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Copepod Behavior Responses
Around Internal Waves

Mohammad Mohaghar, Seongyu Jung, Kevin A. Haas and Donald R. Webster*

School of Civil and Environmental Engineering, Georgia Institute of Technology, Atlanta, GA, United States

Internal waves are ubiquitous features in coastal marine environments and have been
observed to mediate vertical distributions of zooplankton. Internal waves possess
fine-scale hydrodynamic cues that copepods and other zooplankton are known to
sense, such as fluid density gradients and velocity gradients (quantified as shear strain
rate). The role of copepod behavior in response to cues associated with internal waves
is largely unknown. The objective is to provide insight to the bio-physical interaction
and the role of biological vs. physical forcing in mediating organism distributions. A
laboratory-scale internal wave apparatus is designed to facilitate fine-scale observations
of copepod behavior in flows that replicate in situ conditions of internal waves in two-layer
stratification. An experimental configuration is presented with a density jump of 1 oy.
Theoretical analysis of the two-layer system provided guidance to the target forcing
frequency needed to generate a standing internal wave with a single dominate frequency
of oscillation. Flow visualization and signal processing of the interface location were used
to quantify the wave characteristics. The results show a close match to the target wave
parameters. Marine copepod (mixed population of Acartia tonsa, Temora longicornis,
and Eurytemora affinis) behavior assays were conducted for three different physical
arrangements: (1) no density stratification (i.e., control), (2) stagnant two-layer density
stratification, and (3) two-layer density stratification with internal wave motion. Digitized
trajectories of copepod swimming behavior indicate that in the control (case 1) the
animals showed no preferential aggregation. In the stagnant density jump treatment
(case 2) copepods preferentially moved horizontally, parallel to the density interface. In
the internal wave treatment (case 3) copepods demonstrated loopy, orbital trajectories
near the density interface. Analysis of advected trajectories in the internal wave, with
and without superimposed copepod swimming, reveal distinct differences with the
observed copepod trajectories in the internal wave treatment. These differences and
a consideration of the potential hydrodynamic cues indicate that copepod behavior
response has a substantial influence on the swimming trajectories in the internal
wave region.
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1. INTRODUCTION

Internal waves are ubiquitous phenomena that often form
in regions of high temperature or salinity variability as the
pycnocline oscillates to create the wave (Phillips, 1966). Interests
in studying internal waves have varied across a wide spectrum
including breaking internal waves, shoaling internal waves, and
tidal internal wave packets (e.g., Thorpe, 1999; Troy and Koseff,
2005; Hult et al., 2009).

In addition to interest in the physical aspects of internal waves,
studies often are focused on understanding the vertical mixing
of nutrients or vertical displacements of plankton distributions
(Mann and Lazier, 1996). Zooplankton distributions are also
influenced by the presence of internal waves (e.g., Haury
et al., 1979; Greer et al, 2014; Sevadjian et al, 2014). In
fact, the majority of observations indicate aggregation and
increased zooplankton presence in and around the internal
wave region (e.g., Haury et al., 1983; McManus et al, 2005;
Van Haren, 2014). This phenomenon also has been observed
in a fresh-water lake (Rinke et al., 2007). To understand the
association of zooplankton population dynamics with internal
waves, we must better understand the bio-physical coupling
and the role of fine-scale hydrodynamic cues induced by
internal waves. The majority of these studies suggest that the
zooplankton are advected by the internal wave fluid motion,
although there are some indications that behavioral responses
may play an important or critical role. In this regard, Macias
et al. (2010) reported that the distribution of zooplankton in
internal waves in the Strait of Gibraltar appeared to result
from a spatial differentiation between weakly-swimming and
strong-swimming taxa. Despite this observation, they ultimately
concluded that zooplankton distributions result from physical
forcing as opposed to migration patterns. Further, Van Haren
(2014) noted that zooplankton “gathered” near internal wave
structure, which implies a behavioral component. Modeling
efforts also suggest that behavior may play an important role.
Lennert-Cody and Franks (1999) and Lennert-Cody and Franks
(2002) showed that horizontal distributions of phytoplankton in
internal wave structure are greatly influenced by their ability to
weakly swim. Further, Scotti and Pineda (2007) and Garwood
etal. (2020) found that depth-keeping zooplankton in propagated
weakly internal wave can form aggregations and enhance cross-
shore transport.

In the absence of the oscillations associated with internal
waves, there are many observations that the pycnocline is
important for the distribution of biomass along the water
column. Field observations have shown that thin layers, which
are sparse patches of high phytoplankton biomass in the water
column (Holliday et al., 2003), are often formed around the
pycnocline (Dekshenieks et al., 2001; McManus et al., 2003).
Further, copepods and other zooplankton have been observed
to aggregate around thin layers (e.g., Cowles et al., 1998;
Dekshenieks et al., 2001; Gallager et al., 2004). And, there is
evidence that zooplankton sensing and behavioral responses
play an important role in the distribution of zooplankton
(Woodson et al., 2005, 2007a,b; True et al., 2018). Thus, a relevant
question is whether the behavioral component that contributes to

aggregations of zooplankton around thin layers is modified by the
unsteady, orbital oscillations of internal waves.

The objective of this study is to design and test a laboratory
apparatus to study the balance of behavioral vs. physical forcing
in the distribution of marine zooplankton in and around
internal waves at an individual scale. No study to date has
examined the mechanistic link between the fluid motion of
internal waves and copepod behavior. However, the oscillations
of the internal wave generate dynamic hydrodynamic cues
that copepods may be able to sense. Hence, our intent is to
provide insight to the mediating factors that dictate organism
distributions such as advective transport and swimming behavior
responses to velocity and density gradients. The objective is
consistent with the statements in Haury et al. (1983) seeking to
determine the influence of passive transport vs. the influence
of behavior responses to explain the resulting zooplankton
distributions. The paper presents a detailed description of the
apparatus and a theoretical analysis of the internal wave structure
in the laboratory configuration. The wave characteristics are
experimentally quantified to compare to the theoretical targets,
and finally behavioral trials for a mixed population of copepods
are described and interpreted.

2. MATERIALS AND PROCEDURES

A laboratory-scale internal wave apparatus was created to
replicate the flow characteristics of a standing internal wave in
a two-layer stratified system. It should be noted that internal
waves typically propagate in a stratified medium in the ocean,
but a standing internal wave can be generated in the special case
of a finite trapped region of altitude or depth (Ewing, 1950). A
standing wave is preferred in this study in order to avoid traveling
waves that reflect in the finite-sized laboratory apparatus. The
target parameters were chosen based on the theoretical analysis
of a standing internal wave in a two-layer stratified system,
presented in the next section. Flow visualization and signal
processing were used to quantitatively compare the results to the
target parameters. Copepod behavioral assays were conducted to
understand their response to hydrodynamic cues (in addition
to the inevitable directional cue of the orientation of gravity)
associated with internal waves such as fluid density gradients and
velocity gradients (quantified as shear strain rate).

2.1. Experimental Apparatus

The main tank (2.438 m x 50 cm x 50 cm) was constructed from
clear acrylic sheets with thickness of 1.905 cm. The schematic of
the internal wavemaker apparatus is shown in Figure 1. A line
diffuser (PVC) was installed along the middle of the tank floor to
be used to fill the tank.

Following the theory described in Dean and Dalrymple
(1991), a half-cylinder plunger-type wavemaker was used to
create a perturbation at the pycnocline represented by the
interface between the density layers. The PVC plunger had
dimensions of 10.16 cm diameter and 50 cm length and was
driven by an electric motor. A stainless steel linkage connected
the plunger to a disk mounted on the rotating motor shaft.
A timing control signal is triggered by a striking tab on
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FIGURE 1 | Schematic diagram of the internal wavemaker apparatus.

~ 2.438m

Undisturbed
Density
Interface

Line Diffuser

—

the disk contacting a switch button. On each revolution, the
switch sent a voltage signal to the external trigger port of a
pulse generator. By precisely controlling the delay following the
external trigger signal, the pulse generator sent a signal to the
camera to capture an image at a targeted phase of the standing
wave cycle.

2.2, Experimental Parameters

The design parameters for a standing internal wave were
chosen in order to mimic the thin layer structures found in
highly-stratified coastal environments (Cheriton et al., 2009;
Velo-Sudrez et al, 2010). In determining the parameters,
several constraints were taken into account such as the tank
dimensions, the size of the wave with respect to the observation
window, and the resolution of the recorded images. The
independent variables were: (1) the fluid density jump between
the layers, (2) the amplitude of the plunger displacement,
(3) the layer thickness, and (4) the seiching mode of the
wave. The wave period (I = 2n/w, where w is the
angular frequency of the wave) was calculated from these input
variables using the theoretical wave description presented in the
next section.

A density jump of 1.0 o; was chosen based on previous
copepod behavior assays performed by Woodson et al. (2007a).
This study showed that based on a regression analysis of the
number of individual calanoid copepods Temora longicornis and
Acartia tonsa crossing the interface vs. the magnitude of the
density jump, the threshold range was between Ap = 0.4 to 2.0
o¢. The lower boundary was where the regression curve began
to decrease, and the upper boundary was where approximately
75% of the population was not crossing the density interface. The
density jump of 1.0 o; was also consistent with density interfaces
observed in situ (e.g., Dekshenieks et al., 2001; Cowles, 2004;
Gallager et al., 2004, and Cheriton et al., 2009). The amplitude of
the plunger motion was experimentally (i.e., trial and error) set to
3 cm; larger amplitudes produced higher harmonics, evanescent
modes, and eventually wave breaking. In the experimental set-up,
the layer thicknesses were equal (i.e., hj = hy = 22.2 cm, where h
is the layer thickness).

2.3. Stratification Procedure

A two-layer stratified volume was prepared prior to running
either the wave characterization or behavior assay experiments.
The fluid for each layer was created in separate batches using
filtered artificial seawater (Instant Ocean). The lighter density
layer (p; referred to as the “upper layer”) was prepared in the
experimental tank with a density of 1,025 kg/m? (33 ppt). The
heavier density layer (o2, the “lower layer”) was prepared in
a separate reservoir with a density of 1,026 kg/m? (34.3 ppt).
The salinity levels were chosen to best match natural levels
in the ocean where the copepods were harvested. For visual
characterization, red food coloring (Kleckner’s Tomatoshade)
was mixed into the lower layer fluid. The lower layer fluid was
slowly introduced to the tank via the line diffuser at the bottom
of the tank. The flow rate was initially 1.9 L/min until the depth
of the incoming layer was greater than the height of the diffuser.
Then the flow was increased to 7.6 L/min. The incoming flow
rate was specified to maintain laminar flow in the jet flows
exiting the diffuser holes in order to avoid turbulent mixing. The
layer structure was assumed to be fixed over the course of the
experiments (~ 2 h) because of the long time scales (~ days)
associated with molecular diffusion.

3. THEORETICAL ANALYSIS

An accurate wave dispersion relationship is needed to identify
the target wave and piston motion parameters. The two-layer
density stratified system is represented in Figure 2. Anticipating
that the amplitude of the waves will be significant compared
to the wavelength, the third-order solution for internal waves
propagating along the interface between two homogeneous
incompressible and inviscid fluids, which considers the non-
linearity of the internal wave profile, is computed in this work
to find the dispersion relationship (Umeyama, 2000, 2002). Since
the flow is considered inviscid for analysis purposes, the potential
function is a useful parameterization of the velocity field, and it
is denoted with the variable ¢, and ¢, in each layer. The position
of the instantaneous density interfaces are denoted by 7; and 7,
as shown in Figure 2. The third-order solution for internal waves
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where ¢ is the perturbation parameter. The superscripts (1),
(2), and (3) indicate quantities that correspond to the first-
order, second-order, and third-order perturbation solutions. The
governing equations and boundary conditions are

Plax + P12z =0 (6)

$rxx + 222 =0 (7)
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where g is acceleration due to gravity, t is time, and the
comma notation in the subscript indicates a derivative operation
with respect to the subsequent variable. Equations (6) and
(7) are the Laplace equations, which describe mass continuity
for each layer. Equations (8) and (9) are the kinematic and
dynamic boundary conditions at the free surface. Equation
(10) is the bottom solid wall boundary condition, and the
kinematic and dynamic boundary conditions at the density
interface are defined in Equations (11), (12), and (13). Since
the vertical velocity of the fluid in both layers at the interface
must be equal to the velocity of the interface, Equations
(11) and (12) should be satisfied. Furthermore, Equation
(13) provides the dynamic boundary condition at the fluid
interface, where the normal stress of the fluid must be
continuous across the interface (Drazin, 2002). It was shown
that the boundary conditions and the governing equations for
the first-, second-, and third-order functions can be derived
by substituting Equations (1)-(5) into Equations (6)-(13)
(Umeyama, 2000, 2002). The first-, second-, and third-order
perturbation solutions for the frequency dispersion relation of
the wave are

— k
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FIGURE 2 | Schematic of the Boundary Value Problem for a two-layer stratified internal wave.
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FIGURE 3 | Flow visualization showing eight phases during the wave cycle corresponding to ¢ = (A) 0, (B) Z, (C) %, (D) &, (E) =, (F) 2, (G) %7, and (H) =
[radians]. The locations of the nodes are marked by the vertical dotted arrows and the antinodes are marked by the solid arrows.
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el
The analytical third-order solution is used to calculate the
frequency of oscillation of the piston to be used as an operational
parameter to achieve the target wave treatment. As noted above,
the density jump was 1.0 oy, which was selected based on
previous observations of copepod behavior in stagnant density
interface treatments. The density interface was established in
the center of the tank with hy = h, = 222 cm. These
parameters, combined with the length dimension of the main

tank and the wave amplitude [a(zl) = 2.5 cm], were used in the
analytical equations presented above to determine the dispersion
relationship between the mode of the standing wave and the
frequency (i.e., Equation 5). The seiching mode number is equal
to the harmonic mode of a standing wave, which dictated the
number of full wavelengths in the tank. The target seiching mode
is determined by a criteria to capture at least a quarter wavelength
in a 30 x 30 cm viewing window during the behavioral trials
in order to uniquely pinpoint any location on the wave at a
given time and to maintain enough imaging resolution to resolve
the wave interface position. In the case presented here, mode 8
was selected to yield a wavelength of 610 mm. Based on these
parameters, the third-order dispersion equation yields a targeted
frequency of 0.041 Hz, corresponding to a wave period of 24.27
s. As a final note, the value of kagl) for this treatment is 0.26,
which indicates the amplitude is not negligible relative to the
wavelength and is consistent with the anticipated need to include
the non-linear effects in the analysis.

4. FLOW CHARACTERIZATION
TECHNIQUES

For the wave characterization trials, the layers were marked by
the sharp interface between the red-dyed bottom layer and clear
upper layer. After initiating the wavemaker motion, the interface
motion took about 30 min (on average) to develop into a standing
internal wave due to the long wave period and return time of the
transient reflected waves.

A CCD camera (Vision Research Inc. model Phantom v210)
with 60 mm focal length lens (Nikon) was used to record the
interface location. The resolution of the camera was 1,280 x 800
pixels. The spatial resolution of the images is 0.758 mm/pixel,
which provides high resolution of the internal wave interface
location. The recorded videos were calibrated for distortion
via the camera control software (i.e., Vision Research Phantom
Camera Control Application). The exposure was set to 750 us
and f-stop to {/2.8 to get the necessary depth of field and attaining
sufficient brightness for the imaging. Five lamps using fluorescent
coil bulbs illuminated the tank and fluid volumes.

Two different triggering strategies were required for capturing
images for (1) flow visualization, and (2) recording an image

100

-100 +

0 200 400 600 800 1000 1200
time (frame number)

FIGURE 4 | Time stack image at an antinode with the digitally-identified
interface location (white line) superimposed.

sequence for signal processing. First, to capture still images,
the triggered pulse generator was used to control the image
acquisition with a precise delay to capture an image at the
targeted phase in the cycle. Images were captured for eight
phases in the cycle for flow visualization purposes. Figure 3
shows the flow visualization of a complete wave cycle at eight
equally-spaced phases. The interface shows a partial standing
wave (nodes and antinodes indicated in Figure 3) with some
wave perturbations being generated.

The camera setup for recording image sequences for signal
processing required throttling the frame rate of the camera. In
this arrangement, the trigger signal was not phase-locked with
the wavemaker motion. The minimum frame rate of the Phantom
camera was 24 fps, but the objective was to record at a slower rate
in order to increase the total duration of the image sequence and
achieve a higher resolution estimate of the dominant frequency
during signal processing. The frame rate was lowered to 4 fps
by using the camera’s trigger mode option and sending a trigger
signal for each frame capture. Three sequences of 7,200 images
each were captured in this manner.

The generated wave frequencies in the time record of wave
height were quantified using signal processing. A time stack
image at an anti-node of the wave was created by extracting a
vertical line of pixels from a single horizontal location in each
image of the recorded sequence and re-arranging them side-by-
side to effectively form an image time series at the anti-node
location. Two image processing filters, median and sharpen, were
used to reduce the noise and sharpen the image in order to
use the Sobel edge-detection algorithm, which reliably identified
the interface location (and hence the wave height). Figure 4
shows the detected interface (white line) superimposed on the
time-stack image. The detected interface accurately captured
the oscillation of the density interface at the anti-node. Both
elevation and depression internal waves have been observed
under various ocean conditions (Orr and Mignerey, 2003).
Figures 3, 4 suggest that the apparatus has the potential to
investigate zooplankton response to both types of waves.

A fast Fourier transform (FFT) algorithm was used to convert
the extracted time record of wave height to the frequency domain.
The target parameters for the internal wave were chosen based
on the theoretical analysis as explained above, and consisted of
Ap = 1.00y, seiching mode of 8, and wave period of 24.27 s (i.e.,
0.041 Hz). The power spectral density (PSD), which is shown in
Figure 5, indicates a narrow peak, where the peak is very close
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FIGURE 5 | Power spectral density (PSD) of the time record of the interface
location shown as function of frequency. In addition, the theoretically-predicted
frequencies corresponding to three modes are indicated with the vertical lines.

to the target mode of 8 as indicated by the vertical line. It is
apparent that the third-order theory captures the non-linearity
of the internal wave profiles and predicts the actual behavior of
the internal wave with a high degree of accuracy.

5. BEHAVIORAL ASSAYS AND DATA
ANALYSIS TECHNIQUES

For the behavioral assays, a mixed population of three species
of copepods was used: A. tonsa, T. longicornis, and Eurytemora
affinis. The main goal of the trials is to observe the animals’
trajectory paths in the internal wave treatment and gain insight
to the influence of biological forcing via their swimming
behavior responses.

5.1. Copepod Collection and Maintenance
The copepod specimens were collected in Boothbay, ME, USA
(Latitude: 43.860 N, Longitude: 69.582 W). The tow was done
during the hours of 12:00-12:30 p.m. using a 153 micron net.
The deployment was a surface tow during high tide for 30 min
off of the dock at the Bigelow Laboratory for Ocean Sciences.
The animals were contained in eight 1 L bottles with food
(Rhodomonas) and shipped overnight in a cooler to the Georgia
Institute of Technology (Atlanta, GA).

After arrival, the mixed population of copepods were placed
into 19 L buckets in a temperature-controlled environmental
room. The culture media was artificial seawater (Instant Ocean)
at salinity level of 33 ppt, and the ambient temperature
was kept at 12°C in order to match natural environment
conditions. Copepods were fed Isochrysis and Tetraselmis
spp. phytoplankton.

5.2. Behavioral Assays

Behavioral assays were conducted in the same internal wave
apparatus as the flow characterization experiments. Dye was
not present during the copepod trials. All experiments were
conducted at constant temperature (12 £ 0.2 °C). In each
trial, 200 fresh copepods of mixed population of A. tonsa, T.
longicornis, and E. affinis were used. The tested population
consisted entirely of adults. The behavioral assays were
performed with artificial seawater (Instant Ocean). A 30 x 30 cm
window was used to observe the copepod swimming kinematics
(Figure 1). The observation window was positioned such that the
undisturbed density interface was at the mid line.

Two 7-W continuous-wave infrared lasers (CrystaLaser,
Inc.) with a wavelength of 808 nm illuminated the tank.
The lasers were mounted behind the tank at 45° angles
and diffused via 50° circular, top hat diffusers (Thorlabs
model ED1-C50-MD) to provide uniform illumination in
the observation region. The experiments were conducted
in the dark, except for the infrared illumination described.
Infrared lighting was chosen because copepods typically cannot
sense light at this wavelength; therefore, their swimming
behavior was not influenced by the illumination during the
observation. The Phantom v210 camera was used with a 60
mm focal length lens (Nikon). The exposure time was set
to 2,400 pus and the camera was positioned 0.77 m away
from the front wall of the tank. The spatial resolution of
the recordings was 0.394 mm/pixel. The frame rate was
15 fps because it provided sufficient temporal resolution to
accurately quantify swimming behaviors. The camera was
externally triggered to achieve this frame rate as described above,
and the image capture was not synced with the motion of
the wavemaker.

The behavior assays were conducted for three physical
treatments: (1) stagnant fluid with no density stratification
(i.e., control), (2) stagnant two-layer density stratification,
and (3) two-layer density stratification with standing internal
wave motion.

Five 5-min image sequences were recorded for each
treatment. The copepod trajectories were manually tracked
in DLTdv5, a MATLAB particle tracking software developed
by Hedrick (2008). The vertical distribution of the copepod
specimens was quantified via a probability density function
(PDF) of the copepod position in the z-direction. The
distribution of trajectories are analyzed for the regions
that the computed absolute value of the shear strain
rate in the internal wave treatment (Figure 10) is above
80% (—20 to +20 mm of the midline), and 40% (—50
to +50 mm of the midline) of the maximum value. The
two-sample Kolmogorov-Smirnov test (2KS-test) is used
to measure the agreement between the PDF of vertical
position with 100 bins that have at least 100 data points in
each bin.

Net-to-gross-displacement-ratio (NGDR), fractal dimension,
and turn frequency of swimming trajectories are computed to
quantify the degree of morphological complexity of a swimming
path. The NGDR represents the ratio of the straight linear
distance to the total distance between the beginning and the end
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FIGURE 6 | (A) Copepod trajectories for the control treatment with stagnant, uniform density fluid. Color indicates the passage of time with blue corresponding to the
beginning of the trajectory and red corresponding to the end. Although shown on the same plot, these trajectories were not collected simultaneously. (B) Probability
Distribution Function (PDF) of copepod position in the vertical direction for the control treatment.
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points of the path traveled by an organism (Buskey, 1984), which
is defined as

V0 —x0)* + (n — y0)?)

NGDR = .
SV = xim)? + (i — yie1)?)

(34)

This parameter ranges from 0, for a circular, sinuous and
diffused path, to 1, for a straight ballistic trajectory. However,
the scale dependency of this parameter is its limitation, and
the NGDR calculation depends on the length of the track
(Dodson et al,, 1997). Thus, the tracks are divided to the
same period (6.0 s in this case) trajectories for the NGDR
computation (Tiselius, 1992). In addition to NGDR, the degree
of space occupation of copepod trajectories without any scale-
dependency is assessed in this study using the fractal dimension
(Coughlin et al, 1992; Seuront et al., 2004; Uttieri et al.,

2005). Therefore, it should be noted that the sample sizes
for fractal dimension analysis and turn frequency computation
are equal to the number of trajectories for each case (23, 33,
and 25 for control, stagnant density jump and internal wave
treatments, respectively), while the sample sizes for NGDR
computation are equivalent to the total number of same
period segments (98, 187, and 238 for control, stagnant density
jump and internal wave treatments, respectively). The fractal
dimension is computed using the box counting method to
compare the degree of convolution of trajectories between
different treatments. In this method, the slope of the power
fit of the log-log plot of the number of boxes vs. mesh size
is corresponding to the fractal dimension. Furthermore, the
number per second of changes in the direction of motion of more
than 15 degrees in each trajectory is defined as turn frequency
(Woodson et al., 2005).
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wave. Color indicates the passage of time with blue corresponding to the beginning of the trajectory and red corresponding to the end. Although shown on the same
plot, these trajectories were not collected simultaneously. (B) Probability Distribution Function (PDF) of copepod position in the vertical direction for the internal wave
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6. RESULTS

Figure 6 shows the digitized swimming trajectories for a mixed-
population of copepods in a body of water with uniform salinity
of 33 ppt (the control case). The 25 sample tracks appear
to be predominantly directed upward or downward with no
obvious restriction for motion in any direction. Also the PDF of
vertical position lacks a strong peak at a particular depth, which
suggests the copepods are not aggregating (as one would expect
for the control treatment). The lack of preferential aggregation
in the trajectories was expected since no directionally-oriented
hydrodynamic cues were present in the control treatment
except for the orientation of gravity. Approximately 18% of the
trajectories of copepods are located between —20 to +20 mm
of the midline, and &~ 47% between —50 and +50 mm of the
midline. It should be noted that the PDF is not perfectly uniform
and it is less dense toward the bottom (i.e., negative z values). This
is perhaps due to the mostly vertically aligned trajectories or the
effect of a limited number of trajectories.

For the second treatment, the salinity of the lower level
water was increased to 34.3 ppt and the salinity of the upper
layer was maintained at 33 ppt. The trajectories of copepods
and the PDF of the vertical position for this case are shown
in Figure 7. The black dashed line indicates the position of the
density interface. The plunger was not activated, and the fluid
volume was therefore stationary. The digitized trajectories show
that many of the copepods moved preferentially in the horizontal
direction, parallel to the density interface. Quantitative analysis
using the PDF indicates that &~ 31% of the trajectories are located
between —20 and + 20 mm and & 49% of the trajectories are
located between —50 and + 50 mm in the z-direction. Although
the comparison of PDFs for the whole region indicates that
there is not a significant difference between the PDF of control
and stagnant density jump treatments (p = 0.347), the PDF
of vertical position for these two treatments are significantly
different between —20 and + 20 mm of the midline (p = 0.016).

In the third treatment, the copepods were observed in the
standing internal wave with density jump properties identical to
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TABLE 1 | Tukey-Kramer post-hoc test results for NGDR, fractal dimension, and
turn frequency between pairs of treatments based on o« = 0.05.

p Control-stagnant Stagnant density Control - IW
density jump jump - IW

NGDR 0.012 «0.001 «0.001

Fractal dimension «0.001 «0.001 «0.001

Turn frequency 0.017 «0.001 «<0.001

Tests for NGDR (F = 120.45, p « 0.001), fractal dimension (F = 47.58,p « 0.001), and
turn frequency (F = 74.25, p « 0.001) indicated significant differences.

the second treatment, where the lower layer salinity is 34.3 ppt
and the upper layer salinity is 33 ppt. Figure 8 shows animal
trajectories and the PDF of the vertical position for this case.
The dashed lines indicate the upper and lower boundaries of the
internal wave as defined by the peak locations of the crests and
troughs. In clear contrast to the other treatments, the copepod
swimming paths demonstrated more curved trajectories near
and inside the boundaries of the internal wave. Some of the
trajectories are loopy, orbital motions, whereas a few of the
trajectories appear to be zig-zag-like oscillation patterns. Beyond
a distance of roughly 75 mm from the resting position of the
interface (i.e., z = 0), the trajectories were much less likely to
show the looping, orbital shape that is observed in the immediate
vicinity of the interface location. The probability of copepods
positions between —20 and +20 mm in the z-direction is ~ 27%,
and in the internal wave region (—50 to + 50 mm) is & 65%.
Further, according to the 2KS-test, the PDF of vertical position
in the internal wave treatment is significantly different from
the density jump treatment (p < 0.001) as well as the control
treatment (p = 0.008).

Results of NGDR, fractal dimension, and turn frequency
of the swimming trajectories for the different treatments are
shown in Figure9 and are analyzed using an ANOVA with
a Tukey-Kramer post-hoc test between treatment pairs. The
statistical analysis is summarized in Table 1. Clear and consistent
trends are observed for NGDR, fractal dimension, and turn
frequency (Figure 9). The statistical tests (Table 1) also verify
these significant differences in NGDR, fractal dimension, and
turn frequency. There is a significant difference between average
values of NGDR (largest value for the control treatment and
smallest value for the internal wave treatment), fractal dimension,
and turn frequency (smallest value for the control treatment
and largest value for the internal wave treatment) in all pairwise
comparisons. Therefore, the statistical analysis implies that
the copepod swimming trajectories are changed from more
linear, straight and ballistic trajectories for the control treatment
to more curved, loopy, and diffused ones in the internal
wave treatment.

7. DISCUSSION

For the stagnant density interface treatment, the trajectory
pattern shows a clear difference from the control treatment.
The apparent reluctance of some of the copepod specimens in

the current results to cross the density interface is consistent
with the previous results for A. tonsa and T. longicornis, who
for a Ap of 1.0 oy showed a decrease in the number of
copepods crossing the density jump layer (Woodson et al.,
2007a). In contrast, the other member of the tested copepod
population, E. affinis, previously did not reveal a reluctance
to crossing a density jump interface (Woodson et al., 2007b).
The trajectories in Figure 8 are consistent with both variability
among individuals and the reported species-specific variability
in behavior with some trajectories clearly oriented parallel to
the interface (and hence not crossing the interface location) and
other trajectories crossing the interface. The results also show
elevated population density near the fluid density interface. This
is consistent with previous observations of Harder (1968) and
Woodson et al. (2007a). Harder (1968), in particular, found
that the aggregations were a behavior response to the change
in fluid density itself, rather than another cue such as salinity
or temperature. The PDF for the stagnant density interface
treatment suggests that the copepods preferred to be in the
upper layer, possibly due to a preference to remain in the fluid
density (and salinity) in which they were acclimated. Thus, for
the stagnant density interface treatment, we conclude that the
current population behaves in a consistent manner by moving in
the horizontal direction along the fluid density interface, limiting
the number of interface crossings, and aggregating near the
fluid density interface. Further, the trajectories for the stagnant
density interface treatment are more convoluted (i.e., decreased
NGDR and increased fractal dimension and turn frequency;
Figure 9) compared to the control treatment due to the increased
heading changes associated with the limited crossings of the
density interface.

In the internal wave treatment, the copepod trajectory shapes
were quite distinct from either the control or the stagnant density
jump treatment. The looping, orbital trajectories will be discussed
further below. The PDF of the vertical position indicates that
the copepods are most commonly found in the internal wave
region. The percentage of the trajectories that are in the wave
region is roughly double that of a uniform distribution (i.e., 65 vs.
33%). While the length scales are obviously different compared
to an in situ internal wave, the aggregation reported here for the
internal wave treatment suggests that copepod behavior may be
an important contribution to explain reported aggregations near
internal waves by Haury et al. (1983), McManus et al. (2005),
Macias et al. (2010), and Van Haren (2014), and others.

In order to gain insight regarding the looping, orbital copepod
trajectories, the trajectory patterns of neutrally-buoyant particles
in the theoretical flow field are analyzed. In particular, the authors
seek to better understand the balance of physical vs. biological
forcing and specifically whether the copepod trajectories resulted
from pure advection by the surrounding flow or whether animal
behavior was a substantial contributor. The velocity field in
the two-layer system is found via the third-order solution, as
described in section 3, for the flow conditions matching the
experimental treatment. Figure 10 shows the velocity vectors, the
iso-contours of the velocity magnitude, and the shear strain rate
for four phases ¢ = 7w /4,¢ = 7/2,¢p = 37w/4,and ¢ = 37/2.
The velocity fields show the expected sense of motion relative
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to the dynamic interface. The velocity magnitude is maximum
at the interface (z 0) and decreases with distance away
from it. The iso-contour plots of velocity magnitude show the
variation through the wave cycle. Among the phases shown, the
greatest velocity magnitude appears for ¢ = 37/4 and has a
peak value of 5.6 mm/s. As reported in Woodson et al. (2007a),
among others, the copepod species tested in this treatment
demonstrate swimming velocities in the same range, which
suggests an inherent ability to swim relative to even the strongest
fluid motion presented in the treatment.

Trajectory analysis for passive, neutrally-buoyant particles was
performed in the theoretical flow field, by initiating particles
at a grid of locations throughout the two-layer system and
tracking their subsequent position due to advection by the
time-varying flow field. In Figure 11A, the passively advected
particles essentially oscillate back-and-forth, which is expected
in a standing internal wave. By comparing to the loopy, orbital
trajectories exhibited by copepods in the vicinity of the internal
wave interface (Figure8), the obvious conclusion is that the
observed copepod motions are not explained solely by advection
due to the fluid motion.

While passive particle advection is clearly distinct from
the observed trajectories, the question remains whether the
trajectories are explained by the combination of copepod
swimming and advection by the wave motion. To address
this question, the copepod trajectories for the stagnant density

jump treatment (shown in Figure 7A) were combined with
advection due to the time-varying theoretical flow field. In
this manner, the observed swimming trajectories in the vicinity
of the density interface were modified at each time step
to include the additional displacement due to advection by
the wave. Figure 11B reveals that the modification of the
trajectories was minimal. A few trajectories show the addition
of a zig-zag-like oscillation to the path, but the overall shape is
generally distinct compared the actual copepod trajectories in the
internal wave treatment (Figure 8A). The qualitative conclusion
is that the observed copepod motions cannot be explained
by the addition of advection due to the fluid motion. The
potential differences between the copepod swimming trajectories
in the stagnant density jump treatment (Figure7A) and the
combined trajectories (Figure 11B) are quantified via NGDR,
fractal dimension, and turn frequency (Figure 11C). There is no
significant difference for each variable. The mild influence of
flow advection is consistent with the relatively small and time-
varying fluid velocities, as quantified in Figure 10, compared
with copepod swimming velocity. It should be noted that
since the copepod trials were not phase-locked with the wave
motion, the phase at the start of the trajectory integration
and the trajectory start location relative to the wave nodes are
independent variables in this analysis. Exploring this parameter
space reveals that the mild influence of wave advection on the
trajectory shape is not affected by these variables. The trajectory
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FIGURE 11 | (A) Theoretical trajectories of passive neutrally-buoyant particles in the flow conditions of the internal wave treatment. (B) Copepod trajectories observed
for the stagnant density jump treatment (Figure 7A) with advection due to the internal wave motion added at each time step. The trajectories shown correspond to an
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wave-modified trajectories in (B) and the observed copepod trajectories for the stagnant density jump treatment in Figure 7A. There is no significant difference for any

variable.

details change slightly, but they do not change the qualitative and
quantitative conclusion that the addition of wave advection is a
mild influence.

In order to make a more direct comparison between the
copepod and advection-modified trajectories, a few examples
of animal trajectories are isolated and shown in Figure 12. In
a qualitative comparison, several of the copepod trajectories
in the internal wave treatment show a similar zig-zag-like
oscillation pattern to the stagnant density jump trajectories
modified with the addition of wave flow advection. Some of
these similar trajectories are shown in Figure 12A. However,
the superimposed trajectories (Figure 11B) are quite distinct in
character compared to the loopy, orbital trajectories exhibited
by other copepod specimens in the internal wave treatment
(Figures 12B-D). This suggests animal swimming behavior
in response to the hydrodynamic sensory cue was a major
contributor to the observed copepod motion. In conclusion,

whereas some trajectories may be explained by the addition of
wave advection, the majority of trajectories clearly cannot be
explained by such a simple response.

While the density jump is clearly an important sensory cue
(Harder, 1968; Woodson et al., 2005, 2007a,b), the shear strain
rate is also a potential hydrodynamic cue to guide copepod
behavior. The shear strain rate (Figure 10) shows the maximum
value to be at the interface with a peak value of 0.1 s~!. As
with the plotted velocity field, there is a strong cyclic temporal
variation in the shear strain rate field. The shear strain rate
and velocity magnitude are minimum (nearly zero) for phase
¢ = m/4 and at maximum for phase ¢ = 37 /4. To check the
consistency with reported internal waves, the wave characteristics
reported by Haury et al. (1983) and Greer et al. (2014) were used
to estimate the shear strain rates that copepods may encounter
in situ. In this case, the internal wave parameters h;y;; = 80
m, wavelength = 200 m, amplitude = 30 m, and Ap of 1.0 o;
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were input into the theoretical internal wave model. The period
resulting from these calculations (i.e., 9.2 min) was consistent
with that reported in Haury et al. (1983) (i.e., 8-10 min) therefore
providing some assurance of the accuracy of the theoretical
model characterization. The maximum shear strain rate in the
modeled in situ internal wave was 0.015 s~!. This value is
roughly 6 times smaller than the maximum shear strain rate in
the laboratory arrangement, but it is not radically different in
magnitude as one might anticipate from the difference in scales
between the laboratory and the ocean. Further, this value is close
to the range that copepods have been previously observed to
sense and evoke a behavioral response.

The ability of copepods to sense velocity gradients, typically
quantified as strain rate, has been extensively documented in
recent decades (e.g., Kiorboe et al., 1999). The shear strain rate
threshold level to evoke an escape response vary among copepod
species ranging from 0.4-26 s~! (summarized in Woodson et al.,
2014), which is much greater than the shear strain rates in the
internal wave treatment. However, the reported threshold was
much smaller, around 0.025 s~! for response of A. tonsa and T.
longicornis to environmental flow structure (i.e., thin layer shear
flow) (Woodson et al., 2005, 2007a,b). The response in this case
consisted of excited area-restricted search behavior as part of a
cue hierarchy in the search for food. For the current internal
wave treatment, copepods experience a shear strain rate field that

has peak values in a similar range to the threshold reported by
Woodson et al. (2005), Woodson et al. (2007a), and Woodson
et al. (2007b). The internal wave treatment also was different
from the thin layer treatment because the flow is dynamic and
time varying including periods in which the shear strain rate is
below the sensory threshold (Figure 10). Nevertheless, the results
here suggest a substantial animal behavior contribution to the
trajectory shape and the shear strain rate values are consistent
with the previously reported threshold to evoke excited area-
restricted search behavior suggesting that it may be an important
sensory cue.

8. CONCLUSIONS

A laboratory-scale internal wave apparatus was used to create a
standing internal wave for various physical arrangements that
mimic conditions observed in the field. This experimental design
was motivated by the objective to understand the biophysical
forcing in zooplankton transport in and near internal waves,
where high levels of zooplankton densities have been observed.
The third-order finite-amplitude solution of a standing internal
wave inside a two-layer stratification system guided the selection
of the operating parameters for the independent variables
controlling the wave motion. A boundary value problem was
setup assuming incompressible and irrotational flow. A series
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of boundary conditions, including bottom, kinetic, and dynamic
conditions at the interface between the two layers and the
free surface, was applied. The analysis yielded the dispersion
relationship between the seiching mode and the wave angular
frequency. The internal wave was targeted in the apparatus
that correspond to density jump of 1.0 oy, seiching mode of 8,
and wave period of 24.27 s (i.e., 0.041 Hz). Signal processing
of the interface location revealed that the laboratory generated
frequency matched accurately the target frequency from the
theoretical analysis.

The zooplankton behavioral assays with a mixed population
of marine copepods A. tonsa, T. longicornis, and E. affinis were
conducted in control (stagnant homogeneous fluid), stagnant
density jump interface, and internal wave flow treatments. The
results from tracking their swimming trajectories revealed that
the animals reacted to the stagnant density jump interface
by showing a preferential horizontal motion parallel to the
interface. In the internal wave treatment, the copepods showed
an acrobatic, orbital-like motion in and around the internal
wave region (bounded by the crests and troughs of the waves).
Significant differences in the morphology of the trajectories are
quantified by the NGDR, fractal dimension, and turn frequency.

The influence of passive advection is investigated by
superimposing advection due to the wave motion on the
trajectories observed in the stagnant density jump treatment. The
results show only mild changes to the trajectories both visually
and quantitatively. A few of the modified trajectories showed
zig-zag-like oscillation patterns that are consistent with some
trajectories of copepods in the internal wave treatment. However,
the majority of the trajectories in the internal wave treatment
were characterized as loopy, orbital shapes in the region near the
internal wave interface. Therefore, although the response of a few
copepods to the internal wave interface could be explained by
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