

moves across other streamlines. This will enable more particles to penetrate the boundary 

layer and become captured.   

 

(2) H0: Particle capture will be similar for collectors moving at all oscillation levels 

 HA: Particle capture will be greater for collectors at lower Rec and moving with higher 

oscillation magnitudes because the increase in particle momentum relative to the collector 

will be larger.  
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MATERIALS AND METHODS 

LABORATORY 

Flow Chamber and Oscillation Apparatus 

The capture efficiencies and distribution of particles on a cylindrical collector were 

examined in a 14.5 L recirculating flow chamber (170 cm long × 17 cm wide × 4.5 cm 

water depth; Fig. 1). Three flow straighteners were placed downstream of the water inlet 

about 1 cm apart with the last one indicating the 0 cm mark on the test section. One 

straightener was also placed upstream of the outlet to reduce any circulation (details in 

Ackerman 1999, Vanden Byllaardt and Ackerman 2014). Stationary and oscillatory 

cylinders were placed approximately 140 cm downstream from the inlet above the closed 

sediment chamber where the boundary layer is fully developed (Ackerman 1999). 

 

Figure 1. Scale drawing of the recirculating flow chamber used in this study with the placement 
of the cylindrical collector, attached to the oscillation apparatus approximately 140 cm 
downstream of the collimators (flow straighteners). After Ackerman (1999). 

Two oscillation mechanisms were used; one for high frequency oscillations and 

another for low frequency oscillations. The first apparatus was a Makita 4329 Variable-

Speed Jigsaw (Makita Corporation, Japan) with modified attachment (Fig 2A), which 
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generated a linear saw-tooth oscillatory motion with frequencies ranging from 10 Hz to 

37 Hz. The amplitudes were dependent upon the frequency, which increased from 2.1 cm 

to 10 cm with increasing frequency. The frequency and amplitude were tracked for each 

jigsaw speed setting (ranging from 1 to 4) in slow motion video (400 fps) with a Nikon 1 

J1 camera (Nikon, Tokyo, Japan). Amplitudes were measured using the frame-by-frame 

mode in iMovie version 9.0.9 (Apple Inc., CA, USA). Frequencies were verified using a 

calibrated Nova-Strobe BBL Portable Stroboscope (Monarch Instrument, Amherst, NH, 

USA). 

A second oscillation apparatus (Fig. 2B) was used for lower frequency 

oscillations. It consisted of a servomotor controlled by a microcontroller in which the 

angular position of the motor shaft was varied in an angular sinusoidal fashion through a 

set angle (related to the amplitude of the collector) from 0.01 Hz to 6 Hz. The collector 

was connected perpendicularly to the motor shaft through a coupler. The frequency and 

amplitude parameters were independent in this unit and were set by serial interface.  

(a)   (b) !

Figure 2. Photographs of the two oscillation apparatus mounted with the oscillating collector in 
the flow chamber: (a) Jigsaw with modified attachment apparatus mounted to oscillate 
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transversely to flow and (b) Oscillation apparatus mounted to oscillate in parallel to the direction 
of flow (note that mounting direction can be rotated 90º for transverse oscillations). Arrows 
indicate direction of collector motion. 
 

Experimental Parameters 

Two directions of oscillation were studied in the flow chamber (i.e., transverse and 

longitudinal) by adjusting the mounts, and these were compared to results obtained using 

a stationary cylinder (i.e., the control for the oscillation). All three movement types were 

examined under four flow chamber velocities ((a) 0.5 cm s-1, (b) 2 cm s-1, (c) 10 cm s-1, 

and (d) 18 cm s-1) corresponding to collector Reynolds numbers (Rec) of (a) 15,  (b) 60, 

(c) 300, and (d) 540, where dc = 3 × 10-3 m. The four Rec represent flow regimes from 

attached vortices to the formation of Von Kármán vortex street and transition to a fully 

turbulent wake (Vogel 1994; see Appendix B) The last and highest Rec of 540 also 

provided a comparison between the physical flow chamber model and the CFD model 

produced by Krick and Ackerman (2015).  

The average flow chamber velocity (u) was determined using the flow measured 

by a rotameter flow meter attached to the flow chamber (see Fig. 1; Eq. (4)), 

    ! = !!(!!!!!)
!!!!"#$%!(!!)    (4) 

where Q is the discharge, and Achamber is the cross sectional area occupied by water in the 

test section of the flow chamber. The instantaneous velocity was also verified at the end 

of each trial using an acoustic Doppler velocimeter (Vetrino; Nortek AS, Rud, Norway), 

which measures velocity by observing the Doppler shift as acoustic waves are reflected 

by particles moving in the water.  

 The relative particle diameter R is the ratio of particle diameter to cylinder 

diameter (dp / dc = 0.0043 and the specific gravity, (s) is the ratio of particle density to the 
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density of the fluid (δp / δF = 1.6). Both these variables were held constant, as the particles 

(13 µm mean diameter, 1600 kg/m3 density), cylindrical collector (3 mm diameter) and 

water density (20º C) was not changed. Consequently, the Stokes number (Stk) of the 

system ranged from 6.6 × 10-5 to 2.4 × 10-3 based on the changing Rec (see Table 1 for the 

list of conditions). 

Table 1. List of collector Reynolds number (Rec), relative particle diameter R and specific gravity 
parameters (s) and the resulting Stokes number (Stk) 
Rec R s Stk 
15 0.0043 1.6 4.9 × 10-5 

60 0.0043 1.6  2.0 × 10-4 

300 0.0043 1.6 9.7 × 10-4 

540 0.0043 1.6 1.8 × 10-3 

 

Eight treatments of oscillation frequency and relative amplitude were examined at 

each Rec (see Table 2) through combinations of four frequencies (0, 0.5, 2 and 10 Hz) and 

relative amplitudes (0, 100, 1000, and 1500% of dc) including a stationary collector (i.e., 

frequency = 0 Hz and amplitude = 0 cm). The lowest frequency was chosen because 

aquatic and terrestrial plants have been observed to oscillate in the range of 0.2 Hz to 2.5 

Hz. (Py 2006, Dupont 2010; Okamoto and Nezu 2010; de Langre 2012). The 10 Hz 

frequency was used because it will allow a comparison with the results from Krick and 

Ackerman (2015). The amplitudes also describe ranges of values typical of terrestrial and 

aquatic systems (Grizzle 1996; Verduin and Backhaus 2000; Py 2006), but limitations in 

the jigsaw device only permitted an examination of 10 Hz at a relative amplitude of 

1000%. 
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Table 2. List of oscillation treatments and their associated the frequency and relative 
amplitude parameters.  
Oscillation Treatment Frequency (Hz) Relative Amplitude (%) 
1 0 0 
2 0.5  100 
3 0.5 1000 
4 0.5 1500 
5 2 100 
6 2 1000 
7 2 1500 
8 10 1000 

 

Conducting a Trial 

Approximately 14.5 L of tap water, which was held in a 20 L container at room 

temperature for ~24 hours prior to the trials to de-gas, was used in each trial. A stainless 

steel, cylindrical rod covered with 3MTM black heat-shrink tubing (total diameter of 3 

mm) was placed in its holder on the oscillation apparatus (see below). The heat-shrink 

tubing allowed for better visibility of deposited particles. Silicon grease (~1 mm; Dow 

Corning®, Midland, MI, USA) was applied to the cylindrical collector using a Kimwipe 

tissue to remove excess grease. The grease ensured that any particles that contacted the 

surface were held in place (Palmer et al. 2004). A fragrance-free, non-deodorized soap 

was “rubbed” on the water surface to reduce surface tension as the model was lowered 

into the water (i.e., preventing deposition of particles as the rod was being lowered) at 

~143 cm downstream. A mass of 0.5 g of CONDUCT-O-FIL Silver-Coated Hollow 

Glass Spheres (Potters Industries Inc. Carlstadt, NJ, USA) particles (mean size ~13 µm 

and density ~1.6 g/cm3), suspended in ~15 mL of distilled water, was poured into the 

outlet of the chamber to facilitate their dispersion over the length of the flow chamber.   

Five replicates of each trial ran for 5 minutes starting from when the particles 

reached the collector, determined visually. At the conclusion of each trial, the model was 
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placed into a polycarbonate casing through a slot opening at the top to minimize 

disturbance to the particles and was encased using a separate polycarbonate piece with a 

rubber seal to minimize water loss and, therefore, loss of particles (Figure 3).  

 

Figure 3. Watertight polycarbonate casing for cylinder model for viewing and photographing 
collected particles. 

 

The flow chamber was thoroughly cleaned after each trial to ensure no residual 

particles remained in the system. This involved emptying the flow chamber, rinsing and 

wiping with a sponge and microfiber mop to ensure that any particles that have adhered 

to the surface of the chamber were removed. 

 

Image Analysis  

Digital images were taken using a Nikon 1 J1 camera attached to a Nikon SMZ-2T 

(Nikon, Tokyo, Japan) stereomicroscope. Images of the front, back and side portions of 

the cylinders were taken and the number of particles captured was counted manually. 

Adobe Photoshop Creative Cloud version 14.0 (Adobe, CA, USA) was used for image 
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analysis and to quantify the particles captured. The number of particles was determined 

by counting each particle that fell within a sector in a grid imposed in Photoshop across 

an image of the cylinder and resized to fit the width (Figure 4).  Each sector represents a 

portion around the cylinder from the midpoint of that face of the cylinder, with the 7 

portions encompassing 10° or 15°of the circumference of the cylinder (see Figure 4). 

Particles in the 7 sectors were counted to ensure that there was no overlap among the 

images and particles that fell on the lines were included in the sector to the right.  

!

Figure 4. Photo of collector with counting grid overlay in Photoshop – particles are visible in 
each sector. Images of the front, back and side portions of the cylinder were examined for each 
trial.  

 

Calculation of Particle Settling Rate 

The ADV was used to measure the relationship between particle concentration and signal 

strength in decibels (dB) (Appendix A). This follows the logic that if size and type of 
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particle are uniform, the signal strength is directly proportional to the particle 

concentration. The observed scattering strength (S) measured provided an estimate of the 

concentration. The change in concentration through time plot was used to determine the 

settling rate (k) when fitted with a relationship similar to the linear relationship used by 

Palmer et al. (2004),  

   ! = !! − 10!"#$(!)!            (4) 

where S0 is the initial scattering strength in dB.  

 

Particle Counts 

The particle counts (N) in each sector defined in the Photoshop overlay (Fig. 4) were 

normalized by area of the sector to account for the magnification of the image and the 

curvature of the cylinder. In this case, a given sector area (Ac) is, 

   !! = !
! !×!!!×!!! !×!!          (5) 

where H is the height of the grid cell measured in Photoshop in pixels and converted to 

cm. The number of particles per unit area (Nc) was calculated as,  

     !! = ! !!!!               (6) 

Nc was used to calculate capture efficiency (Eq. 2) and to produce polar plots of the 

spatial distribution of particle capture in Matlab version 8 (Mathworks, MA, USA).  

The relative capture rates (Nrel) were calculated using, 

   !!"#(%) = !
!!"#$%&'$(&!!!!"#$#%&'$()

!!"#$#%&'$()
!!×!100                  (7) 
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Statistical Analysis of Laboratory Results 

The particle capture data were analysed using mixed model analyses of covariance 

(ANCOVA) in SAS® 9.4 (SAS Institute Inc. 2011. Cary, NC, USA.) to examine the 

effect of (1) direction (transverse vs. longitudinal) and (2) magnitude of the oscillation 

(i.e. combinations of the frequencies and amplitudes; see Table 2) on capture efficiency. 

Note that F values were estimated using the mixed model default of restricted maximum 

likelihood estimates in the mixed procedure. Particle capture efficiency was the 

dependent variable, the direction of movement and magnitude of the oscillation (i.e. a 

combination of the frequency and amplitude) were the independent variables, and Rec 

was used as a covariate in the analyses.  

Ideally, a single statistical model would have been used to examine the effects of 

both direction and magnitude of oscillation on particle capture and thus address the 

hypotheses. Unfortunately, particle capture on the stationary collector, which served as a 

control for movement, could not be included in this model because the stationary particle 

capture data would have had to be included in both longitudinal and transverse directions 

(i.e., the lowest level of a direction treatment). This violates the critical assumption of 

independence, which is why the statistical analysis of the hypotheses involved three 

separate models. The first model examined the effect of movement in the transverse 

direction vs. the stationary collector, the second model examined the effect of movement 

in the longitudinal direction vs. the stationary collector and the third model compared the 

transverse and longitudinal directions.   

In the first model, the effect of 8 different oscillation magnitude treatments (which 

included 0 Hz, 0 relative amplitude control, i.e., stationary collector; Table 1) were 
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compared for the transversely moving collector. The second model made these same 

comparisons on a longitudinally moving collector, whereas the third model made a direct 

comparison between transverse and longitudinal collectors by removing the stationary 

control from the statistical model.  Model 1 and 2 address both hypotheses 1 and 2 by 

determining whether moving collectors result in higher particle capture than stationary 

collectors and whether larger oscillation magnitudes result in higher particle capture. 

Model 3 addresses hypothesis 1 by examining whether a transversely moving collector 

has larger particle capture than a longitudinally moving collector. Post hoc Tukey’s tests 

(Tukey 1953) were used to determined significant pairwise differences.  

The same approach using three separate statistical models was used to examine 

the effects of direction and oscillation magnitude on particles collected on the upstream 

(45° to 135° and 225° to 315°, where 0° was the stagnation point) vs. downstream sides 

(90° to 270°) of the collector. All interactions between treatments and the covariate were 

also tested.  

All data were normally distributed based on the Shapiro-Wilk test of normality 

(Shapiro & Wilk 1965) and there was homogeneity of variance based on Levene’s test of 

equality of error variances (Levene 1960). All statistical comparisons were done using a α 

= 0.05.  

 

FIELD EXPERIMENT 

Experimental Methods Using Phleum pratense 

The effect of the direction of movement on pollen capture (i.e., pollination) by Timothy 

(Phleum pratense) was investigated in a field experiment. This grass species was chosen 
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because it has a compact, cylindrical panicle, which can oscillate with a single motion 

(Friedman and Harder 2004). This also provided a reasonable comparison with the 

cylinder model used in the flow chamber.  

The direction of plant movement was controlled using a restricting apparatus, 

which consisted of a track formed between two horizontally held stainless steel rods 

connected to stakes through a plastic hub (Figure 5a).  The height of the track was 

adjusted so that it was held under the panicle (Figure 5b). This restricted the motion of 

the plant to the track, which was oriented transverse or longitudinal to the principal wind 

direction measured using a weather station (Oregon ScientificTM Professional Weather 

Centre, WMR200A; Oregon Scientific, Tualatin, Oregon, USA).  Plants were held 

stationary by placing masking tape across the track on either side of the panicle. 

 

Figure 5. Photos of a plant restricting apparatus showing (a) placement of device in a field of 
Phleum pratense, arrows indicate the direction of wind and plant movement and (b) a close-up of 
apparatus placed under the panicle of a P. pratense plant moving in the longitudinal direction as 
in (a). 

The experiments were conducted at the Elora Research Station in Elora, Ontario 

(43°38’27.8”N 80°24’20.4”W) from June 28 to July 4, 2014. Five trials were performed 
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over 5 days using 20 plants in each trial. On each day, the plants were randomly assigned 

using a random number generator into one of four treatments: (1) plants restricted to 

transverse movement (n = 5); (2) plants restricted to longitudinal movement (n = 5); (3) 

plants held stationary, i.e., restricted to all movement (n = 5); and (4) untethered plants 

that served as a control (n = 5) (Figure 5). Plants were chosen prior to anthesis (i.e., ~6 

am, local time) and collected 5 hours afterwards because anthers are depleted of pollen 

with a few hours of anthesis, which occurs synchronously in grass populations (Friedman 

& Harder 2004). The whole panicle was collected and stored in microcentrifuge tubes 

containing 80% ethanol and kept in a cold room (4º C). 

As indicated above, wind velocity and direction were measured during the 

experiments using a weather station. Measurements were taken at 0.017 Hz (i.e., once per 

minute) at inflorescence height (i.e., 1 m) in the middle of the study site. Inflorescence 

height (from ground to middle of inflorescence) and size (from base of inflorescence to 

tip) were also measured using a tape measure.  

 

Staining and Pollen Counting 

The preserved panicles of each plant were macerated with 1 mol NaOH for 1 hour at 

room temperature to soften the plant tissues and allow removal of the stigma. Six florets 

were removed from the middle of each panicle circumferentially.  The florets were gently 

rinsed with deionized water and stained with a solution of 0.1% aniline blue in 0.1M 

K3PO4 for a minimum of 4 hours, which stains for callose and pollen tubes (Kearns and 

Inouye 1993) (Fig. 6). The pollen grains were viewed using fluorescence microscopy 

(Leica DMRB with B480/40 excitation filter).   
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!

Figure 6. Photo of multiple pollen tubes on a pair of Phleum pratense stigmas stained with 
aniline blue. The bright blue colour indicates the presence of callose around each pollen tube. 

!

Pollen Capture Efficiency Calculation 

Pollen capture flux and efficiency were calculated in order to compare the field results to 

the lab results. The pollen capture flux was calculated using,  

                                                           ! = ! !!!!                                                 (8) 

where Jc is the number of pollen captured per m2s and JP is the flux of pollen per m2s. Jp 

was measured using a vertically oriented microscope slide facing into the direction of 

flow. The slide was taped to a 3 cm diameter wooden pole placed in the canopy at a 

height of 1 m, and covered with a thin layer of silicone grease as in the lab. The pollen 

grains were counted using the same fluorescence microscopy as discussed above. The 

number counted was divided by the area measured on the slide and the duration of 
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exposure (5 hours). Jc was calculated using the average number of pollen captured per 

floret (n = 6) divided by the duration of the experiment (5 hours) and surface area 

measured on the florets (AL = 2π r hfloret  × 6/16; where r is the radius of the inflorescence 

(0.5 cm) and hfloret is the height of the floret (0.55 cm) and 6/16 is the fraction of the 

florets measured relative to the total number present across the circumference of the 

inflorescence).  

  

Statistical Analysis of Field Results 

Pollen counts and capture efficiencies were analysed with an analysis of covariance 

(ANCOVA; GLIM mixed procedure) in SAS® 9.4 (SAS Institute Inc. 2011. Cary, NC, 

USA) using a Poisson distribution in the model because the data were not normally 

distributed.  Note that F values are estimated using the maximum likelihood estimates in 

the GLIM mixed procedure until the model converges.  Treatment (i.e. direction) was 

considered a categorical predictor, and covariates included inflorescence size, the 

coefficient of variation (CV = variation/mean × 100) in daily wind speed and the 

coefficient of variation in daily wind direction provided by the variance of the respective 

parameters. The analyses initially included all treatments (i.e. predictors), covariates and 

their interactions, but day, inflorescence height and mean daily wind speed were excluded 

as covariates because they did not significantly affect the dependent variable or were not 

involved in a significant interaction (P > 0.05). The denominator degrees of freedom 

were calculated using Sattherwaite’s (1997) approximation to account for unequal 

variances. All statistical comparisons were done using a α = 0.05.  
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RESULTS 

Stationary Collectors 

The capture efficiency (!) increased with collector Reynolds numbers (Rec) from 0.14% 

to 0.19%.  These results were compared to the empirical results from Palmer et al. (2004) 

and the numerical simulation from Krick and Ackerman (2015) (Figure 7). The 

relationship between ! and Rec from this study was of similar magnitude to those studies, 

but slightly higher due to differences in R, s, Stk (Krick and Ackerman (2015).  

!

Figure 7. Comparison of particle capture efficiency (η) vs. collector Reynolds number (Rec) 
(mean ± SE) on a stationary cylinder with empirical results from Palmer et al. (2004) and 
numerical results from Krick and Ackerman (2015).  

 

Capture Efficiency of Oscillating Collectors 

Reynolds number (Rec), and the direction and magnitude of collector oscillation affected 

the capture efficiency (!) of oscillating collectors relative to stationary collectors (Figures 

8-10; Table 3 and 4). Oscillating collectors had a larger ! than the stationary collectors at 

the lowest Rec (i.e., ! = 0.4 to 1.4 % vs. 0.15 %, respectively), but the effect of collector 
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movement decreased with increasing Rec.  At higher Rec, oscillations either had no effect 

on ! or it resulted in lower ! values (Figure 8 and 9) except at 10 Hz, where ! was lower 

but still greater than the results for the stationary collector (Figure 10). The type of 

oscillation, the Rec and their interaction (oscillation type × Rec) had significant effects on 

! as revealed by ANCOVA in both the transverse and longitudinal directions (Table 3 

and 4, respectively). Pairwise comparisons also showed that the three largest oscillation 

treatments ((1) 2 Hz and 1000% relative amplitude (2) 2 Hz and 1500% relative 

amplitude and (3) 10 Hz and 1000% relative amplitude) captured significantly more 

particles than the stationary collector in both directions (Tukey’s HSD t144 = 0.66 to 9.87, 

P < 0.0001).   

Results also indicated that direction (transverse vs. longitudinal), oscillation type 

(excluding the stationary collector), and Rec had significant effects on ! (Table 5). The 

difference in!! at low vs. high Rec resulted in a significant oscillation type × Rec 

interaction. The transversely oscillating collectors had consistently higher capture 

efficiency than the longitudinal oscillating collector (Figures 8a, 9a & 10a) as did 

collectors with larger frequencies and amplitudes oscillation in both directions. In the 

transverse direction, the three largest oscillation treatments (i.e. collector moving at 2 Hz 

and two larger amplitudes and 10 Hz) captured significantly more particles than all other 

treatments (Tukey’s HSD t144 = 0.66 to 11.02, P < 0.0037). Increasing frequency and 

amplitude had a smaller effect on ! in the longitudinally direction (Figure 8b, 9b & 10b). 

Collectors moving at 2 Hz captured significantly more particles than the two other 

frequencies (Tukey’s HSD t144 = 3.69 to 3.71, P < 0.0074) but collectors with the largest 
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oscillation captured significantly more particles than all other treatments (Tukey’s HSD 

t144 = 4.74 – 8.45, P < 0.0001).  

Figure 10 also includes a data point from the Krick and Ackerman (2015) CFD 

model. Their result was from a cylinder oscillating at smaller relative amplitudes but 

larger frequencies than this study (maximum relative amplitude = 106.5% and frequency 

= 27.4 Hz in the transverse direction and relative amplitude = 47.3% and frequency = 

13.4 Hz in the longitudinal direction). The CFD model capture efficiency was ~4× larger 

than the capture efficiency found in this study. This may be due to the ~4× larger Stk 

value used in their CFD model.  
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Figure 8. Capture efficiency comparisons (± SE) for collectors (n = 5) moving at 0.5 Hz with 
100%, 1000% and 1500% relative amplitude in (a) the transverse direction and (b) in the 
longitudinal direction. 

(a)!

(b)!
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! 

Figure 9. Comparison of capture efficiency (± SE) for collectors (n = 5) moving at 2 Hz with 
100%, 1000% and 1500% relative amplitude in (a) the transverse direction and (b) in the 
longitudinal direction. 
 

(a)!

(b)!
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!

Figure 10. Capture efficiency comparisons (±SE) for collectors (n=5) moving at 10 Hz with 
100%, 1000% and 1500% relative amplitude in (a) the transverse direction and (b) in the 
longitudinal direction. 

(a)!

(b)!
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Table 4. Fixed effects Analysis of Covariance of capture efficiency on a longitudinally moving 
collector under 8 oscillation treatments (including 1 control treatment of a stationary collector). 
All treatments were tested under 4 Rec conditions, which was treated as a covariate. Significant P- 
values at α = 0.05 are in bold. 
Main Effects DF Error DF F Value P > F 
Oscillation type 7 144 24.18 <0.0001 
Rec (Covariate) 1 144 96.90 <0.0001 
2-Way Interaction 
Oscillation type ×  Rec 7 144 8.13 <0.0001 
 

Table 5. Fixed effects Analysis of Covariance of capture efficiency on collectors moving in the 
transverse and longitudinal direction with 7 oscillation treatment pairs (i.e. frequency and relative 
amplitude treatment). All treatments were tested under 4 Rec conditions, which was treated as a 
covariate. Significant P-values at α = 0.05 are in bold. 
Main Effects DF Error DF F Value P > F 
Direction 1 248 8.88 0.0032 
Oscillation type 6 248 47.21 <0.0001 
Rec (Covariate) 1 248 188.69 <0.0001 
2-Way Interaction 
Direction × Oscillation type 7 248 0.63 0.7069 
Direction × Rec  1 248 3.21 0.0742 
Oscillation type ×  Rec 7 248 12.28 <0.0001 
3-Way Interaction 
Direction × Oscillation type × 
Rec 

7 248 0.28 0.9442 

!

!

 

 

Table 3. Fixed effects Analysis of Covariance of capture efficiency on a transversely moving 
collector under 8 oscillation treatments (including 1 control treatment of a stationary collector). 
All treatments were tested under 4 Rec conditions, which was treated as a covariate. Significant P- 
values at α = 0.05 are in bold. 
Main Effects DF Error DF F Value P > F 
Oscillation type 7 144 37.71 <0.0001 
Rec (Covariate) 1 144 85.79 <0.0001 
2-Way Interaction 
Oscillation type ×  Rec 7 144 10.23 <0.0001 
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Spatial Distribution of Particle Capture  

It is relevant to note the distribution of particle capture as it provides some indication of 

the particle capture mechanism involved.  The distribution of particle capture around the 

perimeter (or circumference) of the collector was examined by plotting the number of 

particles captured at different locations with upstream set as 0° (Figure 11 and 12). 

Direction and oscillation magnitude influenced where particles were caught around the 

collector. In general, the transversely oscillating collectors captured more particles on the 

sides and downstream (between 90º and 270º) than the stationary collectors (Figure 11), 

whereas the longitudinally oscillating collectors caught more particles upstream and 

downstream (centered on 0º and 180º; Figure 12). These effects were most evident at the 

lower Rec and diminished at the highest Rec where most capture occurred on the upstream 

side (Figure 11 and 12).  

The two directions of movement differed in capture on their sides (F1, 248 = 

824.04, P < 0.0001). Transverse collectors oscillating at the two largest amplitudes and 

frequencies captured significantly more particles on the sides than the stationary collector 

(F7, 144 = 27.96, P < 0.0001; Tukey’s HSD t144 ranged from 5.40 to 15.41, P < 0.0354; 

Figure 11). In the longitudinal direction, the three oscillation treatments with the largest 

oscillations captured more particles (F7, 144 = 36.18, P < 0.0001; Tukey’s HSD t144 ranged 

from 12.40 to 15.41, P < 0.0001; Figure 12). 

Downstream particle capture did not differ significantly in the two directions. 

However, all oscillation treatments except the two smallest oscillations, differed from the 

stationary collector in the transverse direction (F7, 144 = 5.22, P < 0.0001; Tukey’s HSD 

t144 ranged from 3.78 to 8.77, P < 0.0056; Figure 12). The three largest oscillation 
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treatments differed from the stationary collector oscillating in the longitudinal direction 

(F7, 144 = 2.90, P < 0.0074; Tukey’s HSD t144 ranged from 5.35 to 8.14, P < 0.0001; 

Figure 8).  
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Figure 11. Polar plots of the distribution of particle capture on the transversely oscillating 
collector at different collector Reynolds numbers (Rec), oscillation frequencies and relative 
amplitudes indicated using different colour lines (mean) and shaded regions (95% confidence 
intervals, n = 5). Note 0º is the stagnation point, and different scales were used in some panels. 
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Figure 12. Polar plots of the distribution of particle capture on the longitudinally oscillating 
collector at different collector Reynolds numbers (Rec), oscillation frequencies and relative 
amplitudes indicated using different colour lines (mean) and shaded regions (95% confidence 
intervals, n = 5). Note 0º is the stagnation point, and different scales were used in some panels.!
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Phleum pratense Field Experiment 

Phleum pratense movement had a significant effect on pollen capture (Figure 13; Table 

6). The transversely moving plants captured more particles than the longitudinally 

moving plants and the stationary plants (Tukey’s HSD t80 = 4.24 and 3.11 respectively, P 

=  0.0085), which did not differ significantly from each other. The untethered ‘control’ 

plants, however, captured the largest amount of pollen compared to the other treatments 

(Tukey’s HSD t80 ranged from 3.11 to 6.36, P < 0.0135).  

 

 

Figure 13. Average number of germinated pollen per floret on Phleum pratense for each 
movement type (± SE; n = 150) taken from the Elora Research Station from June 29 to July 4, 
2014. Different letters indicate significant differences (P < 0.05). 
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Table 6. Fixed effects Analysis of Covariance of germinated pollen captured on Phleum pratense 
allowed to oscillate under 4 treatment conditions (stationary, longitudinal, transverse and 
untethered; n = 5 per treatment). Experiments were conducted at the Elora Research Station 
(Elora, Ontario) on 5 days from June 29 to July 4, 2014. Significant P-values at α = 0.05 are in 
bold; the model converged after 3 iterations. 
Main Effects Num DF Den DF F Value P >F 
Movement type 3 80 4.24 0.0078 
Inflorescence size (Covariate) 1 80 65.21 <0.0001 
Wind speed CV  (Covariate) 1 80 4.08 0.2928 
Wind direction CV (Covariate) 1 80 16.41 0.1541 
2–Way Interactions     
Inflorescence size ×  Movement type 3 80 4.50 0.0057 
Wind speed CV ×  Movement type 3 80 10.62 <0.0001 
Wind direction CV ×  Movement type 3 80 12.40 <0.0001 
 

A comparison of the daily pollen capture by treatment type and environmental 

conditions is shown in Figure 14. Daily pollen capture was reasonably consistent in the 

ranking of pollen capture within a day (e.g., untethered controls > transverse > stationary 

= longitudinal) and in magnitude among days. Day 4 was the exception with 

approximately twice the number of pollen captured per treatment.  Interestingly, day 4 

had the largest inflorescence sizes, and the highest and most consistent wind speed (i.e., 

lowest coefficient of variation in wind speed and wind direction; Figure 14).  Not 

surprisingly, there were significant two-way interactions between inflorescence size, 

wind speed coefficient of variation and wind direction coefficient of variation (Table 6). 

Plotting the data more explicitly by plant characteristic or daily environmental conditions 

provided more insight into these interactions.  Specifically, pollen capture varied 

positively inflorescence size (Figure 15; R2 = 0.10 to 0.13), but inflorescence size was not 

distributed uniformly across days (Figure 14). No significant difference among the four 

directions of movement were detected (F3,92 = 1.32, P = 0.27; model convergence after 3 

iterations). Conversely, pollen capture varied inversely and strongly with the daily 
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coefficient of variation in wind speed (Figure 16; R2 = 0.54 to 0.92) and was significant 

(F3,92 = 3.77, P = 0.04, model convergence after 3 iterations), but the magnitude of the 

coefficient of variation was not distributed uniformly across days (Figure 14).  Similarly, 

pollen capture also varied inversely and significantly (F3,92 = 2.85, P = 0.01, model 

convergence after 3 iterations) but not as strongly with the daily coefficient of variation 

in wind direction (R2 = 0.02 to 0.22; Figure 17) and the magnitude of the coefficient of 

variation was not distributed uniformly across days; it declined from day 1 through day 4 

and increased on day 5 (Figure 14).  
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Figure 14. Comparison of average daily pollen capture for each movement treatment (±SE; n = 
30) and average environmental conditions (± SE) by day at the Elora Research Station from June 
29 to July 4, 2014. !
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Figure 15. Average number (±SE) of germinated pollen collected per floret (n=6) on individual 
plants measured over 5 days from June 29 to July 4, 2014 taken from the Elora Research Station 
from June 29 to July 4, 2014.  Linear regressions are plotted along with the regression statistics. 
Movement directions were not significantly different (F3,92 = 1.32, P > 0.05). 
 

Figure 16. Average number of germinated pollen on Phleum pratense (± SE; n = 5) versus daily 
the coefficient of variation of the wind speed from the Elora Research Station from June 29 to 
July 4, 2014. Linear regressions are plotted along with the regression statistics. Movement 
directions were significantly different (F3,92 = 2.85, P < 0.05). 
!



!
!

!
!

39!

 
Figure 17. Average number of germinated pollen on Phleum pratense (± SE; n = 150) versus 
daily the coefficient of variation of the wind direction from the Elora Research Station from June 
29 to July 4, 2014. Linear regressions are plotted along with the regression statistics. Movement 
directions were not significantly different (F3,92 = 3.77, P < 0.05).!
 

Pollen Capture Efficiency  

The pollen capture efficiency results are compared with the daily Rec in Figure 18. The 

results ranged from 1600% to 4700%. Whereas the capture efficiencies were not 

significantly different among movement types (F3, 95 = 2.59, P > 0.05), the ranking of 

highest to lowest ! was consistent with the particle capture results presented above for all 

but the Rec = 4000. In other words, the untethered plants had the largest pollen η across 

all Rec and then those for the transverse direction were consistently larger than the 

longitudinal and stationary plants.   
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!
Figure 18. Pollen capture efficiency of Phleum pratense versus collectors Reynolds number 
(n=5) from the Elora Research Station over 5 days from June 29 to July 4, 2014.!
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DISCUSSION 

Effect of Oscillation on Particle Capture Efficiency 

The results showed that, in general, collector motion led to significantly more particle 

capture both in the controlled experiment in the laboratory and in a field experiment of 

wind pollination in Phleum pratense.  Oscillation in the transverse direction resulted in 

higher capture efficiencies in the laboratory. The laboratory results of an oscillating 

collector were compared to a stationary collector. The stationary collector’s capture 

efficiency were slightly larger than Palmer et al. (2004) and Krick and Ackerman (2015) 

as might be expected given the differences in R, s, and Stk among the studies, which 

should lead to higher particle capture efficiencies (Rubenstein 1977; Spielman 1977; 

Haugen and Kragset 2010; Krick and Ackerman 2015). Lower R and a larger s values 

were used in this study (R = 0.0043 vs R = 0.008 and 0.01, respectively and s = 1.6 vs. s 

= 1.03 in the other studies), which resulted in a larger range of Stk, including higher 

values (4.9 × 10-5 to 1.8 × 10-3 vs. 3 × 10-5 to 4 × 10-4 and 1.1 × 10-3 to 5.2 × 10-3, 

respectively). Transversely moving plants in the field also captured more pollen than the 

longitudinally moving and stationary plants. It is likely that the increase in particle 

capture was the result of an increase in particle momentum relative to the collector (Krick 

and Ackerman 2015). Essentially, moving collectors encounter more particles that have 

sufficient momentum to penetrate the boundary layer surrounding the collector via 

inertial impaction, especially for particles with lower Stk (Krick and Ackerman 2015).  

Importantly, to the best of my knowledge, the understanding of collector movement on 

particle capture was limited to computational models prior to this study. 
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The direction of collector movement had a significant effect on particle capture. It 

was predicted that transversely moving collectors would encounter more particles during 

both phases of an oscillation than a longitudinal collectors on which there would be no 

net gain in momentum across both phases of an oscillation (Krick and Ackerman 2015). 

This was the case for the collector moving transversely to the direction of flow. However, 

high particle capture was also observed on a longitudinally oscillating collector in the 

laboratory, although at lower rates than those on a transversely oscillating collector. This 

was likely caused by the mechanical device used to oscillate the collector in the 

laboratory where the relative particle momentum in the longitudinal direction would not 

have been lost during the different phases of the oscillation under steady flow.  

Longitudinal movements of collectors in nature are caused by fluid-structure interactions 

during unsteady flow conditions (Espinosa et al. 2012; Krick and Ackerman 2015). The 

plants in the field experienced flow-induced movements under unsteady flow in the field 

similar to the longitudinal oscillations in the CFD models (i.e., Espinosa-Gayosso et al. 

2013; Krick and Ackerman 2015).  Under these conditions, plants restricted to 

longitudinal movement captured pollen in similar number to stationary plants, i.e., 

significantly less pollen capture compared to untethered controls and transversely moving 

plants. 

 The magnitude of the oscillation affected particle capture, especially when the 

amplitude and frequency were large as in the case of the three largest oscillation 

treatments, where significantly more particles were captured relative to a stationary 

collector.  Smaller amplitudes and frequencies did not affect capture efficiency. 

Importantly, the effect of the oscillation decreased with increasing Rec (see Figure 16), 
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which is a result that was also found in the CFD model by Krick and Ackerman (2015). 

This is reasonable, given the hydrodynamics of the situation. Under lower Rec, collector 

movement would provide particles more momentum to penetrate the thicker boundary 

layer around the collector and be captured. At high Rec, many particles would already 

have enough momentum to penetrate the thinner boundary layer and be captured, and in 

addition there would be higher particle capture due to the larger number of small-scale 

eddies with short turnover times (Haugen and Kragset 2010). In other words, additional 

momentum from the collector oscillation would have little to no effect on the particle 

capture at high Rec.  

 

Effect of Oscillation on the Spatial Distribution of Captured Particles 

The spatial distribution of captured particles was determined by the direction and 

magnitude of the oscillation. Transversely moving collectors caught more particles on 

their sides and downstream at low Rec compared to both the stationary and longitudinally 

moving collectors. This agrees with Espinosa-Gayosso et al. (2013) who found that 

cylinders moving transversely due to vortex-induced vibrations had a much broader 

upstream ‘window of capture’. Krick and Ackerman (2015) also found that a transversely 

moving collector captured more particles downstream due to a chasing mode where a 

particle is “chased” by the collector as it moves from side to side. Particles caught in 

vortices downstream have a high residence time and therefore have multiple chances at 

becoming captured thus increasing particle capture (Shimeta and Jumars 1991).  

This study found that 8-41% of the particles were captured on the downstream 

side depending on the direction and intensity of oscillation. Downstream capture 
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accounted for 37% of the particles captured at the highest oscillation, which is 

comparable to Krick and Ackerman who found that 35% was caught downstream when 

their collector was moving at 13.5 Hz and 106% relative amplitude. This supports both 

Niklas (1987) and Cresswell et al. (2010) findings where their results for downstream 

capture were 35-70% and 5%, respectively. As stated above, the plants in the Niklas 

(1987) study moved with a larger magnitude of oscillation. The longitudinal collectors 

also captured more particles up- and downstream, which was likely due in part to the 

flow-structure interaction caused by the mechanical device, as described above. 

Therefore the magnitude of downstream particle capture can increase with larger 

movement caused by higher flow velocities and therefore Rec.  

 

Reconciling Capture Efficiency in the Lab and Field 

Relative capture (i.e., moving collector/stationary collector) decreased with Rec in the lab 

but increased with Rec in the field. This is a result of the different combination of 

parameters in the two environments, specifically Stk, R and s, all of which affect capture 

efficiencies. The differences in Stk, R and s for the lab, field and Krick and Ackerman 

(2015) model are shown in Figure 19.  This figure illustrates that the relationships among 

the parameter is complex but can be understood in terms of increasing Rec and Stk and 

how it is affected by s, for the most part (see below). The laboratory results were 

undertaken under low Rec (<103) and low Stk (< 10-2), compared to the field where the 

Rec were much larger (> 103) as were the Stk (> 100).!!
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Figure 19. Comparison of the collector Reynolds numbers (Rec) and Stokes number (Stk) of the 
lab and field experiments from this study and the CFD model from Krick & Ackerman (2015). 
Corresponding particle ratio R and specific gravity (s) for each are also shown. 
 

 The direction and magnitude of oscillation and Rec both influenced particle 

capture (Figure 20). At low Stk (< 0.1), particle momentum relative to the collector would 

be small and particles should follow the flow almost perfectly. Additional momentum 

caused by collector movement would thus have a large effect on particle capture (Haugen 

and Kragset 2010). The results from the lab, which had low Stk (Figure 19), demonstrated 

that the effect of oscillation decreased with Rec and Stk because R and s were held 

constant (Figure 19). Oscillations would add less added momentum at larger Stk 

experienced in the field (Stk = 1 - 5), and would, therefore, result in a smaller increase in 

capture efficiency relative to the stationary plants. Collectors in the laboratory moving 

with larger oscillations captured more particles, which suggest that a sufficiently larger 

oscillation can lead to more particle capture.  Krick and Ackerman (2015) CFD results 

also fell within the range of particle capture data (Figure 20) and the data points at Rec = 
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3309 were of a similar Stk magnitude (Krick and Ackerman 2015) thus facilitating more 

consistent results between the field and CFD results.  Conversely, their data point at Rec = 

662 was based on a Stk that was four times larger than was used in the lab, which 

explains the difference in relative capture efficiency.   
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Figure 20. Comparison of relative difference in the total capture efficiency between the 
oscillation and stationary collector for the lab and field experiments from this study and the CFD 
model from Krick & Ackerman (2015). Due to the nature of a log scale, a line break (//) has been 
added to the y-axis above and below 0.!

 

The Rec of terrestrial particle capture systems fall in the range of 132-16,700 

whereas aquatic particle capture systems are in the range of 1-1,000 (see Krick and 
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Ackerman 2015). Oscillations are extremely important to particle capture at low Rec but 

may also be of importance at higher Rec (Figure 20).  It would be reasonable to determine 

how these results may affect capture efficiencies in the limited number of studies that 

provide information that can be used to calculate key parameters (e.g., Rec, s, R and Stk). 

The range of Rec, s, R and Stk values reported in wind pollination and suspension-feeding 

experiments is provided in Table 7. This information indicates that collector movement 

can significantly impact particle capture in both environmental systems. 

In aquatic environments, collector movement may help organisms capture 

particles at lower Rec when the effect of inertial impaction is smaller. Particles can be 

captured on the sides and downstream of the collector in these conditions and thus 

increase relative capture rates (Figure 20). At higher Rec, inertial impaction seems to 

dominate thus mitigating the effects of oscillation. This may have analogues in biology, 

for example, in adult barnacles and some decapods that employ passive and active 

feeding method during suspension feeding. At slow flows (i.e., low Rec), their feeding 

appendages actively sweep to create feeding vortices, which causes particles to be pulled 

into their capture zone. At fast flows (i.e., high Rec), however, they switch to passive 

feeding suggesting that inertial impaction of food particles is sufficient for particle 

capture (Riisgård and Larsen 2010). Some suspension feeders also employ a mechanism 

similar to the chasing mechanism (Krick and Ackerman 2015) to capture particles 

downstream by using the “catch-up principle” where compound cilia pump water with 

suspended particles into their ciliary region, which “catch-up” with the suspended 

particles on their downstream side during their power stroke (Riisgård et al. 2000). 

Predictions for four Cnidarian suspension feeders provided in Table 7 indicate that 
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collector oscillation would significantly affect particle capture efficiency by Palythoa 

variabilis and Alcyonium siderium but have very little effect on particle capture 

efficiency of Metridium senile and Anthopleura elegantissima because of the high Rec in 

the latter case. 

The effect of collector oscillation on particle capture was not as large for wind-

pollinated plants likely due to the higher Rec in the air relative to water (Denny 1993).   

Regardless, collector oscillation was still important, leading to relative pollen capture 

efficiency from -13% to 22% (Figure 20). The increase in relative pollen capture 

efficiency at larger Rec was likely due to increases in the frequency and amplitude of 

plant motion as wind speed increases. Particle capture should be higher under oscillations 

of larger magnitude as was observed in the laboratory, modeled by Krick and Ackerman 

(2015), and measured by Niklas (1987) for leeward capture.  Importantly, this could 

explain the disparity between the pollen capture results of Niklas (1987) and Cresswell et 

al. (2010) where the former found higher rates of pollen capture downstream than the 

latter (35-70% vs. <5% captured). Niklas (1987) reported larger plant oscillations in both 

transverse and longitudinal directions (up to 50° from vertical) whereas the plants in 

Cresswell et al. (2010) barely oscillated, which would result smaller capture efficiencies. 

Understanding the effect of collector oscillation on particle capture under specific 

conditions can also help resolve this discrepancy. The wind speed, inflorescence size, 

pollen size and pollen density reported for wind-pollinated can have a range of effects on 

particle capture as indicated in Table 7. Based on the parameter values calculated for both 

the Niklas (1987) and Cresswell et al. (2010) experiments, I predicted that Niklas (1987) 

would find higher pollen capture because they used low Rec and Stk values, which were 
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shown to lead to high capture efficiencies in oscillating vs. stationary collectors (Table 

7).  

It is relevant to note that the effect of oscillation on pollen capture was examined 

previously (Friedman & Harder 2004), but in this case the researchers found significantly 

less pollen capture on grass plants with restricted movement (i.e., stationary) and this 

finding applied for diffuse panicles rather than compact ones. These results are in 

agreement with the predictions that were made based on their experimental parameters 

(Table 7).  Essentially, the diffuse panicles fall under the lower Rec range because their 

collector diameter is smaller because it is based on the spikelet size. Conversely, the 

entire panicle is considered a collector for a compact species (Niklas 1987), which leads 

to higher Rec values. In the case of a compact species, movement may only increase 

pollen capture slightly becoming negligible due to higher Rec and Stk (Table 7).   

The diversity of inflorescence, pollen and stem structure and size suggest that 

pollination success (i.e., pollen capture) can be achieved through a variety of mechanisms 

(Friedman and Harder 2004). For example, Timerman et al. (2014) found that when 

wind-pollinated angiosperms experience turbulent winds, high resonance vibrations of 

plant stamens lead to pollen release. It is interesting to suggest that the effect of high 

winds on plant motion may increase pollen capture by maximizing pollen capture on 

upstream and downstream sides of stigmas. The increased pollen capture from the 

transversely moving collectors in this study are evidence that the vortex-induced 

vibrations experienced by many grasses (on entire panicles or on spikelets) may play an 

important role in pollen capture. Wind-pollinated plants often have pendulous, condensed 

inflorescence structure and pollen with smaller diameters helping to increase capture 
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(Ackerman 2000; Culley et al. 2002). Some plants also may have evolved structures that 

allow larger oscillatory motions because a more pliable culm in higher wind conditions 

cause large deformability of plants that result in large amplitudes and frequencies which 

allows them to capture more pollen (De Langre 2008).  
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Table 7. Examples of Rec, s, R and Stk calculated from information provided in studies of wind pollination and suspension feeding with predicted 
effect of oscillation on capture efficiency. Only references 2-4 report observations on the effects of  plant movement on pollen capture. These 
observation are described in the text.  

Ref: (1) Cresswell et al. (2007), (2) Niklas (1987), (3) Cresswell et al. (2010), (4) Friedman & Harder (2004), (5) Koehl (1977), (6) Sebens (1977), (7) 
Rubenstein & Koehl (1977), (8) Patterson (1991). 
Panicle diameter, pollen diameter and/or pollen density from 1 Jackson (1999),2 Veldkamp (1994), 3 Lamson-Scribner & Merrill (1910), 4 Rubenstein & 
Koehl (1977). 

Collector Species Rec s R (×10-3) Stk Ref Predicted Effect of Oscillation on Capture 
Efficiencies  

Wind Pollination: Particle capture on panicles or spike 
Pinus radiata  
Cedrus libani 
Pinus sylvestris 

250, 870, 
1455 

163 – 
367 1 

9.4 – 17 1 0.3 – 7 1 Moderate increase due to intermediate Rec 
and Stk 

Setaria geniculata 
Agrostis hiemalis 

42 – 1429 1004, 
9712 

1.1, 2.3 0.0054 
– 0.8  

2 Large increase due to low Rec and Stk which 
will decline to moderate with increasing Rec 

Alopecurus pratensis 
Anthoxanthum 
odoratum 

301, 601 1374, 
1042 9 

3.5 – 20 1 0.4 – 
37 

3 Small increase due to intermediate Rec and 
high Stk becoming negligible at high Stk 

Elymus repens 
Elymus innovatus 
Phleum pratense 
Anthoxanthum nitens 
Bromus inermis 
Festuca campestris 

48 – 3640 1,3 1150 – 
5550 1, 3 

0.65 – 9.5 1, 3 

 
0.0055 
– 203 

4 Large increase at low Rec and Stk which will 
become negligible at high Rec and Stk 

Suspension Feeding: Particle capture on tentacles 
Metridium senile  199 4 1.006 – 

1.01 4 
1600 – 5000 4  57– 

558 
5 
 

Small increase due to intermediate Rec and 
high Stk  

Anthopleura 
elegantissima 

190 4 1.006  900  17 6 Small increase due to intermediate Rec and 
high Stk 

Palythoa variabilis 10 – 286 1.008 181 – 1666 0.035 
– 89 

7 Large increase due to low Rec and Stk which 
will decline to moderate with increasing Stk 

Alcyonium siderium 9 – 86  1.03 667 0.5 – 5 8 Large increase due to low Rec and 
intermediate Stk 
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The experiments in this study focused on models that were cylindrical, rigid and 

vertical to provide results that could be applied to a wide range of particle collectors. 

However, these results do not account for the variability in collector flexibility found in 

nature, which would determine the amount of oscillation that could occur. Future 

research should investigate particle capture on a freely moving collector that can bend 

with the fluid in order to better understand the effect of flow-induced vibrations. 

Collector models with higher structure complexities should also be studied to better 

simulate a larger range of organisms in nature. This study manipulated a limited number 

of parameters related to flow and collector oscillation. A larger range of parameters 

should also be studied to provide a more detailed picture of their effects on particle 

capture.  
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CONCLUSIONS 

Prior to this study, the understanding of collector movement on particle capture was 

limited to computational models. This study investigated how the effects of movement, 

specifically oscillation direction, frequency and amplitude, influenced particle capture. 

The effects of collector Reynolds number (Rec) were also examined for each movement. 

A cylindrical-shaped model and biological collector (panicle) were used to examine 

particle collection in both the laboratory and field setting. 

 Based on the laboratory experiments conducted in this study, both direction and 

oscillation magnitude played an important role in the capture efficiency and particle 

distribution around a collector. Oscillation affected particle capture by both increasing 

capture at low Rec and decreasing capture at high Rec, and the effect diminished with Rec. 

At the lowest Rec, particle capture increased by 50 – 935% while at the highest Rec, 

moving collectors caught fewer particles than the stationary collectors (up to 52% less). 

Collectors moving in the transverse direction captured more particles than the 

longitudinally moving collector. The oscillation amplitude and frequency had an effect on 

the capture pattern where increased oscillation also resulted in increased capture. 

The transversely moving collectors also caught more particles on the sides and 

downstream of the collector at lower Rec than the stationary or longitudinal collectors 

whereas the longitudinally moving collector caught more particles upstream and 

downstream of the collector than the stationary. The ratio of particles caught on the sides, 

upstream and downstream increased as a function of the amplitude and frequency of 

movement until the highest Rec where their effects became negligible.  
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Field observations of Timothy, Phleum pratense, indicated the importance of 

oscillation direction on pollen capture. The plants allowed to move in the transverse 

direction captured up to 450% more pollen than the longitudinal and stationary plants. 

Unlike the laboratory results, as Rec increased, direction had a larger effect on pollen 

capture. This indicates that natural systems employ a larger set of particle capture 

mechanisms that what has been described by aerosol theory for stationary collectors. The 

untethered plants in the field experiments also caught more than the other treatments, 

which show that a freely moving collector may use a combination of mechanisms to 

increase particle capture or simply integrate across changes in the wind direction.  

In conclusion, this study demonstrated that collector movement is important to 

particle capture. The results from this study suggests that collector motion (i.e. the 

amplitude, direction and frequency) may lead to different particle capture rates than is 

predicated with current models using static collectors depending on several physical 

environmental factors including the Rec and Stk. For the parameters tested in this study, 

the collector benefited from the collector motion. Predictions can be made for how 

oscillation can affect particle capture, which will help focus new research by providing 

capture expectations. This also means that particle capture in aquatic and terrestrial 

systems involves a variety of particle capture mechanisms, which may have influenced 

their evolution. More ecologically relevant conditions need to be considered for the study 

of biological particle collectors and should be used to improve our understanding of 

particle capture processes that have evolved in both wind and water systems.  
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Appendix A. ADV data of scattering strength. 

 

Figure A1. ADV data of the scattering strength over the duration of 20 minutes at u = 0.5 
cm s-1. ADV sample points were taken at a rate of 20 Hz.  

!

Figure A2. ADV data of the scattering strength over the duration of 20 minutes at u = 2 
cm s-1. ADV sample points were taken at a rate of 20 Hz.  
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!

Figure A3. ADV data of the scattering strength over the duration of 20 minutes at u = 10 
cm s-1. ADV sample points were taken at a rate of 20 Hz. 

!

Figure A4. ADV data of the scattering strength over the duration of 20 minutes at u = 18 
cm s-1. ADV sample points were taken at a rate of 20 Hz. 
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Appendix B. PIV images of particle capture around a cylindrical collector (3 mm 
diameter) !

!
Figure B1. PIV images of particle capture on a cylinder at collector Reynolds number 
(Rec) of 15. Flow is from the left.  

Figure B2. PIV images of particle capture on a cylinder at collector Reynolds number of 
(Rec) 60. Flow is from the left.!

!
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!
Figure B3. PIV images of particle capture on a cylinder at collector Reynolds number of 
(Rec) 300. Flow is from the left. 

!
Figure B4. PIV images of particle capture on a cylinder at collector Reynolds number of 
(Rec) 540. Flow is from the left. 


