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Abstract
A physical model of a Burgers vortex was created in the laboratory with characteristics corresponding to

dissipative-scale eddies that copepods are likely to encounter in turbulent flows. The swimming behavior of
three marine copepod species is assessed as a function of vortex strength in and around the flow structure with
the vortex axis aligned vertically or horizontally in the water. The studied species are Acartia tonsa, an estuarine
copepod with a hop-sink swimming style; Temora longicornis, a coastal copepod with a cruise swimming style;
and Calanus finmarchicus, an open-ocean copepod with a cruise-sink swimming style. The results show that
copepods change their swimming behavior with the intensity of the Burgers vortex and reveal species-specific
responses in nearly all kinematic parameters. A. tonsa and C. finmarchicus exhibited the strongest behavioral
response to increasing vortex strength and T. longicornis exhibited the weakest response. A. tonsa and
T. longicornis showed no response to changes in vortex orientation, whereas the behavior of C. finmarchicus rev-
ealed some vortex orientation dependence. One common behavior among the species is that the swimming tra-
jectory shape becomes increasingly curved and spiral around the vortex core with increasing vortex strength,
which provides a means of local aggregation and increased encounter rate with food and mates. The results are
interpreted in relation to differences in swimming style and setal morphology among the species.

Copepods, a group of small (0.1–10 mm) aquatic crusta-
ceans, are a highly abundant metazoan in the oceans and a
critical link in the marine food web, bridging the gap between
primary producers and higher trophic levels such as fish
and mammals, including whales (Beaugrand et al. 2003;
Turner 2004; Castonguay et al. 2008). Ocean turbulence modu-
lates individual behavior of copepods (Marrasé et al. 1990; Visser
et al. 2001) and influences the distribution of species within the
water column (Haury et al. 1990; Mackas et al. 1993; Incze
et al. 2001). Species-specific responses to turbulence can alter
zooplankton community structure and potentially affect the
predator–prey interactions that rely on these encounters
(Yamazaki 1993; Saiz 1994; Michalec et al. 2017).

Turbulence intensity varies over time and space in the upper
ocean layer with significant variation in the vertical direction.

Observations have shown that spatial distributions of copepods
are highly dependent on the level of turbulence they experience
(Incze et al. 2001; Visser et al. 2001). Incze et al. (2001), in par-
ticular, compared the vertical distribution of copepod species
before and after the passage of a storm. Calanus finmarchicus
and Temora spp. migrated vertically downward to deeper layers
where the water is less turbulent. Similarly, horizontal variations
of turbulence intensity over different regions of the ocean
(e.g., estuaries vs. open ocean) can change with copepods’ prox-
imity to the coast (Manning and Bucklin 2005).

At the scale of copepods, turbulent fluid motion consists
of eddy structures that present as small worm-like vortices
with varying strength and orientation (Vincent and Men-
eguzzi 1991). The size of the vortical structures in the dissi-
pative range, as well as the size of copepods, is similar to the
Kolmogorov microscale (η� 0.2–6 mm) (Jumars et al. 2009).
The ability of copepods to detect and respond to this hydrody-
namic landscape depends on the function of their sensory
structure (setae). Yen et al. (1992) showed that copepods can
detect setal displacements as small as 10 nm. However, the
threshold fluid disturbance needed for behavior responses var-
ies among species and developmental stages (Woodson
et al. 2014). Acartia tonsa adults are comparatively sensitive to
velocity gradients and escape in response to fluid strain rate,
whereas nauplii require nearly an order of magnitude greater
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strain rate to evoke an escape (Fields and Yen 1997; Kiørboe
et al. 1999). Furthermore, mechanosensitive copepods
such as A. tonsa show rapid responses to hydrodynamic stimuli
(Bagøien and Kiørboe 2005), whereas chemosensitive copepods,
such as Temora longicornis, are less responsive to hydrodynamic
signals (Burdick et al. 2007; Waggett and Buskey 2007).

Turbulence has been shown to influence metabolic rates,
predator–prey encounter rates, grazing rates, egg production,
swimming behavior, and population dynamics of marine zoo-
plankton (Alcaraz and Saiz 1992; Saiz et al. 1992; Fields and
Yen 1997). However, the response of copepods to characteris-
tic features within an individual small-scale turbulent eddy is
much less known. Recently, Elmi et al. (2021) showed that
one copepod species (A. tonsa) can detect and respond to
hydrodynamic features created in a Burgers vortex, the flow
structure of which is consistent with the characteristics of
dissipative-scale eddies in turbulence. The results suggest that
the behavior of A. tonsa to the fluid motion within the
dissipative-scale turbulent eddies drive the biological and eco-
logical effects of turbulence.

This study hypothesizes that copepod species have different
behavioral responses to the magnitude and orientation of small-
scale turbulent eddies. There is limited understanding of the con-
nection between the sensory organ morphology and swimming
mode of copepods and their response to the fine-scale eddies cre-
ated by turbulence. This study uses three marine copepod spe-
cies, T. longicornis and C. finmarchicus, plus the previously
reported A. tonsa, each having unique mechanosensory hair
architecture and swimming mode (Table 1). Quantifying species-
specific responses to oceanic turbulence is important for under-
standing the role of sensory structures in governing copepod
behavior and for addressing regional patchiness of copepods. In
an earlier study, Webster et al. (2015) reported that the responses
of A. tonsa and T. longicornis to a moderately intense dissipation-
scale vortex were different and suggested that the sensitivity of
A. tonsa to turbulent features is related to the three-
dimensional distribution of setae on the copepod’s anten-
nule. In this study, the two additional species, beyond
A. tonsa reported in Elmi et al. (2021), represent a small
(~ 1 mm) nearshore coastal copepod species (T. longicornis)
and a large (2.5 mm) oceanic copepod (C. finmarchicus), each
with a unique antennule architecture and swimming mode
(Fig. 1; Table 1). The vortex structure is generated based on
levels of turbulence that copepods experience in their habi-
tats. Furthermore, to investigate the directional response of
the copepod species to the hydrodynamics of small-scale

eddies, the Burgers vortex stimulus is generated in horizon-
tal and vertical orientations.

Materials
Laboratory experiments were conducted to observe the

swimming behavior of three copepod species in the vicinity of
a Burgers vortex. The experimental setup and flow measure-
ment technique are described in detail in Elmi et al. (2021)
and briefly included here.

Small-scale dissipative eddies in the laboratory
Jumars et al. (2009) introduced a new approach to examine

turbulence–plankton interaction. The idea is to reduce the sto-
chastically varying nature of turbulent flows to a simple vor-
tex model. Such an approach has the advantage of
eliminating the time-varying and random nature of the flow,
and the approach facilitates examination of the mechanistic
aspects of plankton interaction with a dissipation-scale eddy.
In the current study, isolated Burgers vortices were generated
in the laboratory to simulate a dissipative-scale turbulent eddy
that copepods encounter in their habitats.

Jumars et al. (2009) report that the Burgers vortex is a good
model for turbulent vortices at the scale of the plankton. The
Burgers vortex is named for the Burgers (1948) analytical solu-
tion of the Navier–Stokes equations. The velocity components
are described (in cylindrical coordinates, r�θ�x) by:

ur ¼�ar uθ ¼ Γ
2πr

1� e
�r2a
2ν

h i
ux ¼2ax, ð1Þ

where a is the axial strain rate and Γ is the vortex circulation.
As shown in Fig. 2, the flow consists of a rotating motion
around the center axis (Fig. 2a) while the fluid is being stretch
in the axial direction (Fig. 2d). The velocity, vorticity, and
strain rate fields are axisymmetric (i.e., independent of the θ

coordinate). Furthermore, the dashed line shown in Fig. 2

identifies the characteristic vortex radius, defined as rB ¼
ffiffiffiffi
2ν
a

q
.

The apparatus to create the vortex treatment in the labora-
tory consisted of two co-axial disks rotating at the same rate
inducing rotation of the fluid between them (Webster and
Young 2015; Elmi et al. 2021). Simultaneously, water was
drawn into the center of the disks to create a balance between
radially outward diffusion and inward advection of vorticity.
Turbulence at the scale of copepods is isotropic, which implies
that copepods encounter dissipative eddies in random

Table 1. Characteristics of the three marine copepod species.

Species Setal array morphology Swimming orientation Swimming style Habitat

Acartia tonsa Distributed around the antennule Mostly vertical Hop-Sink Estuarine

Temora longicornis Planar array Mostly horizontal Cruising Coastal

Calanus finmarchicus Planar array Vertical Cruise-sink Open ocean
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directions (for a visualization of the turbulent eddy flow struc-
ture, see Yokokawa et al. 2002). To examine directional
response of copepods to vortical structures, a Burgers vortex
was generated (separately) with the vortex axis aligned with
the horizontal and vertical orientations.

The flow structure of a Burgers vortex provides a suite of
potential hydrodynamic cues for the copepods, such as vorticity
and shear strain rate, that are spatially separated within the vortex
(Jumars et al. 2009; Webster and Young 2015; Elmi et al. 2021).
As seen in Figs. 2b, 3a, the vorticity, ωx, is maximum at the vor-
tex axis and decreases with radial distance. The vorticity is
generally small at locations outside of the characteristic vortex
radius, hence it is helpful to think of most of the fluid rotation
occurring in the core of the vortex at radial locations smaller
than rB. The shear strain rate, erθ, reaches a local maximum
value for a radial location slightly greater than rB and equals
zero both at the center axis and at large radial distances
(Figs. 2c, 3b). As the vortex intensity increases, the vortex
radius shrinks and the maximum vorticity and shear strain
rate increase (Fig. 3; Table 2). The axial strain rate (a¼ 1

2
∂ux
∂x ),

that is, stretching of the vortex, also increases as the strength
of the vortex increases as indicated by the variation in slope of
the profiles in Fig. 3c and quantified in Table 2.

In this study, the vortex was generated to correspond to
four turbulent intensities as defined in Webster et al. (2004)
and a control level consisting of stagnant fluid. The range of
dissipation rate (Table 2) corresponded to the turbulence inten-
sity of open ocean, coastal zones, and estuaries, inhabited by
C. finmarchicus, T. longicornis, and A. tonsa, respectively. The
Burgers vortex generated corresponded to the eddy size for the
median dissipation rate for each of the targeted turbulent con-
ditions, in order to present a “typical” vortex structure (Jumars
et al. 2009). Specifically, Jumars et al. (2009) argue that a “typi-
cal vortex” is represented by the scale of the median dissipation
rate (i.e., the scale at which half of the dissipation rate occurs
above that scale, and half occurs below). Therefore, the scale
that corresponds to a characteristic radius, rB, of a dissipative
vortex is 8:1η, where η is the Kolmogorov microscale (Jumars
et al. 2009; Webster and Young 2015).

The velocity field in this complex three-dimensional flow
was quantified using the tomographic particle image velo-
city (PIV) technique (technique description in Murphy
et al. 2012). The flow measurements used four high-resolution
synchronized cameras (Phantom v210, 1280 � 800 pixels,
with 105-mm lenses) and 20-μm tracer particles (Murphy
et al. 2012; Elmi et al. 2021). Tracer particles were illuminated

Fig. 1. Setal architecture of three copepod species. The scale bar length corresponds to 500 μm. The dorsal view is shown on the left, and the dashed
box shows the location of the orthogonal view of the antennule shown on the right. (a) Acartia tonsa: the left image shows setae oriented in all directions
(Fields 2014). The right image is an end view of the antennule, (b) Calanus finmarchicus: the left image shows that antennules are furnished with a planar
distribution of setae with long hairs at the distal tip. The right image is the end view of the antennule (Fields 2014), and (c) Temora longicornis: antennules
are furnished with a planar distribution of setae. The right image is an end view of a mid-region of the antennule.
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with infrared lasers (808 nm wavelength). Measurements were
carried out in an 3cm�3cm�3cm observation volume
between the disks in the middle of the experimental tank
(20:6cm�20:6cm�27:3cm, horizontal apparatus; 25:4cm�
25:4cm�27:9cm, vertical apparatus). The tomographic PIV
flow analysis was conducted in the DaVis software (LaVision

Inc.) using the MART algorithm and cross-correlation tech-
nique (Elmi et al. 2021).

The Burgers vortex apparatus was designed with adjustable
parameters such as water flow rate into the hollow shafts, rota-
tion speed of the disks, and the distance between the disks
(Elmi et al. 2021). Changing these apparatus parameters

Fig. 3. (a) Radial profiles of vorticity, ωx , (b) radial profiles of shear strain rate, erθj j, and (c) axial profiles of the axial velocity component, ux , for the Bur-
gers vortex for four vortex strengths: (black) level 4, (blue) level 3, (green) level 2, (red) level 1. The vortex strength levels were defined by measurements
in the isotropic turbulence apparatus described by Webster et al. (2004) and all parameters are defined in Table 2. The vertical dashed line indicates the
characteristic radius of the vortex (r B), which gets smaller for increasing vortex intensity.

Fig. 2. (a) Velocity, (b) vorticity ωx (s
�1), and (c) shear strain rate erθj j (s�1) fields shown in the r -θ plane, and (d) velocity field in the r -x plane for a the-

oretical Burgers vortex. For example purposes, the parameters are Γ = 2.15 cm2 s�1 and a = 0.093 s�1, which correspond to a level 3 vortex (Table 2).
The dashed circle (a–c) and lines (d) indicate the characteristic vortex radius, r B. Also shown in (a) and (d) are example streamlines (the red curves pro-
jected onto the plotted plane), which combine to form a three-dimensional spiral.
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facilitated generating the target vortex characteristics. Exam-
ple measured fields of the velocity and the axial component of
vorticity, in this case for the level 3 vortex treatment with ver-
tical alignment of the vortex axis, are provided in the
Supporting Information (Fig. S1). The study measured the
main characteristics of the vortex, that is, axial strain rate (a)
and circulation (Γ), and compared them to the target parame-
ters defined by the turbulent flow conditions reported in Web-
ster et al. (2004). Axial strain rate is defined above and the
circulation is a measure of the total fluid rotation in the vortex
and is obtained from the surface integral of vorticity,
Γ¼ Ð Ð

ωx �dA. The reconstructed velocity fields validated that
the intensity of the generated vortex in the experiments was
comparable to the target turbulence characteristics at the scale
of copepods (Table 2). Table 2 also reports the target turbu-
lence conditions as well as the characteristic radius of the vor-
tex, rB.

Copepod collection and maintenance
The selected copepods, A. tonsa, T. longicornis, and

C. finmarchicus, are endemic to regions with different levels of
turbulence (Kiørboe and Saiz 1995; Saiz and Kiørboe 1995;
Fields and Yen 1997). Furthermore, they use different swim-
ming modes and have distinct antennule architectures
(Table 1). A. tonsa occupies highly energetic environments
found in the upper water column (above the thermocline) in
coastal waters. A. tonsa is a hop-sink swimmer and swims
mostly in a vertical direction. Sensory setae of A. tonsa are ori-
ented in three dimensions all around the antennules (Fig. 1a).
T. longicornis also occupies coastal regions, but is generally
located in calmer bays, in part to facilitate its mate tracking
behavior. T. longicornis is a smooth swimmer and moves
mostly in a horizontal plane in the water. The setae form a
planar array on the antennules of T. longicornis (Fig. 1c).
C. finmarchicus is a large, open-ocean copepod that lives below

the thermocline. C. finmarchicus is a diel vertical migrator that
can cover hundreds of meters per day. The copepod moves
through a series of repetitive hops followed by a short sinking
period. Its antennules have a planar array of setae with a few
long hairs at the distal end (Fig. 1b). C. finmarchicus swims
mainly with a vertical body orientation in the water.
C. finmarchicus and T. longicornis were captured in vertical net
tows (75 cm diameter, 333 μm mesh) near Bigelow Laboratory
for Ocean Sciences in East Boothbay, Maine, USA using a
sealed cod end to maintain healthy specimens with their setal
array fully intact. C. finmarchicus was collected ~ 5 nautical
miles from shore in ~ 110 m of water. T. longicornis was col-
lected within a small bay adjacent to the lab in ~ 20 m of
water. Post-collection, animals were transported to the lab and
maintained at 13�C on a mixed diet of the diatom
Thalassiosira weissflogii (CCMP # 1336) and the cryptophyte
Rhodomonas salina (CCMP # 1319). Copepods were held for
less than 2 weeks prior to use. A. tonsa were reared in culture
at the Bigelow Laboratory for Ocean Sciences. Populations of
mixed-sex adult specimens were shipped to the Georgia Insti-
tute of Technology in Atlanta, GA, USA in thermally insulated
containers.

Copepod behavioral analysis
Experiments were conducted in a temperature-controlled

room at 13�C and the water salinity level was maintained at
33 Practical Salinity Unit (PSU). Roughly 300 (A. tonsa and
T. longicornis) or 100 (C. finmarchicus) individuals were intro-
duced gently into the tank for each trial, which created a low
population density to minimize the potential interactions
(which were rarely observed). Digital recordings were made in
a dark room to avoid behavioral response to changes in light
(Fields et al. 2012). Prior to the experiment, copepods were fed
the cryptophyte R. salina (104–105 cellsmL�1; CCMP # 1319).
Two high-resolution cameras recorded the motion of cope-
pods inside the vortex volume from orthogonal perspectives.
Video recording started with a 15-min delay to allow the vor-
tex flow to become stable, and the behavior observations were
performed independently of the flow measurements described
above. Trajectories were tracked manually using the DLTdv5
package for MATLAB (Hedrick 2008). For C. finmarchicus, head
and tail points were tracked separately to investigate the
changes in the body orientation of copepods with respect to
the vortex axis and gravity. Three-dimensional trajectories
were generated by matching the two-dimensional trajectories
from each perspective using a self-developed MATLAB code.
Three-dimensional trajectories were overlaid on the vortex
volume to calculate swimming kinematic variables. The exper-
iments were repeated with three unique populations for
each copepod species. For each population, four vortex treat-
ments and a stagnant control treatment were recording in a
random sequence. The experiments were conducted for hori-
zontal and vertical treatments with different populations of

Table 2. Burgers vortex parameters for each vortex intensity
level. The corresponding turbulent dissipation rate, ε, and Kolmo-
gorov length scale, η, are from Webster et al. (2004).

Vortex intensity level 1 2 3 4

Target ε cm2s�3
� �

0.002 0.009 0.096 0.25

Target η cmð Þ 0.15 0.1 0.057 0.045

Target r B cmð Þ 1.21 0.81 0.46 0.36

Target axial strain rate, a s�1
� �

0.014 0.030 0.093 0.15

Target circulation, Γ cm2s�1
� �

0.84 1.41 2.15 2.13

Horizontal treatment
Measured axial strain rate, a s�1

� �
0.014 0.025 0.1 0.14

Measured circulation, Γ cm2s�1
� �

0.92 1.70 2.52 2.45

Vertical treatment
Measured axial strain rate, a s�1

� �
0.015 0.028 0.092 0.143

Measured circulation, Γ cm2s�1
� �

0.89 1.43 2.58 2.39

r B, characteristic radius of the vortex; a, axial strain rate; Γ, circulation.
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copepods. The sample size is reported in Supporting Informa-
tion (Table S1).

The three-dimensional swimming paths of copepods were
characterized by a variety of measures, including relative
velocity, net-to-gross-displacement ratio (NGDR), fractal dim-
ension, turn frequency, jumping frequency and acceleration,
proportional residence time inside the vortex, and trajectory
angle with respect to the flow. Relative velocity is defined as
the copepod total velocity vector minus the local fluid velocity
vector. NGDR is a measure of linearity of trajectories and has
values between 0 and 1. Large NGDR values correspond to
straight trajectories and values close to 0 correspond to loopy
trajectories. NGDR is a scale-dependent variable and depends
on the length of the trajectory (Tiselius 1992). Fractal dimen-
sion of the trajectory was calculated using a two-dimensional
box counting algorithm that counts the number of boxes
occupied by the trajectory (Seuront et al. 2004) in the r�θ

plane perpendicular to the vortex axis. Fractal dimension
increases with complexity of the trajectory. In this study,
NGDR and fractal dimension were calculated for trajectories of
20-s duration to avoid scale-dependent results. Turn frequency
was defined as the number of turns in the copepod trajectory
greater than 20� that a copepod performs in 1 s.

Copepods perform two types of jumps. Hops are weak
jumps and involve a single motion of the swimming legs.
Escapes involve multiple cycles of the swimming legs, have
greater acceleration rates, and propel the animal a greater
distance (Fields 2000). While these behaviors can produce a
continuum of speeds and accelerations, based on video obser-
vation, this study differentiated hop and escape jumps by
defining a threshold acceleration of 70 cms�2, with hops
corresponding to acceleration events falling below this thresh-
old. Furthermore, coordinated jumps related to mating events
(observed in A. tonsa only) were omitted from the data.

Jump density was calculated to find the hydrodynamic cue
triggering behavioral changes. Jump density (jumpsmm�2 s�1),
is defined as the number of jumps per time in an area of a cir-
cular bin (A¼ π rþΔrð Þ2� r2

h �
�,Δr¼1mm) around the vortex

axis. Because peak regions of the hydrodynamic cues of the
Burgers vortex were located at different radial locations, jump
density vs. vortex radius reveals the association of a particular
hydrodynamic cue to the location of the jumps. Peak jump
density at the vortex core would correspond to the location of
maximum vorticity, whereas peak jump density near the vor-
tex characteristic radius would correspond to the location of
maximum shear strain rate.

Statistical analysis
The purpose of the statistical analysis was to evaluate the

relationship between the kinematic parameters and the cope-
pod species, vortex orientation, and the vortex strength
(as quantified by the axial strain rate parameter). Statistical
analysis was performed using a multivariate ANOVA followed
by regression analysis for effects found to be significant.

Three-way ANOVA analysis was used to assess the effect of
axial strain rate, vortex orientation, and copepod species on
the swimming response to Burgers vortex, and whether these
variables interact with each other. Variables that were not nor-
mally distributed were transformed. Three-way ANOVA results
are reported in the form of F-stat, degrees of freedom (dF), and
significance level (p-value). A significance was indicated for
p < 0.05. For variables with a significant effect of vortex
strength in the ANOVA analysis, the correlation between the
mean variables and the axial strain rate (representing vortex
strength) was investigated using regression analysis. The slope
of the regression line estimated the significance of the cope-
pod’s response to vortex strength. If the significance coeffi-
cient (p) is less than 0.05, the slope of the regression, and
hence the response of the copepod to vortex strength, is sig-
nificant. The kinematic variables that did not depend on vor-
tex orientation were pooled for horizontal and vertical
treatments.

Results
All three species of copepods showed distinct responses to

the Burgers vortex. The responses were significantly different
for species in all of the kinematic variables measured, except
for the proportion of spiral trajectories (p = 0.069) (Table 3;
three-way ANOVA). The results indicated that the complexity
of swimming paths increased with vortex strength for
A. tonsa, T. longicornis, and C. finmarchicus (Fig. 4 and see fig.
4 in Elmi et al. 2021 for A. tonsa trajectories). In still water and
the level 1 vortex, relatively straight trajectories were the most
common swimming paths for each species. With increased
vortex strength, the trajectories became more aligned with the
flow, resulting in a higher proportion (i.e., the fraction of total
trajectories) of spiral trajectories around the vortex axis.
Because no difference was found in the proportion of spiral
trajectories between the different species (Table 3), the data
were pooled and tested. The results showed an increase in the
proportion of spiral trajectories with increased vortex strength
for all species tested (Fig. 5a; p < 0.001). The maximum value
of the proportion of spiral trajectories asymptotes at ~ 60% for
all the copepod species.

Parameters that quantify the trajectory shape, such as
NGDR, fractal dimension, and turn frequency, corroborate the
increasingly curved and spiral shape of the trajectories with
increased vortex strength (Fig. 5). These quantities exhibited a
species dependence, which suggests that the species achieve
the curved and spiral trajectory shapes via different methods.
Although NGDR was significantly different among the species
(Table 3), each species responded similarly to increased vortex
strength by showing a decrease in their path NGDR (Fig. 5b).
Similarly, there were significant interactive effects between spe-
cies and vortex orientation (p = 0.009), and vortex orientation
and axial strain rate (p = 0.019). For A. tonsa and T. longicornis,
there was no significant effect of orientation of the vortex on
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NGDR. As a result, NGDR at each axial strain rate was pooled
for horizontal and vertical treatments (Fig. 5b). For both spe-
cies, NGDR decreased linearly with increased vortex strength.
In contrast, NGDR for C. finmarchicus showed a significant
effect of vortex orientation and axial strain rate. Similar to the
other two species, the regressions for C. finmarchicus with
respect to axial strain rate revealed a significant decrease in
NGDR with increased vortex strength, although the effect on
the NGDR was more pronounced when the vortex was oriented
in the horizontal direction (Fig. 5b). Mean values decreased
from 0.36 � 0.06 (mean � SE; control) to 0.12 � 0.02 (level 4)

for A. tonsa, from 0.46 � 0.21 (control) to 0.23 � 0.10 (level 4)
for T. longicornis, and from 0.46 � 0.01 (control) to 0.19 �
0.02 (level 4) for C. finmarchicus in the horizontal treatment,
and from 0.27 � 0.16 (control) to 0.15 � 0.02 (level 4) for
C. finmarchicus in the vertical treatment (Fig. 5b). The fractal
dimension of the swimming paths showed no difference
between horizontal and vertical orientations (Table 3). How-
ever, for all of the species, the fractal dimension increased
with increased vortex strength (Fig. 5c). The turn frequency of
the copepods differed significantly with vortex orientation
(Table 3). When the vortex axis was horizontal, all three

Fig. 4. Copepod trajectories. (a) Temora longicornis and (b) Calanus finmarchicus trajectories in the control and the four vortex treatments (from the disk
view) in the horizontal apparatus. The colors represent different trajectories. Trajectories were recorded for the treatments sequenced in a random order,
and different populations were used for each replicate. Each plot for T. longicornis includes between 71 and 125 trajectories, and each plot for
C. finmarchicus includes between 73 and 103 trajectories, as quantified in Supporting Information (Table S1).
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species tested showed no change in turn frequency with
increased vortex intensity. However, when the vortex axis was
oriented in the vertical direction, two of the copepod species
(A. tonsa and C. finmarchicus) showed a small (< 10%), but sig-
nificant, increase in turn frequency with increased vortex
strength (Fig. 5d). T. longicornis showed no change in turn fre-
quency with increased vortex strength (Fig. 5d).

Swimming kinematics were evaluated using the relative veloc-
ity, hop frequency, hop acceleration, escape frequency, and
escape acceleration. Of these, only relative velocity and hop fre-
quency showed any significant effect on the copepods tested
(Table 3; effect of vortex strength and interactive effect of
species � vortex strength, respectively). The relative swimming
velocity for A. tonsa and C. finmarchicus increased with increased

Fig. 5. Regression models of swimming kinematic parameters vs. vortex axial strain rate. (a) Proportion of spiral trajectories, (b) NGDR, (c) fractal
dimension, and (d) turn frequency are presented for three species of Acartia tonsa (left, circle symbols), Temora longicornis (middle, triangle symbols), and
Calanus finmarchicus (right, square symbols). Data shown in red correspond to the vertical vortex treatment and data shown in blue correspond to the
horizontal vortex treatment. Data shown in gray were pooled for horizontal and vertical treatments. The shaded areas show the 95% confidence interval
for the parameter. The p-value and R2 of the statistical analysis are reported for each parameter. Non-linear regression was used for (a) and (c) (A. tonsa
and C. finmarchicus). Calculated parameters for all regression equations are shown in Supporting Information (Table S2).
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vortex intensity (Fig. 6a) with no effect of vortex orientation.
A. tonsa increased the relative velocity in response to the increased
vortex strength by 125% (from 0.20 � 0.04 cms�1 in the control
to 0.45 � 0.08 cms�1 at level 4). Similarly, C. finmarchicus
showed an increase in relative swimming velocity with vortex
strength from 0.34 � 0.11 cms�1 in control level to
0.52 � 0.12 cms�1 in level 4 (Fig. 6a). It is important to note

that each copepod species employ a different swimming strat-
egy to maintain a larger relative velocity with respect to the
vortex flow. C. finmarchicus and A. tonsa are “cruise-sink” and
“hop-sink” copepods, respectively, that punctuate their for-
ward motion with brief periods of sinking. A. tonsa uses only
its swimming legs during the hop, whereas C. finmarchicus
uses a combination of its swimming legs and its cephalic

Fig. 6. Regression models of swimming kinematic parameters vs. vortex axial strain rate. (a) Relative velocity, (b) hop frequency, (c) trajectory angle
with respect to local flow direction, and (d) escape angle with respect to gravity. Acartia tonsa (left, circle symbols), Temora longicornis (middle, triangle
symbols), and Calanus finmarchicus (right, square symbols). Data shown in red correspond to the vertical vortex treatment and data shown in blue corre-
spond to the horizontal vortex treatment. Data shown in gray were pooled for horizontal and vertical treatments. The shaded areas show the 95% confi-
dence interval for the parameter. The p-value and R2 of the statistical analysis are reported for each parameter. Non-linear regression was used for (c)
(A. tonsa). Calculated parameters for all regression equations are shown in Supporting Information (Table S2).
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appendages to move forward. Although the speed of each hop
is similar between the two species, the duration of elevated
speed is much longer in C. finmarchicus. To travel a larger dis-
tance, A. tonsa rely on changes in the frequency of their
jumps, whereas C. finmarchicus appears to increase the dura-
tion of the hop to modulate their speed. The hop frequency for
A. tonsa increased from 0.10 � 0.06 hops copepod�1 s�1 in the
control to 0.44 � 0.10 hops copepod�1 s�1 in level 4 with no
effect of vortex orientation (Fig. 6b). In contrast,
C. finmarchicus showed no significant change in hop fre-
quency (Fig. 6b) despite an increase in the relative swimming
speed with increased vortex strength (Fig. 6a). In contrast to
the other species, T. longicornis showed no significant change
in the relative velocity or hop frequency with either vortex
strength or orientation (Fig. 6).

The mean trajectory angle with respect to the local flow
direction varied significantly for species and axial strain rate,
but was not affected by the vortex orientation (Table 3). For
each species, the mean trajectory angle with respect to the
local flow direction decreased with vortex strength (Fig. 6c)
indicating copepod trajectories become more aligned with the
local fluid motion as the proportion of spiral swimming paths
increased. At the highest vortex intensity (level 4), the mean
trajectory angle with respect to the local flow direction was
39:5

� �2:2
�
for A. tonsa, 46:9

� �4:3
�
for T. longicornis, and

47:3
� �6:1

�
for C. finmarchicus (Fig. 6c). Escape angle with

respect to gravity was significantly different for species and
axial strain rate with no interactive effects (Table 3). However,

the regression models were not significant with respect to
axial strain rate (Fig. 6d). Finally, no correlation was found
between body axis orientation of C. finmarchicus and vortex
strength. C. finmarchicus had an upward body orientation
(i.e., body axis orientation angle with respect to the direction
of gravity [i.e., down] is 118� to 152�) and the orientation was
not affected by vortex strength.

To determine the fluid velocity gradient characteristics
(i.e., hydrodynamic cue) that caused a hop or escape reaction
in copepods, jump density at different radial positions within
the vortex was calculated (Fig. 7). Species-specific responses
are evident in the jump density profiles. A. tonsa showed the
greatest jump density inside the vortex core and the jump
density increased with increased vortex intensity in both the
horizontal and vertical orientations (Fig. 7a). Because of the
spatial co-occurrence between the location of maximum vor-
ticity (see Fig. 3a) and location of the maximum jump density
(Fig. 7a), Elmi et al. (2021) concluded that vorticity is the
main hydrodynamic cue triggering jump response in A. tonsa.
T. longicornis, in contrast, did not show any significant jumping
behavior as a function of radial position and little or no change
with vortex intensity (Fig. 7b). C. finmarchicus showed an inter-
mediate jump response to the vortex. C. finmarchicus in the
horizontal vortex orientation was similar to T. longicornis and
showed no differential response to the location within the vor-
tex or to increased intensity of the vortex. In contrast, when
C. finmarchicus was exposed to the vortex in the vertical orien-
tation, they responded similarly to that of A. tonsa with

Fig. 7. Jump density as a function of distance from the vortex axis with constant bin width (Δr = 1 mm). (a) Acartia tonsa, (b) Temora longicornis, and
(c) Calanus finmarchicus with the horizontal vortex treatment on the top row and vertical vortex treatment on the bottom row. The dashed lines repre-
sent the characteristic radius of the vortex (r B) for each level.
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increased jump density with vortex strength and greater num-
ber of jumps inside the vortex core (Fig. 7c). Thus,
C. finmarchicus showed the strongest vortex orientation-
dependent behaviors quantified in this study. Similar to the
conclusion for A. tonsa, this suggests that the hydrodynamic
cue triggering a jump response in C. finmarchicus is vorticity,
but only in the vertical orientation of the vortex.

Discussion
Small-scale turbulence is an important driver of zooplank-

ton population dynamics (Marrasé and Saiz 1997). Yet, little is
known about the behavioral responses of individual copepods
that mechanistically drive larger-scale population effects. At
the scale of a copepod, turbulent fluid motion manifests as
coherent vortices that dissipate kinetic energy. This study
investigates the interaction of three copepod species with an
isolated vortex structure that was varied in strength, size, and
orientation to mimic a range of dissipation-scale turbulent
eddies. The discussion that follows addresses similarities and
differences of the main behavioral responses that emerge from
the analysis and connects the findings to the swimming style
and setal morphology of the copepod species examined.

Copepods detect the turbulent vortex
The results of this study clearly establish that marine cope-

pods sense and respond to the flow structure of dissipation-
scale turbulent eddies. All three copepod species altered the
shape of their swimming trajectory in response to the vortex
flow by transitioning from relatively straight trajectories to
more curved and spiral trajectories as the intensity of the vortex
increased. The swimming kinematics show a clear species-
specific response, with A. tonsa and C. finmarchicus exhibiting
the strongest behavioral response to increased vortex strength
and T. longicornis exhibited the weakest response. In response
to the Burgers vortex, the copepods rarely elicited an escape
response as they do for siphon flow (Fields and Yen 1997;
Kiørboe et al. 1999; Fields et al. 2012) and never showed indica-
tions of mate tracking (Weissburg et al. 1998) or an attack
response (Fields and Yen 2002). Thus, the response of the cope-
pods indicates that they can differentiate between the flow cre-
ated by a turbulent vortex from the flows created by a predator,
prey, or conspecific. Rather than escaping or avoiding the circu-
lar fluid motion of the vortex, an increasing percentage of all
three copepod species moved in the direction of the flow, par-
tially by flow advection and partially by active behavior.

A. tonsa move through the water via a combination of
hops, escapes, and forward motion caused by their feeding
current (Tiselius and Jonsson 1990). The increasing hop fre-
quency with increased vortex strength is consistent with the
findings that A. tonsa are highly mechanosensitive (Fields and
Yen 1997; Kiørboe et al. 1999). A. tonsa possesses a three-
dimensional array of setae on their antennules (Fig. 1a), which
is particularly well suited to sensing velocity gradients with

various orientations. Keep in mind that vorticity physically
represents the local velocity gradients that describe rotation of
the fluid. Hence, in the vortex core where the vorticity is large,
the three-dimensional sensory array of A. tonsa is advanta-
geous for detecting the local hydrodynamic cue. The lack of a
similar response in T. longicornis suggests that its planar setal
array is less suited to sense the velocity gradients associated
with vorticity. C. finmarchicus provides a fascinating set of
behaviors. C. finmarchicus did not increase hop or escape fre-
quency with increased vortex strength; however, when they
jumped, the events were stronger and longer distance than the
other species. The increased jump density for C. finmarchicus in
the vortex core only for the vertical treatment may be due to
the body orientation during sinking, which could place the pla-
nar setal array in an orientation to detect the fluid vorticity
when the vortex is vertically oriented, but not when the vortex
is horizontally oriented. C. finmarchicus had an upward body
axis orientation, and the body axis orientation was not affected
by vortex strength.

Small-scale dissipative eddies aggregate copepods
Once within the vortex, copepods moved faster and in

the same direction as the prevailing flow. The results for
C. finmarchicus and T. longicornis are consistent with Elmi et al.
(2021), which focused on the estuarine copepod A. tonsa.
Together these data indicate that movement in the direction of
the vortex flow may be a common behavioral trait among cope-
pods, although each species appears to employ unique mecha-
nisms to achieve it. For example, A. tonsa followed the local
fluid velocity closely, except for the intermittent hops and
escapes (Fig. 8a, also see Elmi et al. 2021). When A. tonsa hopped
or escaped, it moved the copepod across streamlines (both
inward and outward). The combination of randomly directed
hops and inward advection by the rotating Burgers vortex flow
gradually moved the copepod radially inward toward the vortex
core (Fig. 8a). As the copepod approached the core, the fre-
quency of hopping increased and the rate of approach increased
causing the copepod to be retained near the center of the Bur-
gers vortex. The pattern of aggregating toward the core of the
vortex was similar for T. longicornis, but the behavioral mecha-
nism driving the process was quite different. T. longicornis
showed no changes in the number of hops or escapes in
response to the vortex strength or orientation; however, they
did increase their swimming speed in the direction of the fluid
motion (Fig. 8b). As T. longicornis increased their swimming
speed, it exceeded the local fluid velocity. The elevated speed, in
addition to the swimming angle, propelled the copepod faster
and steered them toward the center of the vortex. The example
trajectory of C. finmarchicus (Fig. 8c) was similar to those of
A. tonsa in some ways, but also demonstrated differences. Simi-
lar to A. tonsa, C. finmarchicus hopped during its normal swim-
ming behavior. Although the hop frequency did not increase in
response to the vortex intensity (in contrast to A. tonsa), the
hop duration (and distance) was greater compared to the hops
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of A. tonsa. The effect of the longer-displacement hops and
escape events was to move the copepod across streamlines (both
inward and outward) causing a jagged spiral trajectory (Fig. 8c).

Due to the observed greater relative velocity, the copepods
increase their encounter rate with food and with conspecifics.
A higher relative velocity also agrees with previous studies
showing higher metabolic rates in turbulent flows (Saiz and
Alcaraz 1992; Alcaraz et al. 1994). While previous studies have
shown that turbulence increases the encounter rate with
potential mates and food items through flow enhanced con-
tact rates (Rothschild and Osborn 1988; Michalec et al. 2020),
this study found that increased encounter rates is, in part, the
result of advection due to turbulent fluid motion and
increased copepod swimming speed (either via jumps or cruis-
ing). It is important to note that the assumption that copepod
swimming speed is largely independent of the turbulent fluid
motion, and is therefore additive when computing relative
velocity, is not correct in a dissipative-scale turbulent eddy. By
moving with the fluid motion in a turbulent eddy, the relative
velocity of the copepod and adjacent objects is smaller than is
often assumed.

The pattern and shape of the trajectories for all three cope-
pod species show that the copepods are retained in the Bur-
gers vortex for longer than if they simply continued along
their relatively straight trajectories. These results suggest that
the fluid motion in the Burgers vortex combined with cope-
pod behavioral responses cause copepods to aggregate into
higher density patches (Elmi et al. 2021). These high-density

patches may benefit copepods due to the enhance encounter
rates between conspecifics (Michalec et al. 2020) or conceal
the copepods feeding current from other mechanoreceptive
predators (Fields 1996). Alternatively, the aggregations may
provide localized feeding grounds for visual predators such as
larval fish. Prey aggregation plays a vital role in ocean food
web ecology (Olson and Backus 1985; Flierl and Woods 2015).
Copepods are known to aggregate in larger-scale fluid features
such as upwelling and downwelling regions along ocean
fronts (Wishner et al. 1995; Sims and Quayle 1998; Werner
et al. 2003). Zooplankton aggregation often involves a combi-
nation of fluid physics and individual behavior (Flierl
et al. 1999; Genin et al. 2005; True et al. 2015). The patches
combined with the higher encounter rates due to increased
turbulent velocity (Rothschild and Osborn 1988) may help to
resolve the paradox between the high concentrations of food
needed to sustain fish larvae in the lab and the low average
concentrations found in the field (Lasker 1981).

Response to vortex orientation
It is well known that copepods show neurophysiological

and behavioral responses to fluid flow signals (Yen
et al. 1992). Previous work has shown that individual
mechanosensors on the antennules of the copepod have direc-
tional sensitivity to hydrodynamic cues (Fields et al. 2002).
The ability to detect flow direction allows the copepod to ori-
ent to potential prey in three-dimensional space (Doall
et al. 2002) and to escape when they are approached by a

Fig. 8. Example spiral trajectories in the level 4 vortex treatment with the corresponding time record of copepod velocity shown in black. The time
record of fluid velocity at the copepod position is shown in red. In the trajectory plots, the starting location is marked with a pink dot and the fluid rota-
tion and copepod trajectory are in the counterclockwise sense of rotation. (a) Acartia tonsa, (b) Temora longicornis, and (c) Calanus finmarchicus.
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predator from different directions (Fields and Yen 1997;
Fields 2010; Fields et al. 2012). Although all three species of
copepods responded to the vortex, the responses to the orien-
tation of the vortex were not consistent among the species.
Only turn frequency was affected by the vortex orientation for
all three copepod species examined. Slight differences in the
response to vortex orientation were noted in NGDR for
C. finmarchicus. These results are consistent with the response
of C. finmarchicus to a siphon flow where the copepods
escaped at different distances depending on their orientation
to the flow (Fields et al. 2012). Notably, A. tonsa showed the
same response to the vortex in each orientation. This is
intriguing given the difference in escape thresholds due to ori-
entation in response to a siphon flow (Fields 2010). One
explanation might be that the siphon flow mimics a predator
and the copepods respond with a clear directional escape. In
contrast, the vortex is an environmental feature and A. tonsa
may have no ecological reason to behave differently based on
vortex orientation. In either orientation, the turbulent eddy
flow structure may increase the copepod’s encounter rate with
food and conspecifics.

Sensory and vertical distribution considerations
A key conclusion of this work is that copepods respond to

turbulent vortex structure at dissipative scales. Although the
frequency and orientation of dissipative-scale eddies in the
ocean are not quantified, they are likely to be numerous, rela-
tively long lived (tens of seconds), and oriented in random
directions (Yamazaki 1993; Webster et al. 2004; Jumars
et al. 2009). The open ocean is generally less turbulent than
tidal estuaries, and as such, open-ocean copepods are not
likely to have evolved to exploit the high-intensity features
created in this study. Similarly, both T. longicornis and
C. finmarchicus possess planar setal arrays that are not likely to
be equally sensitive to the vortex flow in all orientations. Both
species showed a muted response to the vortex treatments.
These results suggest that they are less likely to be able to fully
exploit the vortex in all orientations and intensities. In con-
trast, A. tonsa is a dominant estuary species that experiences
relatively high levels of turbulence. They responded to the
Burgers vortex in both the horizontal and vertical orientations
and showed an increase in their behavior response with
increased vortex intensity. High-sensitivity and omnidirec-
tional response may be the result of A. tonsa three-
dimensional setal array arrangement. Although speculative,
A. tonsa may exploit these small flow features to find food,
encounter mates, and conceal their hydrodynamic signals
from predators, thereby reducing the risk of being captured
(Jiang and Kiørboe 2011).

The selection of vertical position in the water column
undoubtedly is influenced by many factors, including food
availability, individual feeding modes, predation risk, tempera-
ture, and light level (Tiselius and Jonsson 1990; Mackas
et al. 1993). Despite the known importance of turbulence to

vital rate functions (i.e., feeding, respiration, and reproduc-
tion) and trophic interactions, understanding the effects of
turbulence is still in its infancy. It is intriguing to speculate on
the correlation between turbulence level and the vertical (and
horizontal) distribution of copepods. And, there is clear evi-
dence that vertical distribution patterns of copepod species
correlate to the turbulent energy dissipation rate (Mackas
et al. 1993; Lagadeuc et al. 1997; Incze et al. 2001). The inter-
action between small-scale turbulent flow structure, as in this
study, and the vital functions of these small organisms war-
rants closer scrutiny under varied conditions.
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