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Abstract

Zooplankton swimming near the substratum experience boundary layer flow that is characterized by

steep velocity gradients and turbulence. How do small swimming organisms navigate flows at this

interface to forage and interact with mates? To address this question, we collected field measurements

of the swimming behavior of the marine ostracod Paravargula trifax near complex living substrata,

which were exposed to two conditions: slow “ambient flow” and faster “experimental flow.” Ostracod

trajectories and background flow were recorded simultaneously using a self-contained underwater velo-

cimetry apparatus (SCUVA). Particle image velocimetry (DPIV) produced instantaneous velocity vector

fields in which the ostracods were swimming. Mean velocities, local shear stresses, turbulence intensity,

and boundary shear velocity (u*) were greater in the experimental flow treatment. In slow ambient flow

(urms ¼ 0.39 ^ 0.13 [mean ^ SD] cm s21), ostracod swimming tracks were more tortuous and swim-

ming angles corrected for background flow were randomly distributed compared with tracks in faster

flow (urms ¼ 3.49 ^ 0.50 cm s21), indicating decreased maneuverability in rapidly flowing, turbulent

water. Modeled, passive neutrally buoyant particles moved at substantially slower speeds, and their

tracks were less tortuous than those of the ostracods, thus illustrating the importance of behavior as well

as environmental flow in determining ostracod trajectories. Frequencies of encounters by ostracods with

the benthos and with other ostracods were not different between treatments. However, in the exper-

imental flow treatment, interactions with other ostracods occurredmore frequently in the boundary layer

than in the free stream, suggesting that microhabitats in the boundary layer may allow for enhanced

mating encounters.
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Introduction

[1] Locomotory behavior of freely swimming

marine zooplankton has been the subject of nu-

merous investigations. Specifically, in order to

understand the kinematics of swimming and

the propulsive forces generated by the organ-

isms, some studies have tracked the movements

of plankton in still water tanks (e.g., Zaret and

Kerfoot 1980; Williams 1994). Conversely, in an

effort to study the underlying effects of back-

ground flow on swimming behavior, other

studies have investigated movements of zoo-

plankton in steady, flume flow (e.g., Butman

et al. 1988; Woodson et al. 2005) and in turbu-
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lence tanks with oscillating grids (Saiz and Kiørboe

1995; Fuchs et al. 2004) or with intermittent jets (Yen

et al. 2008). More recently, efforts have been made to

construct individual-based models based on behavioral

responses to environmental cues in realistic turbulent

environmental flows (Koehl et al. 2007).

[2] Despite considerable progress toward under-

standing the interplay between zooplankton behavior

and moving fluids, laboratory studies and models have

inherent limitations due to experimental artifacts such

as organisms bumping into the laboratory apparatus,

imperfect replication of field flow conditions in the lab-

oratory, and the simplification of model parameters.

Furthermore, there are few studies of the effects of am-

bient water flow on animal swimming in the natural

environment because of the difficulty of simultaneously

tracking the motions of tiny organisms and the back-

ground flow environment. In short, we lack a complete

understanding of the influence of realistic flows on the

trajectories of zooplankton swimming in the natural

environment.

[3] Marine organisms that are concentrated at the

benthic boundary layer live at an interface that is often

characterized by topographic complexity as well as com-

plex water flow and steep velocity gradients that vary in

space and time as tides and weather conditions change

(e.g., Nowell and Jumars 1984). Freely swimming organ-

isms associating with the benthos, including meroplank-

ton and holoplankton, therefore face a wide range of

water movement, from very slow flow in the interstices

between adult benthic organisms to the free-stream ve-

locity at some distance above the benthos. This complex

fluid environment structures the ecological interactions

of the resident zooplankton by influencing predation

(Robinson et al. 2007), feeding rates (Saiz and Kiørboe

1995), and fecundity (Irigoien et al. 2000).

[4] The nonluminescent myodocopid ostracod

Paravargula trifax Kornicker provides an excellent

model system in which to examine zooplankton inter-

actions with fluid dynamics because ostracods are ubiq-

uitous in marine environments, ranging from tidal

pools to the deep sea; most species are associated with

benthic habitats and play an important role in benthic–

pelagic coupling (Marcus and Boero 1998). Benthic

species of myodocopid ostracods are known to spend

daylight hours associated with sessile benthic commu-

nities or buried in the sediment, emerging at twilight in

response to a critical “dark threshold” (Gerrish et al.

2009) and performing transitory displays in the water

column until dawn (Rivers and Morin 2008, 2009).

Myodocopid ostracods are omnivores, feeding on live

prey and algal material, as well as scavenging dead

organisms (Vannier et al. 1998). Although laboratory

experiments have demonstrated that bioluminescent

myodocopid ostracods exhibit complex swimming be-

havior during courtship, little is known about behaviors

of nonluminescent species under natural field con-

ditions (Rivers and Morin 2008, 2009).

[5] Our objective was to investigate the swimming

motions of P. trifax in relation to the flow environment

in the benthic boundary layer in the field. In so doing we

examined: (1) how individual swimming trajectories are

influenced by local flow; (2) how swimming orientation

is influenced by water velocity and shear; and (3) to

what extent ecological interactions (i.e., interactions

with the benthos and with other ostracods) are modu-

lated by the flow environment.

Methods

Field Data Collection

[6] Flow measurements and ostracod swimming tracks

were collected under a floating dock in Kanehoe Bay,

Oahu, Hawaii, during August 2009 using a self-

contained underwater velocimetry apparatus (SCUVA)

(Katija and Dabiri 2008). SCUVA is a compact, fully

submersible instrument for collecting digital particle

image velocimetry (DPIV) measurements in the field

(Fig. 1). Ambient particles (0.01–0.1 mm) and ostra-

cods (1–3 mm) in the water column were illuminated

by a 1-mm-thick laser light sheet produced by a con-

tinuous 658-nm (red) 550-mW laser diode (Orion

model; Laserglow Technologies, Canada), and the

motion of these particles was imaged using a high-res-

olution video camera (model HDR-HC9 1440 · 1080

pixels, 30 fps; Sony, Japan) in an underwater housing

(Bluefin Pro model; Light and Motion, USA). The den-

sity of ambient particles in the shallow coastal lagoon

was sufficient for DPIV. In DPIV, the average displace-

ment of a group of particles between successive images

is computed via cross-correlation to produce a velocity
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vector map (Adrian 1991; Willert and Gharib 1991).

Further details of a similar version of SCUVA are pro-

vided in a recent publication (Katija and Dabiri 2008).

[7] SCUVA was attached to a tripod and then

affixed, upside down, to the long edge of the 5 · 2 m

dock at a distance of approximately 2 m from the up-

stream end of the dock so that the laser sheet illuminat-

ed a two-dimensional slice of the benthic community

under the dock as well as the adjacent seawater (Fig. 1).

The field of view was approximately 10· 12 cm. Data

were collected at twilight, when ostracods were active

in the water column and there is sufficient contrast be-

tween particles and background. Two flow conditions

were measured: (1) “ambient flow,” the natural fluid

motion under the stationary dock, and (2) “experimen-

tal flow,” the fluid motion produced by pulling the float-

ing dock at a constant velocity such that the direction of

the flow relative to the dock was parallel to the laser

sheet for SCUVA imaging. An operator on shore pulled

the dock horizontally using a rope attached to the up-

stream end of the dock; this is equivalent to flow past a

stationary dock due to Galilean invariance of the refer-

ence frame.

[8] To verify that ostracods were present, a snor-

keler conducted a plankton tow under the dock several

centimeters below the benthic community using a hand-

held ring net (100mm mesh size). Plankton samples

examined under a dissecting microscope were domina-

ted by a single species of ostracod, identified as Para-

vargula trifax. A representative sample was archived at

the Smithsonian National Museum of Natural History

(transaction no. 2052903).

Flow Characterization

[9] Image pairs collected with SCUVA were processed

using a custom, cross-correlation DPIV algorithm

(courtesy of M. Gharib, California Institute of Technol-

ogy) with an interrogation window size of 32 · 32 pixels

and a 50% overlap. A postprocessing step removed out-

liers that were more than three times greater than neigh-

boring vectors and replaced them by interpolating be-

tween neighboring vectors; this procedure successfully

removed the motion of the ostracods. The resultant in-

stantaneous velocity vector maps were processed using

MATLAB (Mathworks, USA) to quantify several flow

parameters in the x–z plane, where x is parallel to the

dock (horizontal) and z is orthogonal to the dock (ver-

tical). Each variable was calculated spatially, across the

two-dimensional flow field, and temporally, across time

steps. The computed flow measurements included the u

velocity in the x-direction, the w velocity in the z-direc-

tion, speed ðs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ w 2

p
Þ, and speed shear rate, g,

calculated as

g ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
›s

›x

� �2

þ
›s

›z

� �2
s

: ð1Þ

The root-mean-square velocity in the x and z directions,

urms and wrms, respectively, were calculated as the

spatially averaged root-mean-square velocity over all

time steps. As a second measure of the velocity gradient,

the boundary shear velocity, u*, was calculated following

the law of the wall:

uðzÞ ¼
u*

k
ln

z

z0
; ð2Þ

where u(z) is the time-averaged velocity above the sub-

stratum at vertical distance z from the substratum, z0 is

Video camera
in housing

Dock

Benthic community

Laser in housing

Clamp

Red laser sheet

10 cm

Fig. 1 Side-view schematic of SCUVA setup under floating dock in Kanehoe Bay,
Oahu, Hawaii. Dashed lines indicate the camera field of view; scale bar is shown at
the lower right. The direction of flow in the experimental flow treatment is into the
page. Note that the dock extends beyond the diagram to the right.
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the roughness length of the substratum, and k is von

Kármán’s constant (k ¼ 0.41) (Denny 1988). Two repli-

cates of the ambient flow treatment and three replicates

of the experimental flow treatment from the same even-

ing were combined because the flow condition did not

differ between replicates. The total numbers of time

steps used in the calculation of flow parameters were

428 in the ambient condition and 629 in the experimen-

tal flow condition (14.3 and 21.0 s), which represent the

total durations of the video sequences in which the rapid

behavioral responses of the ostracods were measured.

Swimming Behavior

[10] Ostracod positions were digitized manually in

ImageJ (National Institutes of Health, USA) at each

time step (0.033 s), until the individual exited the field

of view, to produce swimming trajectories. Measured

behavioral metrics, described in more detail below,

included observed velocity, relative swimming velocity,

net:gross displacement ratio (NGDR), swimming angle,

number and position of encounters with the benthos,

and number and position of encounters with conspe-

cifics. For each of the velocity measurements, mean

speed and direction were also calculated from the ve-

locity vectors. Sample sizes were limited to ostracods

that swam within the field of view; thus, sample sizes

were small within each replicate. Therefore, we pooled

the data from the two ambient flow replicates and the

three experimental flow replicates for our analysis.

[11] Observed velocities measured directly from

the video records represent the vector sum of the

ostracod swimming velocity and the local fluid velocity.

Relative swimming velocities at each time step were

calculated using a MATLAB routine to subtract the

velocity vector local to the ostracod, based on linear

interpolation from neighboring points, from the ob-

served ostracod velocity vector. The NGDR, which is

the shortest distance between the start and end points

of a trajectory divided by the total distance traveled

(Dicke and Burrough 1988), was used to assess the

straightness of the observed trajectories (a low NGDR

indicates a trajectory with a high degree of tortuosity).

The NGDR was then compared between treatments

using a t-test, after transforming nonnormal data

using an arcsine square root transform (appropriate

for proportions) to assess whether flow condition influ-

enced tortuosity of the swimming tracks. To test wheth-

er observed ostracod trajectories were the result of their

behavior and physical properties (shape and density),

rather than simply due to passive transport of their

fluid environment, we tracked the paths that passive,

neutrally buoyant particles would take through the

same velocity field if they had the same initial positions

as the tracked ostracods.
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Fig. 2 Ambient (A–D) and experimental flow (E–H) conditions from DPIV data. Velocity vectors and contours of speed magnitude from a representative pair of video frames
are shown in A and E. Mean speed (s) is shown in B and F, standard deviation in C and G, and shear rate (g) contours in D and H (see text for details). The field of view has
been rotated so that the substratum is at the bottom of the frame.
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[12] Swimming angles were computed based on

the u and w velocities at each time step (u ¼ atan2(u, w)

in units of radians). Uniformity of instantaneous

swimming angles pooled for all individuals based on

relative swimming velocities (i.e., with background

fluid motion subtracted) was analyzed for each treat-

ment using Rayleigh’s test (Zar 1999). Uniformity of

mean swimming angles for each track was also analyzed

for each treatment using Rayleigh’s test. Interactions

with the benthos and conspecifics were scored by view-

ing each frame and were defined as coming within one

body length of the benthos or another ostracod, respec-

tively. We computed numbers of interactions by divid-

ing tracks into 0.5-s track intervals and counting the

number of interactions in each interval. Numbers of

interactions in each category were arranged in a contin-

gency table. In each treatment, numbers of interactions

with conspecifics in the boundary layer versus in the

free-stream flow were compared using a x2 test, and

z-positions of interactions (distance from the benthos)

were compared using a Mann–Whitney rank sum test.

Results

Flow Field

[13] Instantaneous and time-averaged flow fields for the

ambient and experimental flow treatments are shown in

Fig. 2. The mean urms velocities in the ambient and

experimental flow treatments measured over the

entire. flow field were 0.39 ^ 0.13 [mean ^ SD] and

3.49 ^ 0.50 cm s21, respectively. The standard devi-

ations of the mean speed, s were higher in the exper-

imental flow treatment, indicating more variable flow

(Fig. 2C, G). The benthic boundary layer was defined

as z , 9 cm based on the distance from the substratum

where the velocity was 99% of the mean free-stream

velocity in the experimental flow treatment. Plots of

mean velocity and shear rate as a function of distance

from the substratum (Fig. 2B, D, F, H) show a consistent

increase in velocity with distance from the substratum in

the benthic boundary layer and a constant velocity pro-

file in the free-stream flow. Overall, the shear rate, g, was

approximately six times higher in the experimental flow

treatment (Table 1; Fig. 2D, H). However, in the ambi-

ent flow treatment, shear rates were similar in the

boundary layer (z , 9 cm) and in the free-stream flow

(z . 9 cm), whereas, in the experimental flow treat-

Table 1 Flow field characterization from DPIV data (mean^ SD). The boundary shear velocity, u* (equation (2)), which describes the velocity gradient near the substratum,
was calculated from a single vertical transect through the flow field; u0 is the free-stream velocity. Shear rate, g, was measured from the top of the substratum (z, 5 cm) to
the top of the field of view (z, 13 cm). Shear rates in the lower (z , 9 cm) and upper (z . 9 cm) halves of the field of view are also reported to represent mean flow in the
benthic boundary layer and in the free-stream flow, respectively.

Shear rate, g

Flow condition urms (cm s21) wrms (cm s21) u* (cm s21) u0 (cm s21) Total z < 9 cm z > 9 cm

Ambient 0.39 ^ 0.13 0.32 ^ 0.06 0.04 ^ 0.001 0.34 ^ 0.04 0.09 ^ 0.01 0.09 ^ 0.01 0.09 ^ 0.01

Experimental 3.49 ^ 0.50 0.39 ^ 0.13 1.11 ^ 0.17 3.83 ^ 0.13 0.60 ^ 0.13 1.11 ^ 0.20 0.22 ^ 0.04

Experimental flow (urms = 3.5 cm s–1)

Velocity, u (cm s–1)

Ambient flow (urms = 0.4 cm s–1)A)

B)
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4
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Fig. 3 Mean water velocity profiles (red) relative to the surface of the substratum in
ambient (A) and experimental (B) flow conditions. Vertical profiles were extracted
from the DPIV data at the horizontal position x ¼ 11.6 cm. Velocity was measured
over 14.3 s in ambient flow and 21.0 s in experimental flow. The dashed lines show
the standard deviation of the mean velocity.
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ment, shear rates were much higher in the boundary

layer (Table 1, Fig. 2H).

[14] Vertical profiles of the mean horizontal ve-

locities for the two flow treatments are shown in Fig. 3.

Local velocities at any height above the substratum var-

ied in direction in the ambient flow condition (Fig. 3A),

so the mean horizontal velocity profile was variable.

There was a small increase in velocity with distance

above the substratum, and the logarithmic portion of

the velocity profile was defined as the first five points

above the substratum where velocity increased. In con-

trast, the experimental flow treatment (Fig. 3B) had a

logarithmic velocity profile typical of boundary layer

flows (Nowell and Jumars 1984). The boundary shear

velocity, u*, in the experimental flow treatment

(1.11 cm s21; R 2 ¼ 0.95; p , 0.01; n ¼ 5) was approxi-

mately 29% of the mean free-stream flow,

u0, and was substantially higher than the

u* in the ambient condition (0.04 cm s21;

R 2 ¼ 0.95; p , 0.001; n ¼ 6), which was

approximately 12% of u0 (Table 1).

Swimming Behavior

[15] A total of 22 tracks of different indi-

vidual ostracods were digitized in the am-

bient flow treatment, and the mean path

time was 2.9 ^ 1.8 s. A total of 28 tracks

were digitized in the experimental flow

treatment, and the mean path time was

2.0 ^ 1.1 s. Mean relative swimming

speeds were similar in the two treatments,

but tracks were straighter (less tortuous)

in the experimental flow treatment

(t48 ¼ 23.24, p ¼ 0.002; Table 2, Fig. 4).

Tracks of passive, neutrally buoyant par-

ticles with the same initial starting posi-

tions as the ostracods were different

from the ostracod tracks (Fig. 4B, D).

The passive particles moved at mean

speeds significantly slower than the ob-

served ostracod velocities in both treat-

ments, indicating that active swimming

is important for ostracod transport

Table 2 Ostracod swimming speeds and trajectories (mean^ SD). The observed ostracod velocity is the vector sum of the ostracod swimming velocity and the local fluid
velocity. Relative swimming velocity was calculated by subtracting the local velocity vector from the ostracod velocity vector at each time step, and passive velocity is the
velocity at which a neutrally buoyant particle following the flow would travel. Mean speeds were calculated from the velocity vectors. A low net:gross displacement ratio
(NGDR) indicates a trajectory with a high degree of tortuosity.

Speed (cm s21) NGDR

Flow condition No. tracks Observed Relative Passive Observed Passive

Ambient 22 4.3 ^ 2.3 4.3 ^ 2.3 0.36 ^ 0.2 0.5 ^ 0.3 0.7 ^ 0.3

Experimental 28 5.0 ^ 2.3 4.2 ^ 1.7 1.0 ^ 0.02 0.7 ^ 0.2 1.0 ^ 0.02
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Fig. 4 Representative ostracod swimming tracks. Observed ostracod tracks (blue), instantaneous fluid
velocity vectors (yellow arrows), and background benthic community are shown in ambient (A–B;
n ¼ 13) and experimental flow conditions (C–D; n ¼ 14). Passive tracks of neutrally buoyant particles
(black) advected from the same initial starting points (red circles) as the ostracods are shown along with
the observed ostracod tracks (blue) in ambient (n ¼ 9) and experimental flow conditions (n ¼ 9). The
neutrally buoyant particles were followed through the measured field flow data for the same number of
time steps as the ostracods that started at the same points in the flow field. Some of the tracks have been
omitted for clarity.
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(Table 2; ambient: t42 ¼ 28.30, p , 0.001; experimen-

tal: t54 ¼ 29.43, p , 0.001). The tracks of passive par-

ticles also had a significantly higher NGDR (i.e., were

straighter) in both treatments (Table 2; ambient:

t42 ¼ 2.03, p ¼ 0.049; experimental: t54 ¼ 6.71,

p , 0.001).

[16] In the ambient flow treatment, instantaneous

swimming angles were uniformly distributed (z ¼ 1.41,

n ¼ 1873, p ¼ 0.24), indicating that swimming

direction was random. In contrast, in the experimental

flow treatment, instantaneous angles were nonuniform

(z ¼ 59.18, n ¼ 1662, p , 0.001) and tended to be

oriented parallel to the benthos (Fig. 5). The distri-

butions of the orientations of the mean swimming

angles for each track were uniform in both treatments

(ambient: z ¼ 0.07, n ¼ 22, p ¼ 0.91; experimental:

z ¼ 1.20, n ¼ 28, p , 0.30).

[17] There was no difference in the number of

interactions between ostracods and the benthos between

the two treatments (x2
1 ¼ 0.91, p ¼ 0.34). Similarly,

there was no difference in numbers of interactions be-

tween ostracods and conspecifics between the two treat-

ments (x1
2 ¼ 3.8· 1024 , p ¼ 0.99). However, there was

a relationship between height above the benthos and

interactions with conspecifics: interactions occurred

more frequently in the boundary layer in experimental

flow (x1
2 ¼ 6.16, p ¼ 0.013; Table 3), and the mean

z-position of the interactions was closer to the benthos

in experimental flow compared to ambient flow

(Mann–Whitney U ¼ 106, p ¼ 0.02; Fig. 6).

Discussion

[18] Under natural field conditions, freely swimming

plankton moving between the benthos and the water

column face a range of water motions. At higher flow

speeds in particular, shear rates are enhanced and flow

may be more variable. Our results show that in situ tra-

jectories of the ostracod Paravargula trifax, including

tortuosity of swimming trajectories, swimming angle,

and interactions with conspecifics, are influenced by

local water flow (i.e., within centimeters of the organ-

ism).

90
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A) Ambient (urms = 0.4 cm s–1)
n = 1,873
N = 22

B) Experimental flow (urms = 3.5 cm s–1)
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N = 28

1 s

100 observations

Fig. 5 Ostracod swimming angles in ambient and experimental flow after sub-
tracting local fluid velocities. Angles of 0 and 1808 indicate horizontal swimming
(along the x-axis), and angles of 908 and 2708 indicate vertical swimming (along
the z-axis). A circular frequency histogram of instantaneous angles pooled for all
individuals, n, is shown in gray, and a compass plot of mean direction and track time
length for each individual, N, is shown in red.

Table 3 The number (and proportion) of ostracod interactions with conspecifics in
the experimental flow treatment within the boundary layer and in the free-stream
flow. Each track was divided into 0.5-s intervals, and categories correspond to
numbers of interactions based on counts in each interval.

Number of interactions with conspecifics

Location 0 1 or 2 Total

Free-stream 46 3 49

(z . 9 cm) (0.94) (0.06)

Boundary layer 39 14 53

(z , 9 cm) (0.74) (0.26)
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In Situ Flow Measurements

[19] Studies of plankton conducted in still water in lab-

oratory tanks have provided important insight about

individual behavioral responses to controlled environ-

mental parameters but may not accurately reflect swim-

ming trajectories in the field. The use of new tools for

simultaneous measurements of organism-scale environ-

mental flow and animal trajectories used in this study

and elsewhere (Gallager et al. 2004; Sheng et al. 2006)

make it possible to quantify swimming behavior in the

natural environment. An advantage of the relatively

portable SCUVA compared to other in situ DPIV tech-

niques (Doron et al. 2001; Liao et al. 2009) is that it

enables field measurements in shallow water near deli-

cate benthic communities in habitats with complex ter-

rain (e.g., coral reefs, under docks). These types of

measurements, in conjunction with laboratory and

modeling studies, provide a more comprehensive un-

derstanding of the interaction of plankton swimming

behaviors with the fluid environment.

[20] Our results suggest that boundary shear ve-

locities (u*) over rugose benthic communities living on

substrata of finite size in natural habitats can be higher

than those measured in fully developed boundary layers

over relatively smooth substrata in laboratory flumes or

in flat, soft-substratum field sites. For example, the

boundary shear velocity in our experimental flow treat-

ment was higher than u* values measured in laboratory

flumes (e.g., Pawlik and Butman 1993; Weissburg and

Zimmer-Faust 1993; Reidenbach et al. 2010) and in the

field (e.g., Grant et al. 1984) at comparable free-stream

velocities. One reason for this difference is that, as a

fluid flows across a structure, the boundary layer thick-

ens with distance from the upstream edge of the struc-

ture. Therefore organisms living on objects such as

docks, ships, rocks, or coral heads encounter boundary

layers that are not fully developed (e.g., Koehl 2007).

Not only do boundary layers grow with distance from

a leading edge, but they also grow over time. Therefore,

in shallow habitats characterized by changing flow di-

rections due to waves, boundary layers are thinner than

they are in steady unidirectional flow at comparable in-

stantaneous free-stream velocities (e.g., Denny 1988). In

the present study, the boundary layer may not have been

fully developed because the measurements were made at

a distance of only 2 m from the leading edge of the dock

(local Reynolds number, Rex < xurms/n,7 · 104 , where

n is the kinematic viscosity and where Rex , 3–5 · 105

is transitional on a flat plate). Furthermore, in the ex-

perimental flow treatment, although we made all our

measurements during periods when the free-stream

flow relative to the dock had reached a steady velocity,

the boundary layer had to develop anew each time that

we started pulling the dock through the water. These

factors, along with the high degree of rugosity of the

fouling community, which can raise the turbulence in

0 0.1 0.2 0.3 0.4 0.5 0.6

Exp flow
Ambient

Interactions with conspecifics s–1

Boundary layer
(z < 9 cm)

Free-stream
(z > 9 cm)

Exp flow

 Ambient

A) B)

Fig. 6 Frequency (A) and location (B) of ostracod interactions with conspecifics within and above the benthic boundary layer for ambient and experimental flow conditions.
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the boundary layer and hence increase u* (reviewed in

Koehl 2007), likely contributed to the elevated u* values

we measured.

Swimming Trajectories and Orientation

[21] The faster the water flow, the greater the effect on

ostracod trajectories. In the experimental flow treat-

ment, which was characterized by higher shear than

the ambient flow condition (Table 1, Fig. 2), ostracods

had straighter trajectories that were more parallel to the

benthos and the direction of flow than they were in the

slower ambient flow. These observations indicate that

ostracod maneuverability was diminished and passive

transport was more important in the faster water flow

treatment (Table 2, Figs. 4, 5). Field studies of another

myodocopid ostracod, Vargula annecohenae, with a

higher mean swimming speed (approx. 8 cm s21 ; Rivers

and Morin 2008) showed that they were less abundant in

the water column when current speeds at the top of the

water column exceeded 25 cm s21 , suggesting dimin-

ished foraging activity in more rapid flow (Gerrish

et al. 2009). Because Gerrish et al. (2009) did not

measure water velocities in the benthic boundary layer,

we cannot directly compare our experimental flow con-

dition (mean urms of 3.49 cm s21 ) that altered ostracod

behavior with the water motion that caused ostracods to

stop swimming in their study. However, assuming that

u* , 0.1 u0 (typical for well-behaved flows), then u* ,
2.5 cm s21 , which is the same order of magnitude as the

experimental flow treatment in the present study. Since

water flows across benthic communities in the field, the

swimming activities of ostracods and other freely swim-

ming plankton associating with the benthos are prob-

ably frequently influenced by local flows.

[22] The effect of water flow on observed trajec-

tories can strongly depend on species-specific behaviors.

For example, in three different copepod species the ob-

served NGDR in background turbulence was tied to size

and swimming style of each species, and in the largest

species, Calanus finmarchicus, tracks became more tor-

tuous in turbulence (Yen et al. 2008). The motility num-

ber, Mn, which is the ratio of observed swimming ve-

locity to the root mean square of the turbulent velocities

(Gallager et al. 2004), can be used to estimate the relative

importance of swimming behavior and background

flow. Mn . 1 suggests that behavior exceeds turbulence,

and Gallager et al. (2004) found that Mn . 3 was re-

quired for zooplankton to aggregate. In the present

study, the Mn was approximately 30 in the ambient

flow and approximately 8 in the experimental flow,

suggesting that behavior dominated over physical forc-

ing. However, the ostracods in the experimental flow

experienced a mean steady velocity in addition to tur-

bulent velocities, which likely influenced the trajectories.

The trajectories of zooplankton with slower swimming

speeds, such as the myodocopid ostracod Cylindroleberis

mariae (maximum speed approx. 2 cm s21 ; Corbari et al.

2005), would be expected to be even more vulnerable to

moving fluid.

[23] Although ostracod trajectories were affected

by environmental flow, several lines of evidence indicate

that the active behaviors of these animals also affect their

paths. In both flow treatments, ostracod tracks were

more tortuous than were tracks of passive, neutrally

buoyant particles. This suggests that even in the exper-

imental flow treatment, ostracods still had some control

over swimming paths (Table 2, Fig. 4). Mean swimming

speeds relative to the surrounding water were the same

in the two treatments, indicating that biological propul-

sive capability was not affected (Table 2). The finding

that ostracods moved at a mean speed that was 5-fold

faster than that of modeled passive particles in the am-

bient flow condition and 10-fold faster in the exper-

imental flow treatment (Table 2) further supports the

idea that swimming behavior dominates background

flow to determine the position of the ostracods.

Interactions with Benthos and with Conspecifics

[24] Among ostracod species, which are primarily as-

sociated with the benthos, swimming plays an impor-

tant role in both feeding and mating activities. Myodo-

copid ostracods consume a wide array of food items,

feeding on detritus and living and dead animal material

in the benthos by grasping and scraping with the feeding

appendages (Vannier et al. 1998). The ability to maneu-

ver while swimming in water flowing near the substra-

tum is likely important for accessing different sites in the

benthic community. Although the number of inter-

actions with the benthos was similar in our two flow

treatments, in the experimental flow condition the ob-
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served ostracod trajectories (due to the vector sums of

the instantaneous ostracod swimming velocity and the

local fluid velocity) were much straighter, and swim-

ming angles were parallel to the substratum and the

direction of water flow. These observations suggest

that in faster flow, ostracods are swept past the benthos

by the flowing water and thus may have less control over

the locations of contact with the benthos than they do in

slower flow (Figs. 3, 4).

[25] Copulatory displays in myodocopid ostra-

cods occur in the water column; thus, it is plausible

that these activities are altered in the presence of water

flow in the environment. To our knowledge, only one set

of studies has examined the swimming behavior of mat-

ing ostracods (Rivers and Morin 2008, 2009). Labora-

tory work with luminescent ostracods from the Carib-

bean (Vargula annecohenae) showed that males swam

upward in a helical pattern during courtship to attract

females, and these swim paths were accompanied by a

characteristic, luminescent signaling pattern. Mature

females followed the paths of the males, but it is not

known whether copulation occurred in the water col-

umn. The species in our study, Paravargula trifax, is not

luminescent and did not swim in a helical pattern. How-

ever, it is possible that courtship and copulation occur in

the water column and, therefore, frequency of inter-

actions with conspecifics in the water column might

correlate with enhanced reproductive success. Although

there was no difference in interactions with other ostra-

cods between our two flow treatments, further exami-

nation showed that in the experimental flow treatment,

these interactions were primarily confined to the bound-

ary layer within 9 cm from the substratum (Fig. 6). This

is somewhat surprising given that shear is most pro-

nounced close to the substratum (Fig. 1, Table 1) and

that strong velocity gradients have been shown to inter-

fere with mechanosensory detection of other organisms

by copepods (e.g., Robinson et al. 2007). On the other

hand, quiescent microhabitats in the lee of sessile organ-

isms living on the substratum may provide a refuge

where flow speeds and shear are diminished and ostra-

cod interactions can occur. However, the data from this

study do not show strong evidence of interactions cor-

responding with areas of low flow (Fig. 6B), so the

mechanism behind enhanced interactions in the benthic

boundary layer is unknown.

Plankton Behavior at the Benthic Boundary Layer and

Ecological Roles

[26] Many of the studies of the movement of small ani-

mals in the benthic boundary layer focus on recruitment

and metamorphosis of meroplanktonic larvae (e.g., But-

man et al. 1988; Fuchs et al. 2004; Koehl 2007). In con-

trast to these meroplanktonic larvae of benthic inverte-

brates, which need to move through the benthic

boundary layer only during settlement, ostracods and

other freely swimming demersal holoplankton move

through this layer frequently. Therefore, it might be

expected that demersal zooplankton and settling larvae

respond to environmental flow in different ways. Mero-

plankton are typically smaller (hundreds of micro-

meters) and slower (swimming velocities of approx.

0.1–1.0 cm s21 ; Chia et al. 1984) than are demersal zoo-

plankton like ostracods and thus are more likely to be

overwhelmed by environmental flow (although active

swimming continues in high shear for some species of

larvae; Jonsson et al. 1991). In contrast, holoplanktonic

copepods exhibit countercurrent swimming in flow

velocities up to 3 cm s21 (Shang et al. 2008). Larvae

respond to fluid mechanical disturbances by ceasing to

swim and sinking (e.g., polychaete larvae: Pawlik and

Butman 1993; gastropod larvae: Fuchs et al. 2004),

whereas various types of holoplankton respond by es-

cape jumping (e.g., copepods: Fields and Yen 1997;

Kiørboe et al. 1999; ciliates: Jakobsen 2001). These

different responses might help explain differences in

the vertical distribution of meroplankton and holo-

plankton over the sea bed (Holzman et al. 2005). Fur-

ther studies of the swimming behaviors of both mero-

planktonic larvae and demersal holoplankton in realistic

environmental flows at ecologically relevant scales will

enhance our understanding of how individual responses

to the fluid environment correspond to population and

community patterns.

Significance to Aquatic Environments

[27] Organisms that live within the benthic boundary

layer play a critical role in benthic–pelagic coupling
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(e.g., the cycling of organic material) not only by their

own foraging activities and movement between the

water column and the substratum but also by being

prey for benthic animals. Water flow influences prey

capture rates and selectivity by benthic planktivores

(reviewed by Wildish and Kristmanson 1997), not

only by increasing transport of plankton to the capture

structures of sessile predators but also by reducing the

ability of predators to hold on to captured prey (e.g.,

Shimeta and Koehl 1997). In addition, the velocity and

shear fluctuations in turbulent flow can interfere with

the ability of planktonic animals with escape responses

(e.g., copepods) to detect the fluid signals of benthic

predators and thus can increase rates of predation

(Robinson et al. 2007). Because the turbulent flow en-

vironment near the substratum is dynamic and spatially

variable (reviewed by Nowell and Jumars 1984; Koehl

2007; Reidenbach et al., 2009), simultaneous measure-

ments of instantaneous local flow velocities and beha-

viors of planktonic organisms can provide insights

about the mechanisms responsible for the effects of en-

vironmental water flow on their ecological interactions.

[28] In the study reported here, crustacean plank-

ton in the benthic boundary layer were not simply trans-

ported like passive particles by the flow. Nonetheless,

their behavior was altered by moving water, and these

flow-induced changes in their trajectories may affect

mating, foraging, and encounters with benthic preda-

tors. The interaction between plankton behavior and

water flow suggests that flow plays an important role

in structuring vertical distributions of coexistent demer-

sal plankton species; plankton species may inhabit a

particular height above the substratum based on benefits

associated with a particular flow regime.
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