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driving forces.” The perception that some animals just drift with the water flow is a scale-dependent
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that we human entities move around. Our contributions look at different scales to comprehend the
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These first lines of Hensen’s article (Figure 1) in the “Fünfter Bericht” (1887) translate as follows.

“The material called “Auftrieb” has been investigated by zoologists and botanists since the groundbreaking
contributions by Johannes Müller. It has been investigated and collected many times with fine, permeable
nets. This material is—besides Müller’s interest in its systematics and anatomy—without any doubt of
great importance to the metabolism of the seas.

This contribution tries to get a closer look at this metabolism. It turns out that the name “Auftrieb” is not
sufficiently comprehensive and descriptive, therefore, I have preferred to name this material “Halyplankton”
(1). However, since we are only talking about the oceans here, the shorter term “Plankton” will be sufficient.
It is defined as “everything that floats in water, regardless of whether it is high or low in it, and whether it
is dead or alive.”

A limitation of the expression to include only certain forms as plankton would not encompass the many
embryonic forms that no longer occur in the plankton in their developed states. The decisive factor is
whether the animals drift with the flow of the water, or whether they move with a certain degree of
independence from the driving forces? Fish, therefore, belong only in the form of eggs and brood to
plankton, but not as adult animals; whereas the copepods, though lively swimming, are carried away with
the water flow, and must therefore be counted as part of the plankton . . . ”

The change of words, from “Auftrieb” to “Plankton”, was a big step in the perception of life in
the oceans. “Auftrieb”, the German word for buoyancy, defined anything floating in the water due to
buoyancy. Scientists, like Johannes Müller mentioned in the article, were interested in the different animals
floating within the material. They researched physiological and morphological questions, wondered about
mating mechanics, but did not put the different species in context with each other. With naming this
community of floating biology “Plankton” a first step toward recognizing an ecosystem was made.

Hensen continued these starting lines with a short discussion about how deep light might penetrate
the upper water layer, and therefore, living entities may use it for living. He concluded that life in the
oceans, and especially to produce fish, depends on plankton as the source of food (Figure 2).

With this step, Hensen accepted plankton as a lower level of the food pyramid and became the
“grandfather of biological oceanography”.

Life of the earth appeared roughly 3.8 billion years ago and spent nearly 3 billion years as single-cell
organisms. Due to the limitation of molecular diffusion, a single cell can be no more than 1 mm scale, in

Fluids 2021, 6, 56; doi:10.3390/fluids6020056 www.mdpi.com/journal/fluids
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which the viscosity dominates (the Kolmogorov scale). Under this condition, life stayed another nearly
two billion years before multicell organisms emerged. At the present date, most phytoplankton cells are
below the Kolmogorov scale. Even a large faction of zooplankton is also not free from the viscosity of
water. It would be unwise to assume that all microscale organisms do not pay attention to the immediate
surrounding fluid motions. In fact, many microscale organisms swim more than 10 body-lengths per
second, whereas most large-scale organisms swim an order of one body-length per second. Clearly,
microorganisms have the ability to manipulate the properties of water. In order to maintain the population,
phytoplankton require sunlight and nutrients; zooplankton pay attention to feeding, mating and escaping
from predators.

Figure 1. First lines of Hensen, Victor. 1887. “Ueber die Bestimmung des Plankton’s oder des im Meere
treibenden Materials an Pflanzen und Thieren”. Bericht der Kommission zur wissenschaftlichen Untersuchungen
der deutschen Meere, in Kiel 5: 1–107, 6 pls.

 

Figure 2. Excerpt from Hensen (1887). The small paragraph translates as: “Plankton can in principle grow
all over in the oceans. It constitutes live food and therefore is a great source of nutrition”.

Our contribution here in this Special Issue focuses on some of the few words at the end of the text in
Figure 1. It is the question about moving “with a certain degree of independence from the driving forces.”
The perception that some animals just drift with the water flow is a scale-dependent question. Looking at
the planet Earth from the star Sirius would not give the observer the impression that we human entities
move around. Our contributions look at different scales to comprehend the importance of plankton to the
life in the oceans as Hensen years ago was already contemplating.

Making use of a long observational data set, Tanaka [1] shows evidence of turbulence avoidance, and
found that ambush feeders showed statistically significant changes in response to turbulence, whereas
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suspension feeders did not. Niimoto et al. [2] demonstrated the physical mechanisms of rotation for
copepod nauplii about three principal axes of the body: yaw, roll, and pitch. Based on the results gained
in experiments, they suggest the development of microscopic robots. Dabiri et al. [3] studied turning
mechanisms of aquatic animals, e.g., jellyfish, and zebrafish. Turning requires torque while minimizing
the resistance to the moment of inertia. These two are opposing mechanisms. Their results are based on
laboratory experiments and show how aquatic animals balance these mechanisms. Jiang [4] proposes
a theoretical fluid mechanics model to estimate propulsion efficiencies of several planktonic species.
For example, a tailed ciliate shows a high efficiency (~0.9). Copepods also show an unexpectedly high
efficiency (>0.95), whereas in squid it is 0.44 and in small medusae 0.38.

Svetlichny et al. [5] provides scaling laws for swimming modes of calanoid copepods. Cruise
swimming and short-lasting jumps are scaled with prosome length to a power between 2 and 3. The cost of
transportation was higher for jumping than cruise swimming by a factor of 7 for large copepods but only a
factor of 3 for small ones. These facts explain why small copepods can afford to more often jump than
large copepods that are cruising swimmers. Suwaki et al. [6] studied the potential impacts of microplastics
on zooplankton behavior. Microplastics are a recent hot topic because of human’s interference with
oceanic life. They found that the swimming behavior of calanoid copepod Temora turbinate is affected
by microplastics. Selander et al. [7] discussed chemical cues that are used for resource acquisition, mate
finding and assessing predation risk. They investigated how turbulence affects the distribution of chemical
properties at a micro-scale using a numerical simulation model (DNS). They found that the chemical trail
can be found under moderate turbulence conditions, but, when the rate of turbulent kinematic energy
dissipation exceeds 10−7 (W·kg−1), the trails are shortened drastically.

Borazjani [8] reviewed numerical methods used to study (1) the force and flow generated by different
part of body; (2) the relation between the small-scale flow around the body and the large-scale flow; and
(3) flow and energetics. The author also discusses future prospects of numerical model developments.
Schapira and Seuront [9] investigated how microscale nutrient patchiness is affected by turbulence. Based
on a modeling approach, they found that phytoplankton exposed to high turbulence intensities are more
efficient to uptake high concentration nitrogen pulses; on the other hand, uptake rates are higher for low
concentration when turbulence is weak. Wagner et al. [10] investigated how scyphomedusae entrains
and transports surrounding fluids and prey in order to catch calanoid copepods. The feeding currents
generated by the medusa create a shear field that is well above the detection limit in copepods. However,
only 58% of copepods reacted to the feeding currents. Hidden mechanisms in scale and flow fields may
hinder the detection by copepods. Pécseli et al. [11] studied the encounter rate and the capture probabilities
between cod larvae and prey (copepod) based on a field study under the different conditions of turbulence
intensity.

Finally, it is essential to recognize and acknowledge the efforts provided by anonymous reviewers,
which made it possible to maintain the high quality of all the contributions in this Special Issue.

Author Contributions: Both authors contributed equally to this article. All authors have read and agreed to the
published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: A multidecadal record of a local zooplankton community, stored in an open-access
database, was analyzed with wind data to examine the impact of wind-induced turbulence on vertical
distribution of zooplankton. Two major findings were made. First, the abundance of zooplankton
assemblage (composed of copepods, cladocerans, etc.) in the upper layer (<10 m deep) decreased
with increasing turbulence intensity, suggesting turbulence avoidance by zooplankton. Second,
when focusing on each species, it was found that ambush (sit-and-wait) feeders showed statistically
significant changes in response to turbulence, whereas suspension (filter) feeders did not. This is the
first clear evidence that ambush feeders change vertical distribution in response to turbulence.

Keywords: white sea; arctic ocean; net tow; turbulence avoidance; feeding mode; National Centers
for Environmental Information; European Centre for Medium-Range Weather Forecasts

1. Introduction

While sub-centimeter-sized zooplankton play important roles in the marine ecosystem [1],
processes that control their spatial distribution are elusive. Microscale turbulence, a ubiquitous
characteristic of the ocean environment [2], significantly affects zooplankton swimming, feeding,
and escape behavior [3]. Encounter rates with prey and mates are enhanced by environmental
turbulence [4], but, at the same time, turbulence obscures signs of approaching predators, increasing
the risks posed by staying in highly turbulent regions [5]. A numerical physical–ecological simulation,
which considered the trade-off between reproduction and predation, suggested that avoidance of
high levels of turbulence is most advantageous for reproduction [6]. Indeed, turbulence avoidance
by zooplankton has been observed in small tank experiments, in which turbulence intensity was
controlled by an oscillating grid [7]. However, field studies that demonstrate turbulence avoidance
by zooplankton are limited [8–11]. Moreover, their conclusions are based on relatively short-term
campaigns (<10 days) [8–11]. In this study, the impact of turbulence on zooplankton distribution was
examined using a multidecadal record of a local zooplankton community and long-term sea-surface
wind data.

2. Materials and Methods

2.1. Biological Parameters

Zooplankton data were obtained from an open-access database provided by the National Centers
for Environmental Information. A biological dataset “36-Year Time Series (1963–1998) of Zooplankton,
Temperature, and Salinity in the White Sea” [12] was used in this study. Zooplankton assemblage was
sampled at the White Sea Biological Station (66◦19.5′ N, 33◦39.4′ E; the Arctic Ocean) from 1963 to
1998, i.e., 36 years. The water depth was 65 m at the station. A standard juday net was vertically towed
every 10 days, collecting samples from surface (0 to 10 m deep), middle (10 to 25 m), and deep (25 to

Fluids 2019, 4, 195; doi:10.3390/fluids4040195 www.mdpi.com/journal/fluids5
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65 m) layers. Mesh size and mouth area were 168 μm and 0.1 m2, respectively. Zooplankton were
fixed with 10% formaldehyde solution and classified to the species level. The net tows were performed
during daytime. A total of 814 net tows were made.

Representative vertical position, mean depth distribution (MDD; m) was calculated for each
net tow:

MDD =
1
N

∑
nizi, (1)

where N is the total abundance of zooplankton in the water column, ni is the abundance in the ith
depth bin (i.e., i = 1, 2, and 3), and zi is the average depth of the ith depth bin (i.e., z1 = 5 m, z2 = 17.5
m, and z3 = 45 m). MDD was calculated for the entire zooplankton assemblage, as well as for each
species. In case a certain species was not observed in any depth layer, MDD was not calculated for this
species. MDD and zooplankton abundance in the surface layer (individuals m−2) were analyzed with
turbulence intensity.

2.2. Physical Parameters

Turbulence intensity at the biological station was estimated with wind data provided by the
European Centre for Medium-Range Weather Forecasts. The historical reanalysis dataset “ERA-40” [13]
was used in this study, covering the entire period of the biological data. A sequence of wind speed
at 10 m above the sea surface at the biological station was downloaded with a temporal resolution
of 6 h. Wind events may need to be sustained for several hours to affect underwater distribution of
zooplankton [8–11]. Hence, representative wind speeds U (m s−1) during the net tows were obtained
by averaging wind speeds at 09:00 and 15:00 in local time (U09 and U15, respectively). The wind speed,
U, was rejected when the difference between U09 and U15 exceeded half of U. Consequently, 105 of 814
data points (about 13%) were rejected.

Turbulent kinetic energy (TKE) dissipation rate ε (W kg−1), which is a typical parameter to quantify
turbulence intensity, was estimated by the “law of wall” method. This study employs an empirical
equation valid for the layers shallower than 10 m deep, which was provided by MacKenzie and Leggett
(1993) [14]:

log10(εML) = a· log10(U) + b· log10(z) + c, (2)

where εML is the volume-based TKE dissipation rate (W m−3) and z is the depth (m). The empirical
coefficients were a = 2.688, b = −1.322, and c = −4.812, respectively [14]. As suggested by Equation
(2), turbulence intensity due to wind greatly varies along the vertical coordinate. To determine the
representative turbulence intensity for the surface layer (0 to 10 m), the εML values were averaged
over the surface layer, i.e., 1

10
∑10

z=1 εML(z). Then, the averaged εML (W m−3) was converted to ε (W
kg−1) based on the typical seawater density of 1028 kg m−3 [2]. Since Equation (2) is not applicable
for ice-covered periods (November to May), ε values were rejected for those periods (296 of 814 data
points; 36%). Finally, 419 pairs of biological and physical parameters were analyzed.

2.3. Statistical Analyses

Long-term environmental changes, such as slow climate changes, could induce long-term trends
both in the physical and biological parameters, resulting in spurious correlations between them [15].
Hence, such long-term trends were examined by linear regression models. Seasonal changes, which
have the same problem, were also examined by analysis of variance (ANOVA) tests and autocorrelation
analyses. The ANOVA tests were performed for the data divided into monthly intervals (i.e.,
June, July, August, September, and October), whereas the autocorrelation analyses were applied to
monthly averaged data. As autocorrelation is applicable for equally spaced data points, the winter
data (i.e., November to May), which were not used for any other analyses, were included in the
autocorrelation analyses.

Then, potential effects of ε on surface abundance and MDD of the entire assemblage were examined
by linear regression models and ANOVA tests. Logarithmic values of ε were used for the linear
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regression models. The ANOVA tests were performed for the data divided into 8 intervals of different
turbulence levels, which were equally spaced in logarithmic scale. The relationships between ε vs.
the surface abundance and MDD were also examined based on the datum averaged over each cycle
(i.e., June to October) to eliminate potential bias due to seasonal changes. The effects of ε on each
zooplankton species were examined by two-sample t-tests, where the data were divided into 2 levels
of turbulence: one for low (ε < 10−7 W kg−1) and the other for high (ε > 10−7 W kg−1).

3. Results

Wind speed reached 10 m s−1 during the analysis period. TKE dissipation rate, ε, ranged from
10−8 to 10−6 W kg−1. The average was ε = 2 × 10−7 ± 2 × 10−7 W kg−1 (mean ± standard deviation),
typical in the surface layer [2]. Zooplankton assemblage was dominated by copepod species (Table 1),
typical in the White Sea [16]. Abundance of entire zooplankton assemblage was highly concentrated in
the surface layer (37,000 ± 46,000 individuals m−2) relative to the middle and deep layers (17,000 ±
23,000 and 5000 ± 10,000 individuals m–2, respectively). Average MDD of the entire assemblage was
12.9 ± 5.2 m.

Table 1. List of zooplankton species. Feeding mode definitions are based on the literature [17–19]. The
effects of turbulence intensity on surface abundance (0 to 10 m deep) and mean depth distribution
(MDD) were examined by two-sample t-tests, where the data were divided into two levels of turbulence:
one for low (ε < 10−7 W kg−1) and the other for high (ε > 10−7 W kg−1). Boldface italics indicate
statistical significance (p < 0.02).

Surface Abundance (×103 ind m−2) MDD (m)

t-Test t-Test

Feeding Mode
Turbulence

Level

Mean ±
Standard

Error
df t-Value p-Value

Mean ±
Standard

Error
df t-Value p-Value

Copepod

Acartia longiremis Ambush/suspension Low 3.13 ± 0.30 417 0.76 0.449 12.45 ± 0.58 405 −0.50 0.619
High 2.87 ± 0.32 13.05 ± 0.60

Microstella norvegica Particle Low 0.43 ± 0.10 417 1.06 0.290 13.47 ± 0.73 199 −0.17 0.864
High 0.52 ± 0.11 13.17 ± 0.61

Oithona similis Ambush Low 35.53 ± 2.19 417 3.50 0.001 11.98 ± 0.34 417 −2.55 0.011
High 26.96 ± 1.96 13.10 ± 0.35

Temora longicornis Suspension Low 7.36 ± 1.05 417 −0.29 0.771 13.36 ± 0.59 378 −1.99 0.047
High 6.86 ± 1.08 14.54 ± 0.55

Chaetognath

Saggita elegans Ambush Low 0.53 ± 0.08 417 2.85 0.005 24.53 ± 0.85 401 −2.54 0.011
High 0.42 ± 0.09 27.78 ± 0.84

Cladoceran

Evadne nordmanni Suspension Low 4.35 ± 0.57 417 1.71 0.088 7.64 ± 0.40 353 −0.97 0.335
High 2.98 ± 0.42 7.83 ± 0.33

Appendiclarian

Fritillaria borealis Suspension Low 3.98 ± 0.55 417 1.42 0.156 9.68 ± 0.45 361 −1.35 0.179
High 3.66 ± 0.83 10.66 ± 0.52

Linear regression models showed that long-term trends were not statistically significant in ε

(p = 0.639), surface abundance of entire assemblage (p = 0.324), nor MDD of the entire assemblage
(p = 0.822) (Table 2). Yearly change in ε was −4 × 10−10 W kg−1 yr−1, which corresponds to an overall
decrease of 10−8 W kg−1 for 36 years (Figure 1a). This is one order smaller than the standard deviation
of ε. Similarly, overall changes were calculated as +7380 individuals m−2 for the surface abundance
and −0.2 m for the MDD (Figure 1b,c), much smaller than the standard deviations of those parameters.
In contrast, the ANOVA tests showed that seasonal trends were significant for the surface abundance
(p < 0.001) and the MDD (p < 0.001) (Table 3). The surface abundance has a peak in August, while the
MDD increased from early summer to fall (Figure 2b,c). Such seasonal cycles are also suggested by the
autocorrelation analyses (Figure 3b,c). Seasonal cycles in ε were found in the autocorrelation analysis
(Figure 3a) but not in the ANOVA test (p = 0.073; Table 3; Figure 2a).
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Table 2. Results of linear regression models to examine long-term trends in turbulent kinetic energy
dissipation rate (denoted as “ε”), surface abundance of entire assemblage (0 to 10 m deep) (“Abundance”),
and mean depth distribution of the entire assemblage (“MDD”). Data from Figure 1.

y = ax + b
n a b p-Value

ε 419 −4 × 10–10 1 × 10–6 0.639
Abundance 419 205 −4 × 105 0.324
MDD 419 −0.006 24 0.822

Figure 1. Time series for turbulent kinetic energy dissipation rate (ε) (a), surface abundance of the
entire assemblage (0 to 10 m deep) (b), and mean depth distribution (MDD) of the entire assemblage
(c). Filled circles denote raw data. Red lines denote linear regression models. Results of the regression
models are summarized in Table 2.

8



Fluids 2019, 4, 195

Table 3. ANOVA table to examine the effects of month (denoted as “Month”) on turbulent kinetic
energy dissipation rate (“ε”), surface abundance of entire assemblage (0 to 10 m deep) (“Abundance”),
and mean depth distribution (“MDD”) of the entire assemblage. Data from Figure 2.

Source df SS MS F p-Value

ε Month 4 3 × 10–13 8 × 10–14 2.2 0.073
Abundance Month 4 2 × 1011 6 × 1010 42.7 <0.001
MDD Month 4 3271 818 42.5 <0.001

Figure 2. Seasonal trends in turbulent kinetic energy dissipation rate (ε) (a), surface abundance of the
entire assemblage (0 to 10 m deep) (b), and mean depth distribution (MDD) of the entire assemblage
(c). Filled circles denote raw data. Horizontal bars denote averages over month categories (i.e., June,
July, August, September, and October). Error bars denote standard error. Results of the ANOVA tests
are summarized in Table 3.
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Figure 3. Results from the autocorrelation analyses on turbulent kinetic energy dissipation rate (ε) (a),
surface abundance of the entire assemblage (0 to 10 m deep) (b), and mean depth distribution (MDD)
of the entire assemblage (c). Red lines denote 99% confidence intervals.

The surface abundance of the entire assemblage decreased with increasing ε (Figure 4a). The
linear regression model shows a correlation coefficient of r = −0.12 (p = 0.012) between the surface
abundance and ε (Table 4). Additionally, the MDD increased (deepened) with increasing ε (Figure 4c).
The regression model shows r = 0.14 (p = 0.003; Table 4) for the MDD. Such trends against ε can be
clearly seen in bar graphs (Figure 4b,d). The ANOVA tests showed statistically significant differences
among the different levels of ε (p = 0.004 for the surface abundance and p = 0.010 for the MDD; Table 4).
The analyses for the data averaged over seasonal cycles also suggested negative and positive slopes
for the surface abundance (r = −0.33) and the MDD (r = 0.29), respectively (Figure 5), consistent with
those for the raw data (Figure 4a,c). However, those trends were not statistically significant (p = 0.052
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for the surface abundance and p = 0.093 for the MDD; Figure 5). This is probably due to the small
range of the average ε (Figure 5).

Figure 4. Surface abundance (0 to 10 m deep) (a,b) and mean depth distribution (MDD) (c,d) of the
entire assemblage vs. turbulent kinetic energy dissipation rate (ε). The panels on the left show raw
data. Each circle corresponds to a vertical net tow sample (n = 419). Solid lines denote linear regression
models. The panels on the right show averages for different levels of turbulence. Error bars denote
standard error. Results of the linear regression models and ANOVA tests are summarized in Table 4.
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Table 4. Results of linear regression models and ANOVA tests to examine the effects of turbulent
kinetic energy dissipation rate (denoted as “ε”) on surface abundance of the entire assemblage (0 to 10
m deep) (“Abundance”) and mean depth distribution (“MDD”) of entire assemblage. r denotes the
correlation coefficient. Data from Figure 4.

Linear Regression Model ANOVA

y = ax + b
n a b r p-Value Source df SS MS F p-Value

Abundance 419 −1 × 104 3 × 104 −0.12 0.012 ε 7 3 × 1010 4 × 109 2.2 0.004
MDD 419 1.57 23.8 0.14 0.003 ε 7 510 73 2.7 0.010

Figure 5. Same figures as in Figure 4 (left panels) but for the data averaged over seasonal cycle (i.e.,
June to October). Horizontal and vertical lines denote standard error. The first year, 1963, was excluded
since net tows started from September. The number of samples is n = 35.

When focusing on each species, the feeding mode was found to be associated with sensitivity
to turbulence. Ambush feeders, such as calanoid copepod Oithona similis and chaetognath Saggita
elegans, showed a statistically significant decrease in surface abundance and increase in the MDD in
response to increased ε (p < 0.02; Table 1). In contrast, suspension feeders, such as calanoid copepod
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Temora longicornis, cladoceran Evadne nordmanni, and appendicularian Fritillaria borealis, showed no
significant changes in surface abundance or MDD (Table 1). Calanoid copepod Acartia longiremis,
which can switch between ambush and suspension feeding, exhibited no significant changes (Table 1).
No changes were found for harpacticoid copepod Microstella norvegica, a particle feeder.

4. Discussion

Analysis of a multidecadal record of a local zooplankton community revealed avoidance of
wind-induced turbulence by zooplankton, whereas significant response to turbulence was found only
in ambush feeders (Table 1). This is consistent with laboratory experiments that demonstrated that
ambush feeding is hindered by high levels of turbulence, while suspension feeding is less dependent
on turbulence intensity [20,21]. Such turbulent effects on ambush feeding are also demonstrated by a
theoretical model, which is designed to predict gut contents of ambush feeders in turbulent water [22].
In the literature, the model results were compared with those from field campaigns and showed that
gut contents of ambush feeders decreased with increasing turbulence intensity [22]. Results from this
study are consistent with those from the experimental and theoretical works [20–22].

In contrast to ambush feeders, pure suspension feeders exhibited no significant changes in
response to turbulence. Given that suspension feeders are able to adapt to relatively high levels of
turbulence [6], they probably place less priority on changing their position. Additionally, Acartia
longiremis, which have multiple feeding modes, may switch their feeding mode to suspension feeding
when in turbulent waters, rather than seek out low levels of turbulence (a similar discussion is seen
in [21]). Although the particle feeder Microstella norvegica showed no significant changes in response to
turbulence, this species, in another study, exhibited significant migration to deeper depths in response
to wind-induced turbulence [11]. The reason for the difference between this study and the literature [11]
remains unclear.

Physical processes, such as wind [23] and surface cooling [24], frequently disturb surface waters,
producing vertical gradients in turbulence intensity in the water column [25]. Hence, downward
migration is generally optimal behavior to seek lower levels of turbulence. However, turbulence is also
generated by other processes, such as bottom stress associated with barotropic tides and swells [26],
and shear stress associated with internal gravity waves [27]. Hence, actual turbulence intensities in
the ocean would be different from those estimated by the simple model in Equation (2). This will
result in errors in estimation of TKE dissipation rate (ε). Additionally, the reanalysis dataset would
include potential errors in wind speed, which consequently induce additional errors in ε The European
Centre for Medium-Range Weather Forecasts does not quantify the magnitude of the errors, but it
could be substantial.

The r value of surface abundance vs. ε was r = −0.12 (Table 4), which corresponds to the coefficient
of determination, r2, of 0.0144. This means only 1% of the fluctuation is explained by ε. Zooplankton
generally exhibit highly intermittent distributions in the ocean, resulting in high levels of inter-sample
variability in zooplankton density [28]. This means that single/instantaneous samples could have
substantial (generally large) differences from the true density [28]. Such an inter-sample variability
would be a source of potential errors (or biological noise) in surface abundance (Figures 1b, 2b and 4a).

Here, I compare turbulent velocity to typical swimming speeds of zooplankton. While turbulent
flow speeds are highly variable in space and time, the representative velocity scale near the boundary
is the friction velocity (u∗) (m s−1). The friction velocity (u∗) is a function of ε and the depth (z) (m)
(e.g., Equation (4.9) in [2]):

u∗ = (ε z κ)1/3, (3)

where κ is the von Karman constant (=0.41). Assuming ε = 10−7 W kg−1 (at which the significant
changes in surface abundance and MDD were found) and z = 10 m, we obtain u∗ = 0.7 cm s−1,
which is on the same order as the turbulent velocity scales in the seasonal thermocline [29]. This is
comparable with typical swimming speeds of sub-centimeter-sized zooplankton, but much lower than
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their instantaneous escape jumps >10 cm s−1 [29,30]. Hence, I suspect that they can perform oriented
swimming even in highly turbulent waters to seek optimal levels of turbulence.

Despite the potential errors inherent in the open-access database, statistically significant trends
were found between turbulence and ambush feeders. Turbulence estimation based on wind speed is
valid for the surface layer and provides information about physical processes at scales of individual
plankton, which is generally absent in biological samplings. I hope this study encourages other
researchers to examine the reproducibility of the observed trends.
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Abstract: Copepods are agile microcrustaceans that are capable of maneuvering freely in water.
However, the physical mechanisms driving their rotational motion are not entirely clear in small
larvae (nauplii). Here we report high-speed video observations of copepod nauplii performing
acrobatic feats with three pairs of appendages. Our results show rotations about three principal
axes of the body: yaw, roll, and pitch. The yaw rotation turns the body to one side and results in a
circular swimming path. The roll rotation consists of the body spiraling around a nearly linear path,
similar to an aileron roll of an airplane. We interpret the yaw and roll rotations to be facilitated by
appendage pronation or supination. The pitch rotation consists of flipping on the spot in a maneuver
that resembles a backflip somersault. The pitch rotation involved tail bending and was not observed
in the earliest stages of nauplii. The maneuvering strategies adopted by plankton may inspire
the design of microscopic robots, equipped with suitable controls for reorienting autonomously in
three dimensions.

Keywords: locomotion; reorientation; swimming microorganism

1. Introduction

Animals change the orientation of their body by coordinating the movements of various body
parts. For animals capable of moving quickly with considerable inertia through air or water, they may
rotate easily with minor body adjustments, as demonstrated by fruit flies [1] and spinner dolphins [2].
For microscopic organisms with small inertia, however, they must actively and repeatedly move their
body parts in order to rotate adequately in fluids dominated by viscosity. In this physical regime of
low Reynolds number (Re), it is well known that bacteria can tumble [3], and phototactic algae can
reorient [4], using flexible flagella. However, microcrustaceans such as larval copepods have relatively
stiff bodies and appendages. They have been observed to turn sharply, but their rotational motion is
not as well understood as their translational motion [5,6]. Thus, further research is needed to unravel
the physical mechanisms underlying the rotational motion of larval copepods.

Numerous theoretical and physical models have considered the problem of reorientation with
rigid body parts at low Reynolds number. A key constraint on bodies with minimal inertia is that they
cannot translate or rotate by themselves through movements that are reversible in time [7]. Cycles of
irreversible kinematic changes are needed to reorient, and this requires at least two degrees of freedom.
One of the simplest models of a reorienting body consists of three spheres, each connected to a rigid rod
of equal length, with the rods meeting at a common point [8]. The whole system can rotate through an
irreversible sequence of cyclical changes in the angles between the rods. Other examples of reorienting
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bodies include three rigid spheres that are arranged in a triangle and connected by springs, which are
stretched and compressed in sequential order [9], and a pair of paddles, fitted with disks at each end,
driven to rotate, with adjustable spacing between the paddles [10]. These simple swimmers have
elucidated the minimal components needed for reorienting. Still, their maneuverability is limited
and inefficient because many cycles of body movements are typically needed, e.g., to reverse the
body’s orientation. Practical applications of microscopic robots may require rapid reorientations.
Previous experiments have demonstrated that the robots can be steered by exerting a torque with
electric and magnetic fields [11,12]. However, these robots are steered and controlled externally; a fully
autonomous microrobot must be capable of responding adequately to changes in its local environment,
with minimal external force or torque.

Here we turn to nature for inspiration, focusing on the rotational maneuvers of copepods,
a common group of zooplankton thriving in the world’s oceans and lakes. Maneuverability is crucial
to the survival of adult copepods and their offspring (nauplii). A diversity of behaviors has been
described in nauplii, which range from periods of immobility, swimming associated with foraging,
and escape swims. Tracks of swimming trajectories in three dimensions have shown that, over time
intervals in the range of minutes, nauplii typically move in helical patterns, using a stop-and-go
pattern [13–16]. These authors also reported species-specific patterns, suggesting significant flexibility
in behavior, despite the similarity in design. Copepods are under extreme predatory pressure from
many aquatic organisms [17–19], and consequently, they have evolved remarkable escape responses to
predatory attacks [15,20–24]. These responses often require a rapid reorientation to avoid swimming
into the mouth of the predator [25]. Nauplii operate at lower Reynolds numbers than adults because
of their smaller size, and they have a challenging task of capturing prey. While in later developmental
stages, copepodids generate feeding currents, relatively few nauplii are able to do so [14]. Instead,
nauplii swim toward their prey, generating a bow wave. In order to succeed in capturing the prey,
a nauplius encircles the prey to draw it to the mouth while maneuvering its appendages [26]. While it
is known that three pairs of appendages are involved, the details of appendage movements have not
been resolved. Crustacean nauplii have three pairs of appendages that beat at a range of frequencies,
with maximum frequencies recorded in copepod nauplii (>100 Hz; [27]). The asynchronous beating
of appendages has been recognized as a factor for translating the body [5,6,28,29], and asymmetry
in the appendage movement has been identified as a factor for reorienting the body [26]. However,
the causal relationship between the movements of the body and the appendages and the resulting
orientation remains unclear. Thus, the basic physical mechanisms behind the maneuvers have not yet
been identified.

This work characterized the rotation of copepod nauplii around three perpendicular axes,
as defined with respect to their body. For the rotation around each axis, we observed a sequence of
movements of the appendages. Additionally, the tail moved considerably during the rotation around
one of the axes. We interpreted these observations by using basic physical arguments and identified
plausible mechanisms driving the rotation around each axis. Our findings suggest that, as the nauplius
grows and develops a more pronounced tail, it gains an additional and efficient way of reorienting by
performing a backflip somersault. Without the ability to rotate directly around one axis, the earliest
stages of nauplii would need a strategic combination of rotations around the other two axes, in order
to maneuver in three-dimensional space.

2. Materials and Methods

2.1. High-Speed Videography of Nauplii Swimming

Two species of Paracalanid copepods, Bestiolina similis and Parvocalanus crassirostris, were isolated
from Kaneohe Bay (Oahu, Hawaii) and cultured by using the methods described in a previous study [30].
Temperature and salinity were maintained between 23 and 25 ◦C and approximately 35 ppt, within
the typical conditions of Kaneohe Bay [31]. The two species are comparable in size, developmental
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progression, and behaviors. They move intermittently in three dimensions. The nauplii (70–150 μm
in size) were isolated from the cultures and gently pipetted into videography containers containing
seawater and low densities of residual Tisochrysis lutea. We used two different methods for observing
the nauplii: one from the side and another from above. The view from above was magnified by using
10× and 40× objective lenses of an inverted microscope (Olympus IX73). A small Petri dish (54.5 mm
diameter) containing the nauplii was shifted horizontally, until a nauplius appeared in the field of
view of the microscope. The second apparatus consisted of a cuvette (10 × 10 × 45 mm) containing the
nauplii viewed from the side and magnified by comparable amounts, using an objective and condenser
lens. We observed similar behavior and results from the side as from above. All videos were recorded
with a high-speed camera (Phantom Miro M110), at frame rates between 1000 and 2000 fps; a total of
95 maneuvers were recorded.

2.2. Video Analysis

The videos were analyzed by using ImageJ software. Rotational maneuvers were analyzed
frame by frame, and the rotations were categorized into three general types: yaw, roll, and pitch.
The orientation of the body was determined by observing the plane formed by the appendages,
the location of the labrum, and the direction of the curved tail. The labrum, or mouthparts of the
nauplii, are located ventrally, and the tail curves toward the labrum. The appendage plane gives a
sense of how the ventral/dorsal sides are oriented, while the labrum and curvature of the tail help to
identify the ventral side of the body. The orientation could also be determined by tracking the motion
of the nauplius throughout its maneuver and observing any appendage crossover during the rotation.
Selected videos were analyzed by using Tracker and Microsoft Excel software. Tracker was used to
track the body’s midpoint and the endpoint of each appendage. The change of appendage angles with
respect to the nauplius’s initial heading direction was computed in Excel.

3. Results

3.1. Overview

Nauplii of B. similis and P. crassirostris were observed to rotate around three different axes.
Figure 1 shows the axes and general anatomy of the nauplius. Nauplii have three pairs of appendages:
antennules (A1), antennae (A2), and mandibles (M). The axes were defined such that the roll axis is
along the length of the body; the pitch axis extends across the body, toward the right-hand side of the
body, as perceived from the body; and the yaw axis is perpendicular to the plane formed by the pitch
and roll axes, pointing in the direction from the ventral to the dorsal side of the body. During swimming,
the appendages oscillate approximately in the plane containing the roll and pitch axes, at a frequency
on the order of f~100 Hz, corresponding to a duration of T~10 milliseconds every periodic cycle.
The appendages generate fluid flow at Reynolds number Re = L(L/T)/ν~0.3, where ν~1 mm2 s−1 is the
kinematic viscosity of water at room temperature, L~0.05 mm is the length scale set by the average
length of all appendages, and L/T is the velocity scale. The Reynolds number is less than 1, meaning
that the rotational motion of the nauplii is governed primarily by viscosity and less by inertia.

Our results depend greatly on the developmental stage of copepod nauplii. There are six nauplius
stages (N1–N6); the first stage (N1) is the smallest and has a nearly spherical shape. The body becomes
larger and more elongated in shape as it develops into later stages. Of the six nauplius stages, the first
two stages, N1 and N2, are typically non-feeding [32]. The nauplii begin feeding at the N3 stage,
which is distinguished from N1/N2 by the development of a noticeable tail. The nauplius stages were
identified by using the shape and the length of the body and categorized as non-feeding (N1/N2)
and feeding (N3–N6). The feeding stages are referenced as ≥ N3 throughout the rest of this paper.
The relative occurrences of all three rotations are shown in Table 1. Some videos showed rotations
around axes which were unclear; these were not included for simplification. Rotations about the yaw
and pitch axis by an angle less than 45◦ and roll rotations by an angle less than 90◦ were considered
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incomplete and were not counted in the dataset. The significance of the table is that the rotation about
the pitch axis was not observed at the early stages (N1/N2), whereas the later stages (≥N3) displayed
rotations about all three axes. Despite the apparent limitations of N1/N2, the nauplii are capable of
exploring in three-dimensional space, as we discuss further below. We first describe how the body
moves during each rotation, starting with the yaw rotation.

 
Figure 1. (a) Image of an N2 nauplius with the ventral side in view at 40×magnification. The three
pairs of appendages (antennules (A1), antennae (A2), and mandibles (M)) are each labeled L or R on
the left or right side of the body, respectively. The pitch axis is defined to point in the direction from the
left to the right side of the body; (b) image of ≥N3 nauplius at 40×magnification. The roll axis points
in the direction from the tail to the head end of the body. The yaw axis points from the ventral to the
dorsal side of the body.

Table 1. Yaw, roll, and pitch occurrences by naupliar stage.

Yaw Roll Pitch

N1/N2 10 21 0
≥N3 15 19 30

3.2. Yaw Rotation

Figure 2 shows a time series and trajectory of a typical yaw rotation, which involves rotating
around the yaw axis and turning toward one side of the body (see Supplementary Video 1). During this
rotation, the midpoint of the body undergoes considerable back-and-forth translation in the plane
perpendicular to the yaw axis. The net displacement of the body was measured to be 240 ± 100 μm
after rotating 180◦ around the yaw axis (mean and standard deviation, n = 5). The body alternates
between moving forward (blue) and backward (red) along directions pointing approximately along
the roll axis of the body. The directions of forward and subsequent backward motion are not precisely
parallel; instead, they are offset systematically by a small angle, which leads to substantial turning after
multiple cycles. The rotation efficiency was defined as the angular change in the orientation of the
body every periodic cycle, and this was measured to be 33 ± 6◦ for yaw rotation (mean and standard
deviation, n = 5).
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Figure 2. Time series of an N1/N2 nauplius undergoing yaw rotation observed at 10×magnification.
The three snapshots of the nauplius were taken at different times, as indicated. The trajectory of the
body’s midpoint is shown by dots, which are colored blue or red, depending on the direction of motion
of the body.

To identify any left–right asymmetry in the movement of the appendages, we tracked the
orientation of the body and all six appendages during the yaw rotation (Figure 3). The orientation
of the body relative to its original orientation shows noticeable oscillations with time (Figure 3a).
However, there is no apparent difference between the orientation of the appendages on the left and
right sides of the body (Figure 3b).

Figure 3. Yaw rotation of ≥N3 nauplius: (a) cumulative rotation over time of the body’s heading
direction (roll axis) around the yaw axis; (b) temporal change in the orientation of six appendages,
measured by the angle with respect to the body’s roll axis. Orange, blue, and green curves represent
the M, A2, and A1 pairs, respectively. The light and dark colors correspond to the left and right sides.

To gain insight into possible mechanisms underlying the yaw rotation, we observed the nauplii at
higher (40×) magnification, as shown in Figure 4 and Supplementary Video 2. Figure 4a reveals the
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setae, flexible hair-like structures protruding from the distal tips of each appendage. These setae might
fold or expand to different degrees on either side of the body, which would offer a possible mechanism
for turning. However, we found no clear evidence of such asymmetry in the setae movement. Instead,
we observed a noticeable asymmetry in the oscillation of the A2 appendages on the left and right sides
of the body during the yaw rotation (Figure 4b). This was noticeable because the A2 appendage is
biramous and splits into two branches. The two branches can appear to overlap if one lies above the
other branch, as viewed in the direction parallel to the yaw axis. Alternatively, they appear as distinct
branches if the appendage rotates by an angle close to 90 degrees around its long axis. This type of
rotation is referred to as pronation or supination, depending on whether the branch on the ventral side
swings toward or away from the body, respectively. The difference between pronation and supination
was difficult to distinguish in our videos. Furthermore, the angle of rotation around the long axis of the
appendage was difficult to quantify. Nevertheless, the two branches became more visible on the left
but not on the right side of the body, indicating that the left appendage either pronated or supinated,
while the right appendage did not. This implies that the rotated A2 appendage has a smaller profile
area and thus drives less of the surrounding fluid on the left than the right during the important power
stroke, which offers a possible mechanism for swerving the body to the left, as observed.

 
Figure 4. Yaw rotation of N1/N2 nauplius with the dorsal side in view at 40×magnification: (a) at the
start of the rotation, the A2 appendages have branches appearing to overlap (0 ms); (b) as the body
swerves to the left (counterclockwise), the two branches of the biramous A2 appendage become more
visible in the left compared to the right A2 (21 ms).

3.3. Roll Rotation

Next, we describe the roll rotation, which involves the body rotating around the roll (main)
axis while swimming along the axis. The body follows a helical path in a near-linear direction.
The net displacement of the body after rotating around the roll axis by 180 degrees was measured
to be 800 ± 120 μm (mean and standard deviation; n = 5), which is considerably greater than the
net displacement of the body following yaw rotation, as described earlier. During the roll rotation,
the body alternates repeatedly between forward and backward displacements, which are comparable
to those measured previously during linear swimming without rolling [6]. The large displacement
of the body during the roll rotation makes it more challenging to observe the nauplii, because they
only remain in focus for a brief period when they swim in and out of the field of view. Figure 5
shows a typical image sequence of a nauplius rotating around the roll axis by approximately 180◦ (see
Supplementary Video 3). The right side of the body is initially in view, followed by the ventral side
and then the left side. The rotation efficiency of the roll rotation was measured to be 27 ± 6◦, which is
comparable to that of the yaw rotation described earlier.
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Figure 5. Time series of a roll rotation. Initially (0 ms), the right side of the body is in view, then the
ventral side (24 ms), and then the left side of the body (51 ms).

The physical mechanism driving the roll rotation was difficult to visualize because of the
challenges associated with observing the moving appendages in sufficient detail. A magnified view
of the roll rotation showed that the appendages alternate between power and return strokes (see
Supplementary Video 4), similar to appendage movements during the yaw rotation, as described
earlier. There was no apparent explanation for how the roll rotation around the swimming direction was
produced. Unlike the flexible cilia and flagella that are known to generate helical motion in swimming
microorganisms [33,34], the appendages of copepod nauplii are rigid. One possible mechanism is
that the tip of an appendage undergoes orbital motion as opposed to tracing the same curved path
back and forth. This could repeatedly drive the surrounding fluid around the roll axis, though we
observed no clear evidence of such orbital motion of appendages in our videos. Another possible
mechanism is that an appendage pronates or supinates by an acute angle, which was more evident
(see Supplementary Video 4). If an appendage remains pronated or supinated by an acute angle,
say 45 degrees, during the power stroke, the appendage could drive the surrounding fluid around
the roll axis and thereby resolve how the nauplii produce the roll rotation. The key is to produce
left–right asymmetry, e.g., with pronation of the A2 appendage on the left or right side, but not both.
This behavior was observed in all naupliar stages, including the early non-feeding stages.

3.4. Pitch Rotation

The pitch rotation produced relatively little translation of the body in three dimensions, enabling
us to readily observe the rotation while the body remained in focus. The net displacement of the body
after rotating around the pitch axis by 180 degrees was measured at 60 ± 50 μm (mean and standard
deviation; n = 5), with the smallest being 15 μm in the plane of the field of view. Figure 6 shows a
typical image sequence of the rotation around the pitch axis by approximately 180◦ (see Supplementary
Video 5). In the first image, the ventral side is in view, and the roll axis points toward the bottom-left
corner of the image. In the second image, the tail end is in view, confirmed by the appendages on the
ventral side appearing in the bottom-left corner of the image. Contrarily, if the head end were in view,
the appendages would be located toward the top-right corner. In the third and final image, the dorsal
side is in view. Thus, the body has flipped over by performing a backflip somersault. The rotational
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efficiency of the pitch rotation was measured to be 60 ± 30 ◦ (mean and standard deviation; n = 5),
which is much higher than those of the yaw and roll rotations presented earlier.

 
Figure 6. Image sequence of pitch rotation: (a) ≥N3 nauplius with ventral side in view (time t = 0);
(b) tail end in view (t = 10 ms); (c) dorsal side in view (t = 22 ms).

Observations from one side of the nauplius along the pitch axis provided additional insights
into the possible mechanism underlying the pitch rotation (Figure 7). The pitch rotation consists of
the following sequence: contraction of the tail, contraction of the appendages, expansion of the tail,
and expansion of the appendages, in this particular order.

 
Figure 7. Image sequence of an ≥N3 nauplius undergoing pitch rotation, as viewed in the plane
perpendicular to the pitch axis: (a) tail and appendages are expanded (0 ms); (b) appendages remained
expanded, and tail was contracted (21 ms); (c) tail remained contracted, and appendages contracted
(34 ms); (d) appendages remained contracted, and tail expanded (40 ms); (e) tail remained expanded,
and appendages expanded (48 ms).

To understand why this particular appendage-and-tail-movement sequence results in the rotation
of the body around the pitch axis, we consider a simplified theoretical model consisting of three slender
rods connected in series by hinges, as sketched in Figure 8. Previous studies focused on the translation
of the body, commonly known as Purcell’s swimmer [7,35]. Here we consider the rotation of the body.
For simplicity, the six appendages are grouped into one end of the body, and the tail at the other.
The rods do not incorporate the shape and movement of the tail and appendages in any quantitative
detail, but they are sufficient for elucidating the basic effects of contracting and expanding the body
parts in the particular sequence described before.

Suppose the two rods at the ends, hereafter referred to as the tail and arm of the body, are nearly
parallel to the central rod initially (Figure 8a). First, the angle between the central rod and the tail is
assumed to contract and close (Figure 8b). By conservation of angular momentum, the central rod
rotates in the opposite direction to the tail, though the rotation angle is smaller in magnitude because
the central rod experiences more drag than the relatively short tail. Second, the angle between the
arm and the central rod is assumed to contract and close (Figure 8c). The arm and the central rod
rotate in opposite directions by conservation of angular momentum again. However, the rotation
angle of the arm is less than that of the tail in the previous step, because of the contracted tail. Third,
the tail swings back open (Figure 8d). The rotation angle of the tail is equal to that of the arm in the
previous step by symmetry. Fourth, the arm swings back open (Figure 8e). This has correspondence
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with the time-reversal of closing the tail in the first step. After this entire sequence, the body rotates in
the direction consistent with the experimental observations described earlier. Note that, without the
ability to bend the tail, the simplified model would have only one hinge instead of two hinges. Such a
body with only one degree of freedom would not be able to rotate at a low Reynolds number, which is
consistent with the lack of observation of pitch rotations in N1/N2 nauplii.

 
Figure 8. Simplified theoretical model for pitch rotation: (a) initial configuration of a body equipped
with an arm (A) and a tail (T); (b) the tail closes and rotates by a large angle (1); the body rotates by
a relatively small angle in the opposite direction. Dashed lines show the earlier configuration for
comparison; (c) the arm closes and rotates by a moderate angle (2); (d) the tail opens and rotates by a
moderate angle (3); (e) the tail opens and rotates by a large angle (4).

3.5. Direction of Rotation

The direction of rotation of the body was categorized into either clockwise (CW) or
counterclockwise (CCW), according to the right-hand rule: CCW rotation around an axis is defined
such that, if the right thumb points in the direction of the axis, as defined in Figure 1, then the right
fingers curl in the same direction as the reorienting body. For example, a CCW yaw corresponds to a
nauplius with the dorsal side in view, appearing to swerve to the left side of the body. A CCW roll
corresponds to the body, with the head end in view, appearing to rotate around the roll (main) axis in
the CCW direction. A CCW pitch corresponds to the body with the right side in view, appearing to
perform a backflip.

Table 2 shows that the nauplii are capable of rotating in both directions around the yaw and
roll axes. The number of observations in Table 2 is less than that in Table 1 because the ventral and
dorsal sides were unclear in some videos, and thus the direction of rotation could not be determined in
some yaw and roll rotations. Nonetheless, the result of pitch rotation is significant. The nauplii were
observed to rotate around the pitch axis in the CCW direction only. The direction of rotation around
the pitch axis was less ambiguous than the yaw and roll axes because the body remained in focus,
with minimal translation during the maneuver. Additionally, the body orientations during the pitch
maneuvers could be easily understood. For example, Figure 6b shows that the appendages located
on the ventral side of the body are oriented more toward the initial heading direction (Figure 6a).
This means that, regardless of whether the ventral or dorsal side is initially in view in Figure 6a,
the body rotates around the pitch axis, with the ventral side facing outward. This corresponds to a
backflip somersault with CCW rotation around the pitch axis.

Table 2. Clockwise and counterclockwise occurrences of yaw, roll, and pitch rotations.

Yaw Roll Pitch

CW 10 12 0
CCW 8 14 30
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4. Discussion

In summary, copepod nauplii exhibited rotations about three axes termed yaw, roll, and pitch.
Naupliar stages N1/N2 were observed to perform yaw and roll rotations only, while ≥N3 nauplii were
observed to rotate around all three axes. The pitch rotation was observed only in the CCW direction,
meaning that ≥N3 nauplii were observed to flip backward, not frontward. Most previous studies
have examined the coordinated movement of the paired appendages, providing limited information
on body rotation. Our observations are complementary to the studies and provide insight into how
nauplii use their appendages to navigate in three-dimensional space.

The nauplius stage is widespread among the crustacea. While the organization of the naupliar body
plan constrains movements, comparisons among nauplii from different crustacean groups have shown
significant flexibility in locomotion [27]. Specifically, variations in morphology, the involvement of one
vs. multiple pairs of appendages, and substantial differences in beat frequencies of the appendage(s)
have been reported across taxa [27,36,37]. Copepod nauplii depend on locomotion to survive in an
environment where predation risk is high, while food levels can be low. These nauplii are pelagic,
capable of high-performance escape swims, and typically start feeding at the N3 stage [15,16,32,38].
The rapid escape swim is produced by the coordinated high-frequency (>100 Hz) beating of all three
pairs of appendages (first antenna, second antenna, and mandible) [6,39]. Finding and capturing food
is another challenge. For example, on a large scale, the nauplii of Neocalanus spp., in the subarctic
North Pacific migrate vertically from depth (>200 m) to surface waters (0–50 m) to feed on the spring
phytoplankton bloom [40]. At small spatial scales in the millimeter range, feeding behavior includes
food-search strategies, as documented by 3D videography, which can be species-specific [14]. At the
micrometer scale, the capture of an alga can involve a feeding current, as shown for Eucalanus pileatus [13]
or more complex turning maneuvers to capture the alga, as shown for Temora longicornis and Acartia tonsa,
using high-speed video [41].

While crustacean nauplii are small (<1 mm), the nauplii of the two target species in this study
are among the smallest (length: 0.06 to 0.2 mm). These species operate at a low Reynolds number
and require complex maneuvers to change the orientation of their body. Two of the rotations (yaw
and roll) were observed in all naupliar stages (N1 to N6). These rotations allow the nauplii to change
swim direction in three dimensions and contribute to the typical helical swim patterns described in
other studies. Given that all naupliar stages are at risk for predation, the ability to redirect may add to
their ability to evade predators. The third rotation, pitch, was only recorded in feeding stages (N3
to N6). The lack of a flexible tail in the N1/N2 may prevent these stages from completing the pitch
rotation, which in turn may limit their ability to feed at low Reynolds number effectively. One might
speculate that this may have led to the evolution of nauplii that depend on maternal resources to
complete two molt cycles before they start to feed.

We conclude with a discussion of the space that is accessible to copepod nauplii and the implications
for controlling microscopic robots that propel themselves autonomously. The ability to relocate from
one position to another opens the possibility of reaching other positions in space, which depends
importantly on the rotational maneuverability of the body. In general, the body does not remain
perfectly axisymmetric around the direction of locomotion. Any minor left–right asymmetry in the
shape or actuation mechanism prevents the body from following a straight line and instead turns the
body to one side, as seen in the yaw rotation. Turning repeatedly to only one side would confine
the body to loop around the same circle over time. The ability to yaw freely in either CW or CCW
direction is important because it enables the body to escape from the circle and explore any point
in the two-dimensional plane perpendicular to the yaw axis. Furthermore, to explore outside this
plane, the body must rotate around another axis, e.g., the roll axis. The earliest stages of copepod
nauplii display the ability to yaw and roll, and they can be executed in theory by the pronation or
supination of a single biramous appendage that splits into two branches, as described here. Despite
the apparent inability of the earliest stages of nauplii to rotate directly around the third (pitch) axis,
they can explore three-dimensional space in principle. For example, the result corresponding to a
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CCW pitch rotation by 90 degrees could be achieved by a time-consuming combination of yaw and roll
rotations along a spiral path, e.g., a sequence of 90-degree CCW yaw, CW roll, and CW yaw rotations,
in that order. The benefit of growing and developing a flexible tail in the older feeding stages of nauplii
is that a similar result to such a sequence can be achieved more efficiently by rotating directly around
the pitch axis. The strategies adopted by nauplii are excellent sources of inspiration for designing
robots capable of navigating autonomously at microscopic scales. The robots may be configured to
respond adequately to external cues, such as sudden changes in light or chemical gradients, with rapid
acrobatic maneuvers, as observed in nature.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5521/5/2/78/s1.
Video S1: Yaw rotation. Video S2: Yaw rotation at higher magnification. Video S3: Roll rotation. Video S4: Roll
rotation at higher magnification. Video S5: Pitch rotation. Video S6: Pitch rotation viewed parallel to the pitch axis.
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Abstract: Turning maneuvers by aquatic animals are essential for fundamental life functions
such as finding food or mates while avoiding predation. However, turning requires resolution of
a fundamental dilemma based in rotational mechanics: the force powering a turn (torque) is favored
by an expanded body configuration that maximizes lever arm length, yet minimizing the resistance
to a turn (the moment of inertia) is favored by a contracted body configuration. How do animals
balance these opposing demands? Here, we directly measure instantaneous forces along the bodies
of two animal models—the radially symmetric Aurelia aurita jellyfish, and the bilaterally symmetric
Danio rerio zebrafish—to evaluate their turning dynamics. Both began turns with a small, rapid shift in
body kinematics that preceded major axial rotation. Although small in absolute magnitude, the high
fluid accelerations achieved by these initial motions generated powerful pressure gradients that
maximized torque at the start of a turn. This pattern allows these animals to initially maximize torque
production before major body curvature changes. Both animals then subsequently minimized the
moment of inertia, and hence resistance to axial rotation, by body bending. This sequential solution
provides insight into the advantages of re-arranging mass by bending during routine swimming turns.

Keywords: propulsion; rotational physics; convergent evolution; torque; moment of inertia;
animal movement

1. Introduction

The study of aquatic locomotion has primarily focused on the dynamics and energetics of
linear, unidirectional swimming. This approach has yielded important insights but largely reflects
longstanding constraints in the empirical measurement, numerical simulation, and theoretical modeling
of animal swimming. Experiments conducted in a water channel constrain animal swimming to the
single direction of the oncoming flow. With the exception of notable efforts to quantify C-start and
S-start behaviors of some fishes [1–3], experimental [4,5] and theoretical [6] biomechanical models of
animal swimming focus primarily on linear translation. The implicit assumption that swimming is
primarily unidirectional has influenced prevailing notions regarding the kinematic parameters that are
most important for efficient swimming and body design. Specifically, the observation that swimming
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animals maintain nearly constant values of Strouhal number St = fA/U (where f is the stroke frequency,
A is the stroke amplitude, and U is the unidirectional, steady state swimming speed) has encouraged
many efforts to explain the efficiency of animal swimming on the basis of the unidirectional swimming
parameters that define the Strouhal number [7–9]. Likewise, other measures employed to compare
swimming efficiency between animals, such as cost of transport [10,11] and Froude efficiency [12–14]
inherently place animal swimming within the context of linear pathways between points in a fluid.

This emphasis on unidirectional swimming belies the fact that actual animal swimming in
nature is rarely linear, but instead, is more typically characterized by frequent changes in direction
that are mediated by turning maneuvers. The importance of turning has long been documented in
studies of aquatic animal ecology. Efforts to model the circuitous trajectories of animals have often
focused on Brownian motion or Levy walks [15–17]. Regardless of behavioral assumptions about
swimmers, many studies of empirically measured pathways have demonstrated that across a variety
of spatial scales, swimming animals exhibit predominantly non-linear pathways with frequent turns
that change their trajectories. Recognition that swimmers in nature turn frequently is important from
a biomechanical perspective because turning maneuvers require rotational motions of the swimmer’s
major body axis. The mechanics of rotational motion parallel, but differ from, the more studied
mechanics of linear translation by swimmers (Figure 1). In contrast to the large body of knowledge
concerning thrust production and force generation during linear swimming, there is not a similar
body of mechanical information evaluating torque generation and moment of inertia minimization by
flexible bodies such as animal swimmers. Consequently, greater understanding of maneuverability by
animal swimmers requires deeper examination of their rotational mechanics to complement existing
knowledge of their translational mechanics.

Figure 1. Swimming turns require both translational and rotational components of motion.
The mechanics of these components are described by parallel but different physical terms for translational
force and rotational torque (F = thrust force, m = mass, a = acceleration; τ = torque, I = moment of
inertia and α = rotational acceleration).

Evaluation of rotational mechanics involves a previously unaddressed issue that is essential for
turning by animal swimmers. The same body configurations that maximize the forces powering a turn
(torque) also maximize that body’s the resistance to turning (moment of inertia). Torque (τ) generation
relies upon a force (F) applied at a distance (r) from the axis of rotation (r is also termed the lever arm)
according to the relationship τ = Fr. The longer the lever arm, r, the greater is the torque applied by
a limited force to power a turn. Consequently, the most force-efficient body configuration for turning
is an elongate or expanded body that maximizes r and requires the least amount of force to affect
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axial rotation. However, there is an inherent problem with expanded body forms for turning because
expanded bodies also maximize the moment of inertia (I), that resists angular rotation of a body
according to the relationship τ = Iα where α is angular acceleration. For a limited torque, the greatest
angular acceleration will be achieved when the body’s moment of inertia (I) is minimized. I depends
upon the arrangement of a body’s mass around the axis of rotation according to the relationship
IP =

∑N
i=1 miri

2 where IP represents the sum moments of inertia for the constituent parts (i . . . N) of
a swimmers body with mi denoting that body part’s mass (e.g., the head or tail of the body) and ri
its distance from the whole-body center of rotation. There are straightforward means to minimize
IP, e.g., the mass of the body can be re-arranged to place body components closer to the axis of
whole-body rotation. This is commonly achieved by bending body parts closer to the axis during a turn.
Flexible bodies that allow bending by animal swimmers permit dramatically greater angular velocities
during turns than are possible for rigid animal bodies or rigid human-engineered structures [18].
However, it remains unclear how these flexible swimmers resolve the fundamentally conflicting
demands of high torque production (expanded body configuration) with those of low moment of
inertia (contracted body configuration) to achieve high turning performance. The results are important
for understanding maneuverability by swimming animals, and potentially, human engineered vehicles.

We hypothesized that the high frequency and energetic demands of turning by natural swimmers
could produce a selective force on swimming performance that might lead to similar solutions for
widely divergent animal models. Such patterns would be missed by the conventional biomechanical
focus on unidirectional translational swimming, yet are essential for efficient aquatic locomotion by
these swimmers in their natural environments.

To evaluate this question broadly, we used two model species with extremely divergent body
types, neural organization, and phylogenetic relatedness. The jellyfish Aurelia aurita is a member of
the oldest animal group to use muscle-driven swimming and one of the most energetically efficient
metazoan swimmers [11]. Medusae such as A. aurita are characterized by a radially symmetric body
plan with a comparatively simple level of neuromuscular organization [19]. By contrast, the zebrafish
Danio rerio represents the evolution of a bilaterally symmetric body plan with comparatively complex
neuromuscular organization representative of modern fish species [20]. In both cases, we quantified
their natural swimming motions using a combination of high-speed videography and laser-based
flow measurements.

2. Materials and Methods

2.1. Animals and Imaging

The zebrafish (Danio rerio) used in this study were adults acquired from the Zebrafish Facility at
the Marine Biological Laboratory (MBL). All procedures were in accordance with standards set by the
National Institutes of Health and approved by the Institutional Animal Care and Use Committee at the
MBL. Zebrafish were maintained at room temperature (23–25 ◦C) in 37 L aquaria until imaged while
swimming. Swimming and turning behaviors were recorded as individual fish swam along the center
of an acrylic raceway tank (1.5 × 0.5 m). Aurelia aurita medusae were obtained from the New England
Aquarium and maintained at 25 ◦C in 20 l aquaria. Medusae were recorded while freely swimming
in a 0.3 × 0.1 × 0.25 m glass vessel, using methods reported previously [11]. Many individuals of
both species were recorded, but only those that swam within the laser light plane could be used for
analysis. The number of separate individuals satisfying this criterion was greatest for the start of the
turn (n = 10 for both species). A number of individuals subsequently moved out of the laser sheet
while completing a turn. Time course analysis for full turns was limited to separate individuals that
completed full turns within the laser light sheet (n = 4 for zebrafish and n = 6 for medusae).
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2.2. Particle Image Velocimetry (PIV)

We used high-speed digital particle image velocimetry (PIV) to obtain resulting flow fields
around the fish and medusae. Recordings were acquired by a high-speed digital video camera
(Fastcam 1024 PCI; Photron, San Diego, CA, USA) at 1000 frames per second and at a spatial resolution
of 1024 × 1024 pixels with a scale factor of 0.178 mm per pixel. Seeding particles (10 μm hollow glass
beads; Potters Industries, Malvern, PA, USA) were laser-sheet illuminated for PIV measurements.
Medusae were illuminated with a laser sheet (680 nm, 2W continuous wave; LaVision, Ypsilanti, MI,
USA) oriented perpendicular to the camera’s optical axis to provide a distinctive body outline for
image analysis and to ensure the animal remained in-plane, which ensures accuracy of 2D estimates
of position and velocity. The semitransparent bodies of medusae allowed a single laser light sheet
passing through the central axis of the body to illuminate fluid surrounding the entire body. Fish were
not transparent and so were illuminated by two laser sheets (532 nm, 600 mW continuous wave,
Laserglow Technologies, North York, ON, Canada) mounted in the same plane on opposite sides of the
tank to eliminate shadows on either side of the body as each animal swam within the field of view [21].

Fluid velocity vectors for both fish and medusae were determined from sequential images using
a cross-correlation algorithm (LaVision software). Image pairs were analyzed with shifting overlapping
interrogation windows of a decreasing size of 32 × 32 pixels to 16 × 16 pixels. Masking of the body of
the fish before image interrogation confirmed the absence of surface artifacts in the PIV measurements.
While the medusae were not masked for velocity analyses, our previous work with medusae [11],
indicated that adverse effects from surface artifacts are minimal.

2.3. Pressure and Torque Measurement

Direct measurements of instantaneous forces acting along animal bodies were made throughout
complete turning sequences. These measurements were produced at high spatial and temporal
resolution, providing instantaneous values at highly localized points on the body [22–24],
contrasting with, for example, net force calculation based on vortex circulation. Our approach
involved converting velocity fields collected via PIV through a custom program in MATLAB that
computed the corresponding pressure fields. The algorithm integrates the Navier–Stokes equations
along eight paths emanating from each point in the field of view and terminating at the boundaries of
the field of view. The pressure at each point is determined by computing the median pressure from the
eight integration results. Bodies of the fish and medusae were masked prior to computation to prevent
surface artefacts in the pressure and torque results. Masks were generated using a custom MATLAB
(Mathworks, Inc., Natick, MA, USA) program that automatically identified the boundary of the animal
body based on image contrast at the interface between the animal body and the surrounding fluid,
and body outlines were smoothed prior to later analyses. The zebrafish’s anatomy allowed for these
outlines to enclose the body while allowing flow calculations directly alongside all surfaces, but for
medusae, the semitransparent bell and opaque gonads outside the laser light sheet interfere with the
view of the subumbrellar surface within the bell cavity. As such, the outlines around the medusae
traced the exumbrellar surface and, on the oral side of the body, the bell margin to prevent erroneous
pressure calculations within the bell cavity from affecting pressure calculations in the areas adjacent
to the medusan oral sides. These methods have been previously validated against experimental and
computational data, including numerical simulations of anguilliform swimming [22] and direct force
and torque measurements of a flapping foil [24]. The MATLAB code is available for free download at
http://dabirilab.com/software.

The fluid force normal to the body surface due to the local fluid pressure was determined by
integrating the calculated pressure along the corresponding surfaces of the body [24]. Validations against
measurements made on physical models show that these calculation techniques based on 2D PIV images
are robust to a small degree of out-of-plane flow such as that induced by a fish’s slight rolling motions
during turns, so long as the fish remains centered in the imaging plane [24]. The body outline of each
animal was divided into segments of equal length (zebrafish: 84 segments, medusa: 70–85 segments)
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for spatial integration. Again, for medusae, bell components outside the laser sheet can interfere with
images of the subumbrellar surface within the bell cavity, so surface segments on the oral side of
the body traced the bell margin even as it protruded out of the PIV imaging plane. Although these
bell margin surface segments were required to mask the animal body during pressure calculation as
indicated above, the central segments—defined as the central two-thirds of the bell’s radius—did not
represent surfaces visible within the PIV laser light sheet, and so forces and torques calculated on these
central bell segments were not included in later analyses. The areas where calculations were conducted
are visible in the force vector plots in Figure 2i–l.

 

Figure 2. Turning kinematics and fluid pressure for representative medusa (Aurelia aurita, 30◦ rotation,
profiled in Figure A1d in Appendix A) and zebrafish (Danio rerio, 62◦ rotation, profiled in Figure A2c)
turns. The red line shows the midline of the medusa (a–d) and the fish (m–p) throughout the turn,
along with PIV vector and vorticity fields. Pressure fields around the medusa (e–h) and the fish (q–t)
demonstrate that both animals generate large, asymmetric pressure gradients around their bodies
(panels (f) and (r), respectively) before major body orientation shifts (illustrated by the midline position).
Force vectors exerted on the animal due to local fluid pressure at the medusa (i–l) and zebrafish (u–x)
body surface indicated in red arrows. Note that force vectors, and hence torques, were not calculated
on the central region of the oral surface of the jellyfish (the bottom of the bell), as the bell margin in
this region protrudes outward from the 2D imaging plane and blocks the view of the subumbrellar
surface within the bell cavity, the surface where forces and torques would actually act. Black circles
represent the center of mass in each of the latter panels. Note that during peak torque periods, forces
along the body stabilize the center of mass while causing rotation of extended body regions such as the
bell margin of medusae (j) and caudal fin of fish (v). For jellyfish, the most rapid rotation occurs during
bell contraction and bell relaxation may be accompanied by negative torque (l) that brakes bell rotation.
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Because the surface geometry was specified in a single plane, the force calculations were evaluated
per unit depth (i.e., giving units of Newtons per meter of depth perpendicular to the measurement
plane). The corresponding torque was calculated as the vector product of the moment arm from each
location on the body surface to the center of mass, and the local force due to pressure at the same
location on the body surface. The resulting torque calculations have units of Newton-meters per meter,
corresponding to the aforementioned planar measurements. MATLAB codes for force and torque
calculations similar to those conducted presently as well as the segment-making methods have been
validated in earlier work [24] and are available on Github (https://github.com/kelseynlucas).

2.4. Turning Equations of Motion

The mass moment of inertia of a body is a measure of how its mass is distributed relative to
a reference axis, often taken as the geometric centroid. It is given by

I =
∫

V
r2dm (1)

where V is the region occupied by the body mass, and r is the distance of each infinitesimal portion of
body mass from the reference axis. In the present case, this mass moment of inertia was approximated
using the area moment of inertia, which is a measure of how the body area in a cross section is
distributed relative to the reference axis:

IA =
�

A
r2dA (2)

where A is the region occupied by a two-dimensional cross-section of the body. The cross-section in
the present measurements was the body symmetry plane illuminated by the laser sheet during PIV
measurements. The area moment of inertia (henceforth called the moment of inertia for brevity) was
calculated using a custom program in MATLAB as described in the following section.

The torque exerted on a body is related to changes to both its angular motion and its moment of
inertia by the following relation:

τ =
d(Iω)

dt
= I

dω
dt

+ω
dI
dt

(3)

where ω is the angular velocity of the body. The first term of the summation incorporates the rate of
change of angular velocity, i.e., the angular acceleration. The second term depends on the change in
the moment of inertia, i.e., changes in body shape or mass.

2.5. Moment of Inertia and Angular Velocity Measurements

Calculations of the moment of inertia for turning sequences used the same smoothed animal body
outlines automatically detected for pressure and torque calculation. A separate custom MATLAB
algorithm subsequently calculated the moment of area for each image. Animal bodies were partitioned
as for the force and torque measurements above, with each of segment of area ai having a centroid
located at distance ri from the whole body centroid. The area moment of inertia for each frame p was
then calculated as:

IP ≈
∑N

i=1
airi

2 (4)

where the summation was taken over the N body segments. Angular velocities of zebrafish during
turns used local body surface position changes to calculate the angle of the line segment connecting the
anterior head region with that of the body centroid. The rate of change of that angle in a lab-fixed frame
determined the fish angular velocity. The hemi-ellipsoidal shape of medusae and shifts within the bell
during contraction required a different approach for angular measurements. Medusan angular changes
were measured by changes of relatively fixed structures within the bell, the gonads, during medusan
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turning. The angle of the selected gonads were measured relative to the lab-fixed frame in successive
images using Image J v1.48 software (National Institutes of Health, Bethesda, MD, USA).

3. Results

Jellyfish (Figure 2a–l)-and zebrafish (Figure 2m–x) both exhibited frequent bouts of turning,
during which flow measurements revealed pronounced changes in fluid velocities and pressure fields
in the water adjacent to the animal (Figure 2f,r, for jellyfish and fish, respectively). These substantial
pressure fields preceded the more pronounced body motions that occurred during the subsequent turn
that changed the animal swimming direction (Figure 2c,o, respectively).

Examination of the body shape during the period of transient pressure buildup led to the
discovery of a small, rapid asymmetric shift in the curvature of the animal body immediately preceding
the turn for both the jellyfish (1.5 ± 1.0 percent change in curvature, n = 10 individuals) and the
zebrafish (0.8 ± 0.2 percent, n = 10 individuals). Although the amplitude of this initial body bend was
small, it occurred over a sufficiently short period of time—few milliseconds—that the corresponding
acceleration of the body was large relative to accelerations during unidirectional swimming. These fluid
accelerations occurred along much of the body surface as the extreme outset of the turn (Figure 3).
The measured peak accelerations preceding the turn were over 1 m s−2. This motion was transmitted
to the adjacent water via a process known as the acceleration reaction or added-mass effect [25].

Figure 3. Rapid fluid accelerations during turn initiation give rise to high torque forces along the
bodies of jellyfish and fish. Fluid acceleration (positive values correspond to vertical motion toward
bottom of page) along animal bodies during turn initiation by medusa (a) Aurelia aurita and zebrafish
(b) Danio rerio. Fluid accelerations in both panels are for the same turning sequences as depicted in
Figure 2, so that the acceleration field in panel (a) corresponds to the high pressure state of Figure 2f,
while panel (b) corresponds to that of Figure 2r.

Because the water is effectively incompressible, the fluid in contact with the body responded to the
high local body acceleration by an increase in the local fluid pressure where the body was advancing
(pushing the water), and a decrease in the local pressure where the body surface retreated from the
local water (pulling the water with it). When integrated over the full animal body, the pressure field
created by the small, asymmetric body bending leads to a large net torque capable of turning the
organism toward a new heading. The more pronounced body motions that occur after the generation
of this pressure field do not contribute greatly to torque generation, but they do reduce the moment
of inertia of the body (Figure 4; see also Figures A1 and A2). Therefore, the body kinematics that
follow peak pressure generation enhance the effect of the generated torque by amplifying the resulting
angular acceleration so that the body rotates rapidly through a turn. This sequence of asymmetric
body kinematics that initially maximizes torque forces and subsequently minimizes the moment of
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inertia resolves the fundamental competition between these two components of rotational motion
during turns. Although the maximum torque generation and minimum moment of inertia do not occur
simultaneously (Figure 5), the inertia of the fluid and of the animal body allows the initial pressure
transient to affect subsequent turning dynamics even as fluid viscosity resists body acceleration during
a turn.

Figure 4. Normalized data for comparison of turning variables between jellyfish and fish.
Patterns represent data for replicate individuals during variable turn excursions (medusa Aurelia aurita,
panels (a–c), n = 6; bell diameters 1.8–5.4 cm, range in turn angles 13–53◦; zebrafish Danio rerio,
panels (d–f), n = 4, fish lengths 3.2–4.4 cm, range in turn angles 17–95◦). Data for each replicate turn
was divided into a uniform number of sample intervals and each variable (time, area moment of inertia,
angular velocity and torque) was normalized by the highest value of each replicate sequence so that
all variables could be expressed in dimensionless form with a maximum value of 1. Solid curves
represent the mean value and dashed lines represent one standard deviation above or below the
mean for each sample interval. Note that peak values do not always reach 1 because they are
averages of all the turns and not all the peak values occurred in the same time interval for every turn.
The original, non-normalized data for each individual replicate are displayed in Figure A1 (medusa)
and Figure A2 (zebrafish).
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Figure 5. Conceptual summary of turning dynamics by the medusa (Aurelia aurita) and the zebrafish
(Danio rerio). Arrows for each axis represent increasing magnitude for that variable. A turn is initiated by
a subtle body bend, which builds torque before the animal turns (changes heading). After peak torque
production, the animal bends its body more radically to minimize its moment of inertia. This decreases
the body’s resistance to rotational motion while increasing angular velocity and turning the animal.
The turning sequence ends as negative torque brakes the turning rotation when the body returns to its
extended configuration with high moment of inertia and low angular velocity. Black circles represent
the center of mass for each body image.

4. Discussion

We observed strikingly similar turning dynamics for both the jellyfish and the zebrafish,
despite their substantially different body organization and swimming kinematics (Figures 2–4).
The dynamical importance of the observed pressure fields for both the jellyfish and zebrafish was
confirmed by computing the net torque (per meter depth) and area moment of inertia of the body.
For turns of varying net change in heading, the initial pressure pattern created by the animals was nearly
constant. The ultimate magnitude of each turning maneuver was instead modulated by asymmetrical
changes in body shape that tuned the moment of inertia and thereby controlled the angular acceleration
of the body. In all cases, the relationships between pressure measurements and turning kinematics
followed a similar sequential pattern (Figure 4).

An essential feature of animal turning by the mechanisms described here is the flexibility of the
body, which enables the animal to dynamically redistribute its mass to manipulate the lever arm of the
propulsive surfaces used to initiate the turn (e.g., the bell margin of the jellyfish and the caudal fin of
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the zebrafish) and the body moment of inertia (Figure 5). For animal swimmers with flexibility and
size scales favoring this process, the performance advantages of this turning strategy may select for
very similar turning kinematics despite the vastly different animal forms studied here.

While the present results motivate further study of turning in other swimming animals whose
locomotion lies between jellyfish and zebrafish, we anticipate that extension of these findings will
depend upon scaling factors that influence the size range over which this approach is effective. In the
regime of swimming at low Reynolds numbers (Re = ULν−1, where U and L are the nominal
animal swimming speed and size, respectively, and ν is the kinematic viscosity of the water),
angular momentum generated during periods of maximum torque would experience rapid viscous
dissipation, leaving little remaining angular momentum to complete the turn during the subsequent
period of major body bending. For large animals with body lengths on the order of tens of meters,
power requirements for rapid body bending may exceed the available muscle capacity. In geometrically
similar animals, angular acceleration scales to the−2/3 power of body mass [26], making it more difficult
for large animals to generate the initial pressure transient or to alter their moment of inertia through
body rearrangement to increase their angular velocity. Hence, very large swimmers such as whales
may not bend as readily as smaller animal swimmers such as zebrafish [27]. However, the majority of
animal swimmers exist within the millimeter to meter size range [28,29], in which a time-varying lever
arm enabled by body bending would provide favorable performance advantages relative to rigid body
turning mechanics.

Although the patterns that we describe here—torque maximization followed by concomitant
alterations in moment of inertia and angular velocity—may appear unexpected for animal swimmers,
a well-developed body of research in the field of human gymnastic diving provides a more intuitive
guide to the mechanics of animal turning. Human divers generate all of their angular momentum
before they leave the springboard and subsequent alterations in turning velocity come about solely
by modulation of the diver’s moment of inertia [30]. The diver’s ability to rapidly rotate through
somersaults and aerial maneuvers depends on the ability to redistribute body mass and alter the diver’s
moment of inertia [31]. Although the animal models documented here capitalized on self-generated
pressure fields rather than a springboard, they utilized analogous patterns to human divers for
increasing angular velocity by decreasing moment of inertia during through turning maneuvers.
The essential physical relationships between time-varying lever arm deployment, moment of inertia
and angular velocity provide a very basic mechanical process enabling rapid turning. For animal
swimmers within the size scales favoring this process, the performance advantages of this sequence
may select for very similar turning kinematics and provide insight into the convergence of very
different animal forms, such as medusae and fish, on similar turning mechanics.

These observations of a large dynamical impact from small kinematic shifts can motivate further
study of the neuromuscular control of aquatic locomotion and engineered systems that aim to be
inspired by animal swimming. In particular, while nature has not converged upon unidirectional
locomotion that leverages similar kinematic subtleties as in turning (i.e., steady, straight swimming
does not exhibit the small body motions observed here), it might be feasible to achieve net propulsion
using such an approach in a robotic system. The pronounced pressure fields observed presently in the
jellyfish and zebrafish are incompatible with unidirectional translation, as they achieve high net torque
but low net force due to the balance of high and low pressure on either side of the animal. However,
it is conceivable that modified kinematics could result in net propulsive force.

More broadly, an appreciation of the important role of turning maneuvers in the success of aquatic
locomotion can influence efforts to understand the role of physical forces in the evolution and ecology
of other animal swimmers. The methods employed here to study freely swimming organisms and to
quantify their dynamics in terms of pressure field manipulations provide a powerful tool to enable
new insights into aquatic locomotion. The solution arrived at by our study organisms allows them to
initially maximize torque production before major body curvature changes that subsequently minimize
the moment of inertia by bending. Further testing with other animal swimmers will be important for
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evaluating whether this pattern has influenced the widespread capability of swimmers to re-arrange
their mass by flexible bending. Application of similar non-invasive approaches can provide new
pathways to understanding the complex physical exchanges that take place between animals and their
surrounding fluids.
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Appendix A

Figure A1. Turning parameters for replicate medusae (Aurelia aurita) executing turns of different
magnitude. Variable designations are same as in Figure 1: torque per unit depth (red line),
angular velocity (blue line) and moment of inertia (green line). Bell diameter and total turn angle for
each turn: (a) 2.7 cm, 53◦, (b) 1.8 cm, 50◦, (c) 2.3 cm, 13◦, (d) 4.9 cm, 30◦, (e) 5.4 cm, 20◦, (f) 2.5 cm, 23◦.
Local peak in torque is indicated by vertical dashed line each panel.
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Figure A2. Turning parameters for replicate zebrafish (Danio rerio) executing turns of different
magnitude. Variable designations are same as in Figure 1: torque per unit depth (red line),
angular velocity (blue line) and moment of inertia (green line). Fish body standard length and
total turn angle for each turn: (a) 4.4 cm, 17◦, (b) 3.5 cm, 95◦, (c) 3.2 cm, 62◦, (d) 3.3 cm, 24◦. Local peak
in torque is indicated by vertical dashed line each panel. The fluctuations in torque near the end of the
turn cycle in panels A–C are within 0.001 mN/m2 and are within the margin of error that includes zero
(Figure 2d).
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Abstract: Many small marine planktonic organisms converge on similar propulsion mechanisms
that involve impulsively generated viscous wake vortex rings, and small-scale fluid physics is
key to mechanistically understanding the adaptive values of this important behavioral trait. Here,
a theoretical fluid mechanics model is developed for plankton jumping, based on observations
that the initial acceleration phase for a jumping plankter to attain its maximum speed is nearly
impulsive, taking only a small fraction of the viscous timescale, and therefore can be regarded as
nearly inviscid, analogous to a one-dimensional elastic collision. Flow circulation time-series data
measured by particle image velocimetry (PIV) are input into the model and Froude propulsion
efficiencies are calculated for several plankton species. Jumping by the tailed ciliate Pseudotontonia sp.
has a high Froude propulsion efficiency ~0.9. Copepod jumping also has a very high efficiency,
usually >0.95. Jumping by the squid Doryteuthis pealeii paralarvae has an efficiency of 0.44 ± 0.16
(SD). Jumping by the small medusa Sarsia tubulosa has an efficiency of 0.38 ± 0.26 (SD). Differences in
the calculated efficiencies are attributed to the different ways by which these plankters impart
momentum on the water during the initial acceleration phase as well as the accompanied different
added mass coefficients.

Keywords: plankton jumping; impulsively generated viscous vortex ring; impulsive Stokeslet;
impulsive stresslet; elastic collision; Froude propulsion efficiency; added mass coefficient

1. Introduction

Marine planktonic organisms play crucial roles in marine ecosystems and biogeochemical cycling
in the world ocean; however, most of them are of microscopic size, having no or limited swimming
capabilities relative to the macroscopic water parcels within which they are embedded. Although the
water parcels themselves may constantly move in a turbulent, eddying way, the fluid environment at
the spatial scales of individual plankters, generally less than a few millimeters, is a dominantly viscous
world. Under oceanic turbulence conditions, a copepod is unlikely to face turbulent diffusion inside the
spherical space of ~10 mm radius surrounding itself [1], while a small phytoplankton experiences only
shear remnants of dissipative turbulent eddies across the space of ~1 mm diameter around itself [2].
Thus, within the fluid immediately surrounding a plankter, the low-Reynolds-number fluid dynamics
together with small-scale diffusion governs the transport of mass and momentum, thereby shaping
the energy, matter, and information flows to and from the plankter. The small-scale fluid physics is
key to mechanistically understanding the adaptations that small marine planktonic organisms engage
in to fulfill three main survival tasks, namely feeding, predator avoidance, and reproduction, in the
three-dimensional viscous water environment [3–7]. The small-scale fluid physics interfaces with the
morphology, behavior, perception, response, and interaction of these small organisms to produce a
variety of fascinating phenomena, patterns, processes, and functions that are fundamentally important
to marine life, population and ecosystem functioning, and evolution.
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Small marine planktonic organisms are morphologically, physiologically, and genetically diverse;
however, living in the viscous water environment that is governed by the same small-scale fluid physics
has driven convergent evolution of some of their key behavioral traits. For example, the ubiquitous,
photosynthetic, jumping ciliate Mesodinium rubrum is a species complex that consists of at least six
genetically diversified clades [8–10]. Nevertheless, morphologically, they all possess an equatorially
located propulsive ciliary belt that enables them to jump both energetically more efficiently and
hydrodynamically more quietly [11]; kinematically, they jump at different speeds according to their
temperature zones but at the same mean jumping distance of around six body lengths, which is
just above the thickness of the nutrient diffusive boundary layer surrounding the cell, indicating the
constraint imposed compellingly by the small-scale advection–diffusion physics of the cell’s immediately
surrounding water [12].

An even more compelling example is that many small marine plankters converge on similar
propulsion mechanisms that involve impulsively generated viscous vortex rings. Despite differences
in body morphology and size and propulsion machinery, copepods, copepod nauplii, squid paralarvae,
small jellyfish, ciliates with contractible tail-like appendages, and freshwater Daphnia species generate
impulsive viscous vortex rings for fast jumping motions [13–19] or feeding currents [20]. The flow
field of an impulsively generated viscous vortex ring can be mathematically described by an impulsive
Stokeslet or an impulsive stresslet [13,14], which are spatially limited and temporally ephemeral,
thereby effectively reducing the predation risk due to a flow-sensing predator. A jump-imposed flow
typically consists of a vortex around the jumping body and a wake vortex, both of which are in a
near mirror-image configuration [21], thereby further reducing the predation risk by confusing the
real position of the jumping body. Moreover, a relocating jump by a copepod achieves an extremely
high Froude propulsion efficiency (>0.9), as revealed by both computational fluid dynamics (CFD)
simulations [21] and particle image velocimetry (PIV) measurements [17]. The Froude propulsion
efficiency (or hydromechanical efficiency [22]) is defined as

η ≡ Wuseful

Wtotal
=

∫ τ
0 T(t)U(t)dt

Wtotal
(1)

where, to reflect the highly unsteady nature of jumping, the useful mechanical work Wuseful is
calculated as the time integral of the product of the instantaneous thrust T(t) and jumping velocity
U(t) over the thrust duration τ, and Wtotal is the total mechanical work done for creating the jumping
motion. Physically, Wuseful is the mechanical work that is done to overcome body drag and accelerate
the body with added mass to the maximum jumping velocity Umax. Although the extremely high
Froude propulsion efficiency for copepod jumping appears quite counter-intuitive with respect to the
dominantly viscous water environment in which the copepod resides, it simply means that the part
of the mechanical work done to generate the wake vortex is significantly smaller than Wuseful. It is
however unknown how the Froude propulsion efficiency varies for jumping by other small plankters
that differ in body morphology and size and propulsion machinery.

In the present study, a theoretical fluid mechanics model is developed to calculate the Froude
propulsion efficiency for fast jumping by a small plankter. The theoretical model is based on the
appropriate assumption that, although the decay phase post the generation of the viscous vortex ring in
the wake by an impulsively applied thrust is a highly viscous process, the initial acceleration phase for
the body to attain Umax is brief and nearly impulsive and therefore can be regarded as a nearly inviscid
process. The theoretical model is used to examine the effects on the Froude propulsion efficiency due to
such factors as jumping impulsiveness, added mass coefficient, and the different ways by which those
small plankters impart momentum on the water during the initial acceleration phase. It is highlighted
that, here, the convergent evolution manifests itself in the behavioral traits which those small plankters
possess to exert thrust on water in an astonishingly quick and impulsive fashion.
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2. The Elastic Collision Model

Here, an elastic collision model is proposed for calculating the Froude propulsion efficiency of
impulsive jumping by a small plankter. The theoretical model is developed by dividing the whole
jumping process into two phases: an initial acceleration phase, in which the body is self-propelled
briefly or impulsively to attain Umax, and then a deceleration phase, in which the body decelerates
under the action of fluid drag while simultaneously the wake vortex ring initially generated in the
acceleration phase decays due to viscosity.

For the acceleration phase, the impulsiveness of jumping ensures that the thrust duration τ is
shorter than the viscous timescale defined as L2/(4ν), where L is a characteristic length scale (e.g.,
the body length) and ν is seawater kinematic viscosity, and that the nondimensional jump number
defined as

Njump =
τ

L2/(4ν)
(2)

is much smaller than 1. In fact, measurements did show that Njump << 1 (see below). Formally,
τ and L are used as the time and length scale to conduct a dimensional analysis of the vorticity
equation Dω

Dt = ω · ∇u+ ν∇2ω; since Njump << 1 implies τ
L2/ν 	 1, the viscous diffusion term ν∇2ω is

negligible compared with the other two terms. Thus, the acceleration phase is approximately inviscid,
and, except for the wake region, the flow around the accelerating body is approximately irrotational.
This has two consequences: firstly, the skin drag can be neglected. Secondly, along with accelerating
the body of mass m to Umax, the body’s surface pressure must increase to supply the force to accelerate
the fluid around the body, i.e., the added mass ma must also be accelerated to Umax in order to set up
the irrotational motion. Therefore, the total impulse of thrust must be (m + ma) Umax [23]. This can be
analogous to a one-dimensional elastic collision: the total momentum (=0 at t = 0) is conserved in that
the maximum momentum achieved by the accelerating body with added mass is equal in magnitude
but opposite in direction to the impulse (ρwater × I) of the wake vortex ring that the body generates by
impulsively exerting thrust on the water, i.e.,

ρwater I = (m + ma) Umax (3)

where ρwater is seawater mass density and I is defined by Equations (A7), (A16), or (A26), respectively,
for three types of wake vortex rings that are considered in the following. Moreover, the total mechanical
energy that the body expends for propulsion is the addition of the maximum kinetic energy achieved
by the accelerating body with added mass [E ≡ 1

2 (m + ma) U2
max] and the kinetic energy (ρwater × K) of

the wake vortex ring, where K is defined by Equations (A8), (A17), or (A27) for the considered three
types of wake vortex rings, respectively. Here, the term “elastic collision” is borrowed to mean that the
initial separation between the accelerating body and the wake vortex ring conserves both momentum
and mechanical energy.

As m = ρbody Vbody and ma = α ρwater Vbody (where ρbody is body mass density, Vbody is body
volume, and α is the added mass coefficient), substituting them into Equation (3) results in an expression
for α:

α =
I

Vbody Umax
− ρbody

ρwater
(4)

Moreover, from Equation (3), E can be rewritten as

E =
ρ2

water I2

2
(
ρbody + αρwater

)
Vbody

(5)

Then, using E and K, the Froude propulsion efficiency can be calculated as

η ≡ E
E + ρwaterK

(6)
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For the deceleration phase, the viscous timescale is now the timescale and therefore the viscous
diffusion term ν∇2ω is no longer negligible; however, the physical properties of the viscously
dissipating wake vortex ring can be used to work out a final formula for calculating the Froude
propulsion efficiency. First, a nondimensional kinetic energy of the wake vortex ring is defined as

κ ≡ K

I1/2 Γ3/2
(7)

where Γ is the circulation of the wake vortex ring. Second, substituting Equations (5) and (7) into
Equation (6) and using Vbody = 4/3πR3 (where R is the equivalent spherical radius of the body) lead to

η =
1

1 + 8π
3 κ

( ρbody
ρwater

+ α
)

R3 I−3/2 Γ3/2
(8)

In Equation (8), I and Γ are informed by PIV measured flow data of the wake vortex ring, and α is
calculated using Equation (4) from measured I and Umax.

In particular, if the wake vortex ring can be approximated by an impulsive Stokeslet (Appendix A),
then it can be shown that

ηiStokeslet =
1

1 + κiStokeslet
3
√
π

( ρbody
ρwater

+ α
) (

R√
νt∗

)3 (9)

where κiStokeslet =
√

2
12 ≈ 0.118 is the nondimensional kinetic energy of the impulsive Stokeslet,

and t* = tmax − t0, where tmax is the time corresponding to the maximum circulation (Γmax) attained at
the end of the acceleration phase (=at the beginning of the deceleration phase), and t0 is the virtual
time origin that is determined by fitting the PIV measured time series of circulation for the deceleration
(or decay) phase to the impulsive Stokeslet model (Equation (A6)).

Similarly, if the wake vortex ring can be approximated by one component of the viscous vortex
ring pair described by an impulsive stresslet (Appendix B), then it can be shown that

ηistresslet =
1

1 + κistresslet
3
√
π

( ρbody
ρwater

+ α
) (

R√
νt∗

)3 (10)

where κistresslet = π
20
√

2
≈ 0.111 is the nondimensional kinetic energy of the impulsive stresslet,

and t* = tmax − t0, where tmax is the time corresponding to the maximum circulation (Γmax) and t0 is
the virtual time origin that is determined by fitting the time series of circulation for the decay phase to
the impulsive stresslet model (Equation (A15)).

The nondimensional kinetic energy of the wake vortex ring, i.e., κ defined by Equation (7), is a key
parameter to describe how energetically costly it is to impose a specific type of wake vortex ring. For a
given impulse I and circulation Γ, the higher the value of κ, the higher the mechanical energy cost that
is required to generate the specific wake vortex ring and therefore the lower the Froude propulsion
efficiency. To illustrate this point, it is hypothetically assumed that a jumping plankter imposes a Hill’s
spherical vortex (Appendix C) in the wake, and then the resulted Froude propulsion efficiency ηHill is
compared with ηiStokeslet and ηistresslet. It can be shown that

ηHill =
1

1 + 10
√

10 κHill
3
√
π

( ρbody
ρwater

+ α
) (

R
a

)3
(11)

where κHill =
√

10π
35 ≈ 0.160 is the nondimensional kinetic energy of Hill’s spherical vortex, and a is the

radius of the vortex. Note that κHill > κiStokeslet, κistresslet.
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For real cases of plankton jumping, time-resolved PIV measured circulation data are fitted to
the above-mentioned viscous vortex ring models to determine t*. Results of t* are then used to
calculate the Froude propulsion efficiencies from Equation (9) or (10). These include published data
for the copepod Acartia tonsa [13,14], the small jellyfish Sarsia tubulosa [16], and the tailed ciliate
Pseudotontonia sp. [18], and previously unpublished data for the squid Doryteuthis pealeii paralarvae,
the copepod Calanus finmarchicus, and the copepod Acartia hudsonica. The PIV methods have been
adequately described previously [13,20].

3. Results

3.1. General Pattern of Jump-Imposed Flow Fields

Jump-imposed flow fields by different plankton species considered in the present study share
a similar general pattern that involves two counter-rotating viscous vortex rings of similar intensity,
one in the wake and one around the jumping body (Figure 1; Supplementary Video Group S1).
The wake vortex ring is generated by the short duration thrust exerted by the plankter’s propulsion
machinery on the water. After attaining its maximum speed during a brief accelerating period, the body
decelerates due to fluid drag, thereby imparting momentum to the surrounding water and generating
the body vortex. Thus, the body vortex lags behind the wake vortex ring roughly by the short duration
of thrust.

 
Figure 1. Time-resolved PIV measurements of jump-imposed instantaneous flow velocity vector and
vorticity fields by (a) a squid Doryteuthis pealeii paralarva, (b) a copepod Calanus finmarchicus, (c) a small
medusa Sarsia tubulosa (PIV data were obtained by [16]), (d) a copepod Acartia hudsonica female, and (e)
a ciliate Pseudotontonia sp. (PIV data were obtained by [18]). The filled color contours are vorticity
fields. The velocity vectors are colored by flow velocity magnitudes. In each panel, the solid red arrow
indicates the jumping direction of the body. Details of the events are presented by Supplementary
Video Group S1.
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3.2. Accleration and Deceleration Phases

For all considered species, their jumping can be divided into an acceleration phase and a
deceleration phase (Figure 2). In the acceleration phase, the body accelerates from rest to the maximum
speed in a short time that is only a small fraction of the viscous timescale. In the deceleration phase,
the body decelerates from its maximum speed under the action of fluid drag; the circulation of the
wake vortex ring reaches its maximum but lags slightly behind the body attaining its maximum speed;
after this, the wake vortex ring decays immediately due to viscosity.

 

Figure 2. Time evolutions of the time-resolved PIV measured circulations (Γ) of the wake vortex ring,
fitted decay-phase circulations (Γ) to the impulsive Stokeslet model, and body speeds (U) for jumps
by (a) a squid Doryteuthis pealeii paralarva, (b) a copepod Calanus finmarchicus, (c) a small medusa
Sarsia tubulosa (data were obtained by [16]), (d) a copepod Acartia hudsonica female, and (e) a ciliate
Pseudotontonia sp. (data were obtained by [18]). The cases presented here are respectively corresponding
to those presented in Figure 1. Time (t) is scaled by the viscous timescale τν = L2/(4ν), where L is the
body length for (a–d); for (e), L = (body length + tail length)/2. In the initial acceleration phase that is
approximately inviscid, the wake vortex circulation increases from 0 at 0 ms to its maximum value
roughly at the time τ (i.e., the thrust duration) through the action of thrust and stretching and tilting of
vortex lines; thus, the viscous solution of the impulsive Stokeslet model does not apply to this phase.
In contrast, in the deceleration phase, the wake vortex circulation stops growing but decays under
the action of viscosity; thus, the circulation fit using the impulsive Stokeslet model only covers the
decay-phase circulation data starting from the maximum circulation. As to the question of why here
the decay-phase circulations are fitted to the impulsive Stokeslet model and not the impulsive stresslet
model, previous data analyses have shown that the flow imposed by a relocating copepod A. tonsa [14]
and by a hopping Daphnia magna [19] can be better described by the impulsive stresslet model, while the
jumping flow imposed by a small medusa S. tubulosa [16] and by a ciliate Pseudotontonia sp. [18] can
be better described by the impulsive Stokeslet model. Similar data analyses also suggest that the
impulsive stresslet model is not a better model for the jumping flow imposed by a squid D. pealeii
paralarva, by a copepod C. finmarchicus, or by a copepod A. hudsonica female (not shown for brevity).
Thus, here, the decay-phase circulations are fitted to the impulsive Stokeslet model for the five species
whose jumping flows are better described by the impulsive Stokeslet model.
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3.3. Jump Number

The jumping plankton species considered in this study have a Reynolds number in the range of
3–300. As the Reynolds number decreases, the nondimensional jump number increases but is always
kept smaller than 1 (Figure 3). Of particular interest are the ciliates, Pseudotontonia sp. and Tontonia
sp., that have contractible tail-like appendages. They operate at a tail-shrinking time in the range of
2.5–13.4 ms, which is only slightly shorter than the power stroke durations of copepods (6–25 ms).
The sizes of the ciliates are at least a few times smaller than those of the copepods; however, the ciliates
can increase their effective length scale by deploying a long tail, thereby effectively increasing their
viscous timescale to keep their jump number smaller than 1.

 
Figure 3. The nondimensional jump number (Njump) as a function of the Reynolds number
(Re ≡ Umax L/ν, where Umax is the maximum jumping speed, L = (body length + tail length)/2
for Pseudotontonia and Tontonia, and L = body length for all other species). For the copepod Acartia tonsa,
data were obtained by [13]. For the small medusa Sarsia tubulosa, data were obtained by [16]. For the
ciliates Pseudotontonia sp. and Tontonia sp., data were obtained by [18].

3.4. Added Mass Coefficient

The added mass coefficients are calculated from Equation (4) for fast jumping by six plankton
species and the calculation results are presented in Table 1. Jumping by the tailed ciliate
Pseudotontonia sp. has an extremely high added mass coefficient of a mean value of 41.0. Relocating
jumping by the copepod Acartia tonsa has an added mass coefficient of 0.26 ± 0.24 (SD). An extremely
fast jump by a copepod Calanus finmarchicus has an added mass coefficient of 1.60 (Example 2 of
Supplementary Video Group S1), while an oblique relocating jump by a copepod A. hudsonica female
has an added mass coefficient of 1.96 (Example 4 of Supplementary Video Group S1). Jumping by the
squid Doryteuthis pealeii paralarvae has an added mass coefficient of 3.19 ± 1.92 (SD). Jumping by the
small medusa Sarsia tubulosa has an added mass coefficient of 0.49 ± 0.34 (SD).
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Table 1. Summary of the calculation results of the added mass coefficient.

Pseudotontonia
sp.

Acartia
tonsa

Acartia
hudsonica

Calanus
finmarchicus

Squid
Paralarvae

Small
Sarsia

tubulosa

Mean 41.0 0.26 1.96 1.60 3.19 0.49
±SD - ±0.24 - - ±1.92 ±0.34

Range 37.07–44.92 0.05–0.53 - - 0.46–6.22 0.12–0.93
n 2 5 1 1 9 4

All calculations assume ρbody/ρwater = 1.

3.5. Froude Propulsion Efficiency

The Froude propulsion efficiencies are calculated from Equation (9) or (10) for fast jumping by
six plankton species and the calculation results are presented in Table 2. Jumping by the tailed ciliate
Pseudotontonia sp. has a high Froude propulsion efficiency of 0.904. Copepod jumping also has a high
Froude propulsion efficiency, usually >0.95, except for an oblique relocating jump by Acartia hudsonica
(0.737; Example 4 of Supplementary Video Group S1). Jumping by the squid Doryteuthis pealeii
paralarvae has a Froude propulsion efficiency of 0.436 ± 0.158 (SD). Jumping by the small medusa
Sarsia tubulosa has a Froude propulsion efficiency of 0.377 ± 0.259 (SD).

Table 2. Summary of the calculation results of the Froude propulsion efficiency.

Pseudotontonia
sp.

Acartia
tonsa 1

Acartia
hudsonica

Calanus
finmarchicus 2

Squid
Paralarvae

Small
Sarsia

tubulosa

Mean 0.904 0.988 0.737 0.953 0.436 0.377
±SD - ±0.009 - - ±0.158 ±0.259

Range 0.900–0.907 0.974–0.997 - 0.953–0.953 0.187–0.675 0.231–0.764
n 2 5 1 2 9 4
1 Calculated using Equation (10) for the impulsive stresslet. All other calculations used Equation (9) for the impulsive
Stokeslet. 2 An added mass coefficient 1.60 was used for both cases.

Figure 4 shows the functional dependencies of both ηiStokeslet and ηistresslet on R√
νt∗ and of ηHill on

R/a (Equations (9)–(11)). For a given α (e.g., α = 0.5; Figure 4), both ηiStokeslet and ηistresslet decrease as
R√
νt∗ increases; since R is the equivalent spherical radius of the body, i.e., a body size scale, while

√
νt∗ is a

size scale for the imposed wake vortex ring when it attains its largest circulation, increasing R√
νt∗ means

decreasing the size of the wake vortex ring at its maximum circulation. Additionally, ηHill decreases as
R/a increases; since a is the radius of the Hill’s spherical vortex, increasing R/a means decreasing the
size of the wake vortex ring.

The Froude propulsion efficiency (η) also depends on the nondimensional kinetic energy of the

wake vortex ring (κ). SinceκiStokeslet =
√

2
12 ≈ 0.118 is very close toκistresslet =

π
20
√

2
≈ 0.111, ηiStokeslet and

ηistresslet are almost identical for given α and R√
νt∗ (e.g., α = 0.5; Figure 4). Because κHill =

√
10π
35 ≈ 0.160

is larger than both κiStokeslet and κistresslet, ηHill is always smaller than both ηiStokeslet and ηistresslet for
given α and R√

νt∗ = R/a (Figure 4).
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Figure 4. Froude propulsion efficiency η as a function of R√
νt∗

based on the impulsive Stokeslet model
(Equation (9)) or the impulsive stresslet model (Equation (10)) or as a function of R/a based on the
model of Hill’s spherical vortex (Equation (11)). For the impulsive Stokeslet model and the model of
Hill’s spherical vortex, two values of the added mass coefficient are considered, i.e., α = 0.5 or 2.0,
while for the impulsive stresslet model, α = 0.5 is considered. All calculations assume ρbody/ρwater = 1.

The Froude propulsion efficiency (η) also depends on the added mass term
( ρbody
ρwater

+ α
)

in

Equations (8)–(11). For
ρbody
ρwater

= 1, as α increases (e.g., α = 0.5 versus α = 2.0; Figure 4), ηiStokeslet,

ηistresslet, and ηHill all decrease. For
ρbody
ρwater

� 1, the denser the body relative to the seawater, the smaller
the Froude propulsion efficiency.

4. Discussion

For jumps of a few species considered in this study, the Froude propulsion efficiencies calculated
using the newly developed elastic collision model can be compared to available previous results
obtained using completely different methods. The Froude propulsion efficiencies calculated in the
present study for jumps of the copepods Acartia tonsa and Calanus finmarchicus (Table 2) compare
well to the previous CFD simulation results that range from 0.94 to 0.98 [21]. The present calculation
results of Froude propulsion efficiencies for the squid Doryteuthis pealeii paralarvae are 0.436 ± 0.158
(SD), ~42% smaller than the previous results of 0.749 ± 0.009 (SD) calculated using PIV-measured
jet properties [24]; however, the previous study used 15 Hz for PIV data acquisition, which was not
enough to temporally resolve the fast-evolving flow, compared with 1000 Hz for time-resolved PIV
in the present study. Nevertheless, these fairly good comparisons suggest that the present elastic
collision model captures reasonably well the fluid physics underlying fast jumping motions of many
small planktonic organisms. The brief and nearly impulsive acceleration phase for the jumping body
to attain its maximum speed can be regarded as a nearly inviscid process, and the jumping body
with added mass and its imposed wake vortex ring can be considered as two particles that separate
elastically from each other.

The added mass coefficients for jumping by six plankton species have also been estimated from
experimental data. To the author’s best knowledge, these are the first estimations of added mass
coefficients for self-propelled jumping plankters. The estimated added mass coefficients differ generally
from that of a towed accelerating sphere (i.e., 0.5), varying significantly for plankton species that
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differ in size, morphology, and propulsion machinery. The ciliate Pseudotontonia sp. deploys a long
tail and shrinks it rapidly to accelerate a large amount of the surrounding water, thereby having an
extremely high added mass coefficient (~41.0); this extremely high added mass coefficient may be an
overestimation but could also be possible because of the big size difference between the cell’s main
body (~90 μm in length) and the sub-cellular tail that is the propulsion machinery (290–900 μm in
length). The relatively high added mass coefficient (~3.19) calculated for the squid Doryteuthis pealeii
paralarva probably is an overestimation as the effect due to the excess weight of the paralarva should
not be neglected in Equation (3). Copepods have a wide range of the added mass coefficient (0.05–1.96),
probably because of their teardrop body shapes and versatile jumping behaviors. The highly deformable
body shape of the small medusa Sarsia tubulosa likely leads to its relatively low added mass coefficient
(~0.49). The added mass coefficient is an important parameter that affects the mechanical energy
cost and efficiency and imposed flow-field of plankton jumping. The term

( ρbody
ρwater

+ α
)

that represents
the added-mass effects appears explicitly in Equations (8)–(11) for calculating the Froude propulsion
efficiency. The Froude propulsion efficiency decreases as body mass density increases relative to
seawater mass density and as the added mass coefficient increases. More research, however, is still
needed to shed light on how plankton’s morphological and behavioral traits determine their added
mass coefficients and in turn how their added mass coefficients affect their individual-level ecological
tasks such as jumping and predator–prey interactions.

The Froude propulsion efficiency decreases as the nondimensional kinetic energy of the wake
vortex ring increases. A viscous vortex ring (pair) generated by an impulsive Stokeslet (stresslet) has
a considerably smaller nondimensional kinetic energy than an inviscid vortex ring such as a Hill’s
spherical vortex (Equations (7), (A9), (A18), and (A28)). Hence, for given impulse I and circulation Γ,
to generate an impulsive viscous vortex ring requires less kinetic energy K than to generate a Hill’s
spherical vortex. It is not unreasonable to assume that, at the end of the acceleration phase of a jump,
the size of the imposed wake vortex ring is similar to the size of the jumping body. For the wake
vortex ring to be approximated by an impulsive Stokeslet or stresslet, this assumption means R√

νt∗ = 1,
and therefore the Froude propulsion efficiency ηiStokeslet = 0.968 (Equation (9) and assuming α = 0.5)
or ηistresslet = 0.970 (Equation (10) and assuming α = 0.5). In contrast, for the wake vortex ring to be
approximated by a Hill’s spherical vortex, this assumption means R/a = 1, and therefore ηHill = 0.412
(Equation (11) and assuming α = 0.5), which is significantly lower. Thus, by the very nature of the
viscous vortex ring, impulsive jumping by small plankters is an energetically efficient propulsion mode.

The specific way by which a jumping plankter generates a viscous wake vortex ring makes a
difference to the Froude propulsion efficiency of its jumping motion. Copepods such as Acartia tonsa
and Calanus finmarchicus beat their swimming legs to generate the viscous wake vortex, and usually
they also bend their urosome to aid this process. As a result, their appendage beating movements
arrange the imparted momentum on the water in such a way that a well-developed, large viscous
vortex ring is generated at the end of the acceleration phase of jumping, thereby achieving R√

νt∗ < 1 to
ensure a high Froude propulsion efficiency. In contrast, being constrained by their evolutionary history,
the squid Doryteuthis pealeii paralarvae use their jet funnel of ~0.2 mm orifice diameter to deliver
momentum on the water. As a result, only a compact, prototype viscous vortex is generated at the end
of the acceleration phase, thereby causing R√

νt∗ > 1 to end up with a relatively low Froude propulsion
efficiency. The small jellyfish Sarsia tubulosa contracts its bell to initially generate a viscous wake vortex
ring; however, likely for feeding purposes, the subsequent bell relaxation draws water into the bell
cavity (Example 3 of Supplementary Video Group S1). As a result, the development of the wake vortex
ring is arrested to some degree, leading to a low Froude propulsion efficiency. These understandings
are visually and qualitatively consistent with available PIV measured instantaneous vorticity fields
when circulations reach their maximum.

The overall size of the viscous vortex ring pair generated by the ciliate Pseudotontonia sp. is
significantly larger than its body size (Figure 1e), because the ciliate boosts its effective length scale by
deploying a long, tail-like, sub-cellular structure, and its jumping is accompanied by an extremely high

54



Fluids 2020, 5, 154

added mass coefficient. This seems to contradict the suggestion that the imposed viscous vortex ring
pair helps to reduce the predation risk due to a flow-sensing predator [18]. An alternative explanation
may be that the ciliate imposes the viscous vortex ring pair to mimic the presence of copepods that
are common predators of protists, thereby scaring away other protistan grazers to reduce feeding
competition on algae.

Finally, the present study has applied two Stokes flow models, i.e., the impulsive Stokeslet and
stresslet, to plankton jumping flows of Reynolds numbers in the range of 3–300. This is only practically
justified by the fact that the decay-phase circulation fits very well to either one of the two models.
The authors of [25] investigated partially the effect due to a small, finite Reynolds number on the time
evolution of an axisymmetric vortex ring by solving the linearized vorticity equation (i.e., the Stokes
approximation). The analytical solution was obtained for an initial condition different from the way a
plankton jumping flow is generated, and no closed-form expression is available for the impulse of the
vortex ring. Thus, it is difficult to apply this theoretical model to plankton jumping flows. It remains
an interesting problem to investigate the finite Reynolds number effects on plankton jumping flows.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5521/5/3/154/s1.
Supplementary Video Group S1: Five examples of fast jumping motions of plankton that are propelled by
generating impulsive viscous vortex rings. Supplementary Video Group S2: Animations of the flow fields and
vorticity fields of an impulsive Stokeslet, an impulsive stresslet, and a Hill’s spherical vortex.
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Appendix A. The Impulsive Stokeslet

An impulsive Stokeslet [13] consists of a point momentum source of magnitude ρI, where ρ is
the mass density of the fluid and I is the hydrodynamic impulse, acting only impulsively for a very
short period of time, formally represented by the Dirac delta function δ(t). In a cylindrical polar
coordinate system (x, r, ϕ) where x, r, and ϕ are respectively the axial, radial, and azimuthal coordinate,
the azimuthal vorticity (ωϕ) and Stokes streamfunction (Ψϕ) for the flow imposed by an impulsive
Stokeslet are, respectively,

ωφ(x, r, t) =
I r

16π3/2 (νt)5/2
e−ξ2

(A1)

Ψφ(x, r, t) =
I r2

2π3/2 (x2 + r2)3/2

( √
π

2
erf(ξ) − ξe−ξ2

)
(A2)

where ξ =
√

x2+r2

4νt , ν is fluid kinematic viscosity, and the error function erf(ξ) = 2√
π

∫ ξ
0 e−y2

dy.
The axial (u) and radial (v) velocity components are

u(x, r, t) ≡ 1
r

∂Ψφ
∂r

=
I

2π3/2

(
2x2 − r2

)
A1 + 2r2A2

(x2 + r2)5/2
(A3a)

v(x, r, t) ≡ −1
r

∂Ψφ
∂x

=
I

2π3/2

xr(3A1 − 2A2)

(x2 + r2)5/2
(A3b)
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where A1 =
√
π

2 erf(ξ) − ξe−ξ2
and A2 = ξ3e−ξ2

. At small time, the far field (i.e., ξ >> 1) of the flow is
approximately irrotational (potential) and behaves as

u =
I

4π
2x2 − r2

(x2 + r2)5/2
(A4a)

v =
I

4π
3xr

(x2 + r2)5/2
(A4b)

and the associated velocity magnitude is

UiStokeslet ≡
√

u2 + v2 =
I

4π

√
4x2 + r2

(x2 + r2)2 (A5)

The circulation (Γ), impulse (I), and kinetic energy (K) of the viscous vortex ring imposed by the
impulsive Stokeslet are, respectively,

Γ(t) ≡
∫ +∞

0

∫ +∞

−∞
ωφdx dr =

I
π(4νt)

(A6)

I(t) ≡ π
∫ +∞

0

∫ +∞

−∞
ωφr2dx dr = I (A7)

K(t) ≡ π
∫ +∞

0

∫ +∞

−∞
ωφΨφdx dr =

√
2

12
I2

π3/2(4νt)3/2
(A8)

The nondimensional kinetic energy of the viscous vortex ring imposed by the impulsive Stokeslet is

κiStokeslet ≡ K

I1/2 Γ3/2
=

√
2

12
≈ 0.118 (A9)

An animation of the flow field and vorticity field of an impulsive Stokeslet is shown in
Supplementary Video Group S2.

Appendix B. The Impulsive Stresslet

An impulsive stresslet [14] consists of two point momentum sources of equal magnitude (ρI),
acting synchronously in opposite direction and separated by distance ε; each momentum source acts
impulsively for a very short period of time, formally represented by δ(t). The definition of the strength
of the impulsive stresslet is M ≡ limε→0,I→∞(Iε) = constant.

The azimuthal vorticity (ωϕ) and Stokes streamfunction (Ψϕ) for the flow imposed by an impulsive
stresslet are, respectively,

ωφ(x, r, t) =
M x r

32π3/2 (νt)7/2
e−ξ2

(A10)

Ψφ(x, r, t) =
−3M x r2

2π3/2 (x2 + r2)5/2

[
−
√
π

2
erf(ξ) + ξe−ξ2

(
1 +

2
3
ξ2

)]
(A11)

The axial (u) and radial (v) velocity components are

u(x, r, t) ≡ 1
r

∂Ψφ
∂r

=
M

2π3/2

x
[(

2x2 − 3r2
)
B1 + r2B2

]
(x2 + r2)7/2

(A12a)

v(x, r, t) ≡ −1
r

∂Ψφ
∂x

= − M
2π3/2

r
[(

r2 − 4x2
)
B1 + x2B2

]
(x2 + r2)7/2

(A12b)
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where B1 = 3
[
−
√
π

2 erf(ξ) + ξe−ξ2(
1 + 2

3ξ
2
)]

and B2 = −4ξ5e−ξ2
. At small time, the far field (i.e., ξ >> 1)

of the flow is approximately irrotational (potential) and behaves as

u =
3M
4π

x
(
2x2 − 3r2

)
(x2 + r2)7/2

(A13a)

v =
3M
4π

r
(
4x2 − r2

)
(x2 + r2)7/2

(A13b)

and the associated velocity magnitude is

Uistresslet ≡
√

u2 + v2 =
3M
4π

√
4x4 + r4

(x2 + r2)3 (A14)

The circulation (Γ), impulse (I), and kinetic energy (K) of each component of the viscous vortex
ring pair imposed by the impulsive stresslet are, respectively,

Γ(t) ≡
∫ +∞

0

∫ +∞

0
ωφdx dr =

M

π3/2(4νt)3/2
(A15)

I(t) ≡ π
∫ +∞

0

∫ +∞

0
ωφr2dx dr =

M

π1/2(4νt)1/2
(A16)

K(t) ≡ π
∫ +∞

0

∫ +∞

0
ωφΨφdx dr =

1

20
√

2

M2

π3/2(4νt)5/2
(A17)

The nondimensional kinetic energy of each component of the viscous vortex ring pair imposed by
the impulsive stresslet is

κistresslet ≡ K

I1/2 Γ3/2
=

π

20
√

2
≈ 0.111 (A18)

An animation of the flow field and vorticity field of an impulsive stresslet is shown in
Supplementary Video Group S2.

Appendix C. Hill’s Spherical Vortex

Hill’s spherical vortex is an axisymmetric vortex ring with the strength of the vorticity within the
vortex proportional to the distance from the axis of traveling (e.g., [26,27]). That is, in a cylindrical polar
coordinate system (x, r, ϕ) with the positive axial (x-) direction coinciding with the traveling direction,
the azimuthal vorticity is given by ωϕ = C r, where C is a constant. Outside the vortex, the vorticity
vanishes, and the flow is identical to that for uniform irrotational flow due to the translation of a sphere.

In a stationary frame of reference, the Stokes streamfunction inside and outside Hill’s spherical
vortex of radius a is given by

Ψin(x, r, t) =
U
2

r2 +
C
10

r2
[
a2 − (x−Ut)2 − r2

]
(A19)

Ψout(x, r, t) =
U
2

r2 − U
2

r2

⎧⎪⎪⎪⎨⎪⎪⎪⎩1− a3[
(x−Ut)2 + r2

]3/2

⎫⎪⎪⎪⎬⎪⎪⎪⎭ (A20)

where U = 2Ca2/15, which is the vortex translation velocity.
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Within the vortex, the axial (uin) and radial (vin) velocity components are

uin(x, r, t) ≡ 1
r
∂Ψin

∂r
= U +

C
5

[
a2 − (x−Ut)2 − 2r2

]
(A21)

vin(x, r, t) ≡ −1
r
∂Ψin

∂x
=

C
5

r(x−Ut) (A22)

Outside the vortex, the axial (uout) and radial (vout) velocity components are

uout(x, r, t) ≡ 1
r
∂Ψout

∂r
= Ua3 2(x−Ut)2 − r2

2
[
(x−Ut)2 + r2

]5/2
(A23a)

vout(x, r, t) ≡ −1
r
∂Ψout

∂x
= Ua3 3r(x−Ut)

2
[
(x−Ut)2 + r2

]5/2
(A23b)

and the associated velocity magnitude is

Uout ≡
√

u2
out + v2

out = Ua3

√
4(x−Ut)2 + r2

2
[
(x−Ut)2 + r2

]2 (A24)

The circulation (Γ), impulse (I), and kinetic energy (K) of Hill’s spherical vortex are, respectively,

Γ ≡
∫ +∞

0

∫ +∞

−∞
ωφdx dr = 5Ua (A25)

I ≡ π
∫ +∞

0

∫ +∞

−∞
ωφr2dx dr = 2πa3U (A26)

K ≡ π
∫ +∞

0

∫ +∞

−∞
ωφΨdx dr =

10
7
πa3U2 (A27)

The nondimensional kinetic energy of Hill’s spherical vortex is

κHill ≡ K

I1/2 Γ3/2
=

√
10π
35

≈ 0.160 (A28)

An animation of the flow field and vorticity field of a Hill’s spherical vortex is shown in
Supplementary Video Group S2.
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Abstract: Calanoid copepods have two swimming gaits, namely cruise swimming that is propelled
by the beating of the cephalic feeding appendages and short-lasting jumps that are propelled by
the power strokes of the four or five pairs of thoracal swimming legs. The latter may be 100 times
faster than the former, and the required forces and power production are consequently much larger.
Here, we estimated the magnitude and size scaling of swimming speed, leg beat frequency, forces,
power requirements, and energetics of these two propulsion modes. We used data from the literature
together with new data to estimate forces by two different approaches in 37 species of calanoid
copepods: the direct measurement of forces produced by copepods attached to a tensiometer and the
indirect estimation of forces from swimming speed or acceleration in combination with experimentally
estimated drag coefficients. Depending on the approach, we found that the propulsive forces, both for
cruise swimming and escape jumps, scaled with prosome length (L) to a power between 2 and
3. We further found that power requirements scales for both type of swimming as L3. Finally,
we found that the cost of transportation (i.e., calories per unit body mass and distance transported)
was higher for swimming-by-jumping than for cruise swimming by a factor of 7 for large copepods
but only a factor of 3 for small ones. This may explain why only small cyclopoid copepods can
afford this hydrodynamically stealthy transportation mode as their routine, while large copepods are
cruise swimmers.

Keywords: copepods; cruising; escape swimming; kinematics; hydrodynamics; power; cost
of transport

1. Introduction

The swimming of pelagic copepods is based on the principle of rowing strokes with oar-like
limbs. The anatomy of the body structure is directly related to the way of swimming, and copepods
are divided into two main groups: the ancient Gymnoplea and the more recent Podoplea [1,2].
In Gymnoplea, which includes the Calanoida, both the cephalic and thoracic limbs participate in
propulsion. The cephalic appendages perform the combined functions of feeding and steady cruise
swimming [3]. In Podoplea, only the thoracic limbs—the swimming legs—are involved in swimming.
The thoracic limbs in all copepods, with the exception of some parasitic taxa, are used for jumping.

The first descriptions of the kinematics of the cephalic appendages of copepods belonged to
Storch and Pfisterer [4] and Cannon [3]. Subsequently, they were supplemented by Lowndes [5] and
developed by Gauld [6] and Petipa [7]. The purpose of these experimental works was to elucidate the
copepod feeding mechanisms, and they were performed using filming, polygraphs, and stroboscopic
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photography. The concept of filtration feeding was developed based on these studies. More advanced
high-speed filming later revealed that the feeding mechanism is not the filtering of particles through
a sieve; rather, the feeding current is a scanning current [8]. The use of high-speed filming made it
possible to reveal new details of the complex interaction of the cephalic limbs during feeding and
movement, and it was demonstrated that the frequency of cephalic limb beating in copepods varies
between 20 and 40 Hz but can reach 70–80 Hz [9–12]. Thus, even during slow swimming, the limbs
oscillate so fast that analyzing their action requires video recordings with a frequency of 700–800 Hz
to obtain a good resolution of the leg stroke phase. During escape swimming, the requirements for
recording frequency are even higher because limb frequencies may be as high as 200 Hz [13].

Storch [14] may have been the first to use a high-speed movie camera at 120 frames per second to
study the jumping behavior of freshwater cyclopoid copepods. He described the metachronal strokes of
the thoracic legs of Cyclops scutifer during avoidance response. Subsequent studies, using increasingly
higher frame rates of up >3000 fps, estimated incredibly high swimming speeds during escape jumps of
>500 body lengths per second, and they provided detailed descriptions of the movement of the feeding
appendages and swimming legs during cruise swimming and jumps [7,15–22]. These high resolution
observations of swimming speeds and appendage kinematics provided the basis for estimations of
the force production and energetics of copepod propulsion [23–28]. From observations of speed or
acceleration, together with estimates of drag of the moving body or limbs, it is possible to estimate
force production.

An alternative approach to estimate force production during swimming and jumping is to directly
measure forces of animals tethered to a tensiometer [29–32], a spring [33], or an aluminum wire whose
deflection is calibrated and monitored by a displacement sensor [34,35].

The aim of this synthesis was to describe limb kinematics and examine the magnitudes and size
scaling of force production and energy expenditure during cruise and jump swimming in copepods.
We combined available literature data with our own new data on swimming speed, appendage
kinematics, drag measurements, force measurements on attached specimens, and direct and indirect
estimates of force production. We analyzed observations by means of simple theoretical models,
and we provide correlations that reflect size scaling laws for kinematics, force, power, and drag. All
symbols used are listed in Table 1.

Table 1. List of symbols.

a acceleration
c hydrodynamic shape factor
Cd coefficient of drag
Ct energy consumption per unit body mass and time
D diameter of body
D duration
E energy
F frequency of beat
K empirical constant
la effective length of second antenna
L prosome length
M body mass
N power, energy per unit time
Re Reynols tal, ρLU/μ
Rd drag force
Rp propulsive force
S sectional area of body
S distance
Sloc locomotor step length
U body speed
Ua circular speed of second antenna
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Table 1. Cont.

Greek
α angle of second antenna beat
μ dynamic viscosity
ν kinematic viscosity, μ/ρ
ρ density

Subscripts
att attached, tethered to force sensor
cr cruising, free
d drag
esc escape jump
kick kick, jump
max maximal
mean mean
min minimal
p propulsion
st stroke phase

2. Locomotor Function of Appendages

2.1. Cruise Swimming

The cephalic appendages serve the functions of propulsion and the capture of food particles.
Depending on the degree to which the cephalic appendages combine these functions, one can identify
three main kinematics (Figure 1). For an older group of cruising feeders (Figure 1A), such as
Calanus, Paracalanus and Pseudocalanus that consume food particles during continuous uniform
swimming, the main feature of their limb movement is the antiphase action of the second antennas
and maxillipeds [3,5,10].

Figure 1. Schematic representation of the action of cephalic appendages in calanoid copepods in terms
of their angular movements during cruise swimming. Each line starts from the nearest drawn cephalic
appendages. (A): Calanus helgolandicus. The red and two thin black lines directed downward correspond
to the angular movement of second antennas, mandibles, and maxillas; the blue line directed up
corresponds to the movement of maxillipeds (from [12]). (B): Eurytemora affinis. The upper red and blue
lines show the movement of exopodite and endopodite, respectively, of the second antenna; the lower
red and blue lines correspond to the movement of the exopodite and endopodite, respectively, of the
mandible. (C): Anomalocera patersoni. Red, blue, and black lines correspond to movement of second
antennas, mandibles, and maxillas, respectively.

The limb kinematics determines the resulting propulsive force, which allows the copepods to
swim steadily (Figure 2A). This is evidenced by experiments with the amputation of individual pairs
of cephalic appendages. After the amputation of the maxillipeds, the force resulting from the partially
antiphase action of the second antennas, mandibles, and maxillas has been found to remain the same,
but a pronounced inverse component of the force has been found to appear (Figure 2B). It was found
that the amplitude of the force of the second antennae alone is higher again than the force resulting
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from the combined action of all the cephalic limbs (Figure 2C). As a consequence, the net propulsion
force is reduced with the simultaneous multidirectional action of all limbs.

Figure 2. Mechanograms of the resulting propulsive force versus time of the cephalic limbs in Calanus
helgolandicus attached to a semiconductor force sensor. (A): All cephalic limbs active. (B): After the
amputation of maxillipeds. (C): After the amputation of all mouth appendages, leaving only the second
antennas active (from [10]).

The next group, “feeding current feeders” (Figure 1B), produce a feeding current while (almost)
hovering. The group includes Eurytemora, Pseudodiaptomus, and Limnocalanus, which create a constant
propulsive force mainly due to the antiphase action of the endo- and exopodites of antennas and
mandibles, which Lowndes [5] figuratively compared with “trick-swimming motion.” In Temora
longicornis, the first maxillae participate in the movement too, though they do so with a significantly
lower amplitude of action [17]. During feeding, these species can hover in water or attach to a substrate
to select food particles from water currents moving along the body. Such calanoid copepods often
alternate feeding current feeding with small relocation jumps.

A third group of larger copepods with a predominantly predatory type of feeding, such as
Pontella and Anomalocera, capture food with the maxillipeds and move through the water thanks to the
sequential power strokes of the second antennas, mandibles, and maxillas (Figure 1C). During the
synchronous return movement of these limbs, the speed of the copepods markedly decreases, making
their swimming erratic.

Yet another group can be separated, i.e., copepods that display less regular kinematics for feeding
and swimming and belong to the evolutionarily latest ambush feeders. This group includes the
Acartiidae family. They can be ambush feeding while slowly sinking and intermittently performing
short relocation jumps to remain suspended, or they can perform short feeding bouts similar to cruise
feeders, interrupted by periods of passive sinking [11,36].

Unlike calanoid copepods, cyclopoid copepods have completely lost their ability to move by using
the cephalic appendages. The cyclopoids are extreme ambush feeders that capture single food objects
and move using only the thoracic limbs and the abdomen (see below). This may be a classic example
of a progressive reduction in limb function (oligomerization).

2.2. Jump Swimming

The jumping, erratic swimming of Gymnoplea and Podoplea is of the same type and is due to
the sequential strokes of the thoracic limbs (swimming legs) that have a very similar structure in
all free-living copepods [37]. In the Podoplea, this is the routine way of locomotion, and in both
groups, the jumps can be particularly powerful—escape jumps—and accelerate the copepod within
milliseconds to >500 body lengths per second [19].
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The difference between species lies in the number of limbs that generate thrust. For example, all
Cyclopoida and some Calanoida-like pontellids have four pairs of swimming legs, while copepods
of the genus Calanus have five pairs. The thoracic legs rotate because of the contraction of nearly all
indirect truncal muscles—both the longitudinal, ribbon-like ones located mainly at the dorsal side along
the whole body and the transverse ones located in each thoracic segment (Figure 3A,B). All thoracic
limbs of Calanus helgolandicus are united in one kinetic chain (Figure 3C) that defines the metachronal
sequence of their beating during the power stroke phase of the kick [38]. A similar fastening of the
swimming legs has been described for Rhincalanus [39] (Figure 80) and Mormonilla [40] (Figure 81).
The longitudinal dorsal muscles, when contracting, telescopically compress thoracic segments at the
dorsal side, and, vice versa, they expand them at the ventral side so that the legs of the last thoracic
segment are the first to be kicked into action. Each pair of legs turns under the principle of a lever,
whose rotation axis is the place of connection of the intercoxal sclerite with the sternal sclerite located
at the front segment. The connections of the coxopodites of the limbs, and the ventral projections of
tergite are the points of muscle application.

 

Figure 3. Calanus helgolandicus. (A): Longitudinal truncal muscles scheme: 1—dorsolateral muscle
bundles; 2—ventral muscle bundles. (B): Indirect dorsoventral muscles of the third and fourth pereion
segments: 1—protractors (prepared in the fourth segment); 2—lateral retractor; 3—small medial
retractor; 4—big medial retractor (prepared in the fourth segment); 5—medial apodema; 6—lateral
apodema of thoracic limbs (from [29] with changes). (C): Scheme of activity of kinetic chain of limbs:
a—initial position of limbs; b—stroke by 5 and 4 pairs; c—position of limbs at the end of the stroke
phase (adapted from [38]).

The backward shifting of these points relative to the segment located ahead leads to the leg
turning from a forward position to the position initially perpendicular to the body. Subsequently,
the contraction of the longitudinal muscles of the body is enhanced by the contraction of dorsoventral
muscles compressing the given segment in the transverse plane. As a result, the legs are brought
into rear position by the joint efforts of longitudinal and transverse muscles. This mechanism of limb
action is similar to the indirect flight mechanism of insects [41]. Thanks to the large number of muscles
brought into action during a power stroke, copepods are capable of developing a mechanical muscle
power output that is extreme for animals, including flying insects [22,34,42,43].

The abdomen may function as a rudder during jumps [5] and in some species, e.g., Oithona davisae,
also provides propulsion force (personal observation).

In the calanoid copepods, the first antennae (or antennules) are the longest appendages of the body.
When extended, they stabilize the position of the body [44] and slow down the sinking speed of inactive
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individuals, since all copepods, except for some phases of their ontogenesis, are negatively buoyant [45].
Some studies have suggested that in Eurytemora affinis, the antennae are active contributors to the
production of propulsive force [46]. However, numerous high-speed studies of relocation jumps have
shown that the antennules are pressed close to the body during the first power stroke of a jump event,
and they then remain passive during subsequent power strokes [16,19,30,47]. An exception is the
swimming of males of the genus Oithona that swim due to power strokes of almost all limbs, including
short antennae, cephalic appendages, thoracic limbs, and the abdomen [47,48].

3. Scaling of Swimming Kinematics

3.1. Cruising of Calanoid Copepods

To identify the large-scale patterns of cruise swimming copepods, we used our own and published
data obtained by high-speed methods to simultaneously determine the swimming speed (U, cm s−1)
and beat frequency of cephalic appendages (F, Hz) as a function of the body length (L, cm) of individual
specimens (Table 2). Swimming speed increases with body length to a power of approximately
1.4; ‘the locomotor step length’ (Sloc), i.e., the distance that the copepod covers during one beat
cycle, increases approximately with the square of the body length; and limb beat frequency varies
approximately inversely with the square root of body length (Figure 4).

Table 2. Kinematic parameters of cruise swimming calanoid copepods at 20 ◦C. Lpr: prosome length;
Lan: effective length of second antenna, measured as the distance from body to mid-area of marginal
bristles of endopodites; nind: number of individuals; nm: number of measurements; F: frequency of
cephalic appendages at cruising speed; U: horizontal body speed; Sloc = Ubody/F: locomotor step.

Species L (cm) nind/nm F (Hz) U (cm s−1) Sloc (cm) Source

Paracalanus parvus 0.063 8/56 63.9 ± 12.4 0.31 ± 0.15 0.005

Present data

-”- 3/8 75.9 ± 5.3 0.8 ± 0.25 0.011

Acartia tonsa
0.084 8/86 77.8 ± 4.6 0.33 ± 0.4 0.004

-”- 4/32 66.0 ± 5.1 0.4 ± 0.6 0.006

Centropages ponticus 0.084 6/34 69.0 ± 8 0.45 ± 0.13 0.007

Pseudocalanus elongatus 0.084 7/24 41.8 ± 7.3 0.56 ± 0.27 0.013

Euritemora affinis 0.08 2/54 68.4 ± 3.2 0.64 ± 0.29 0.009
-”- 1/3 66.7 ± 2.4 0.45 ± 0.13 0.007

Centropages typicus 0.112 11/109 39.6 ± 4.1 0.81 ± 0.38 0.020
-”- 1/4 42.7 ± 1.3 1.37 ± 0.33 0.032

Limnocalanus macrurus 0.18 4/40 41.7 ± 5.5 0.84 ± 0.09 0.020

-”- 1/5 39.7 ± 4.3 0.53 ± 0.01 0.013

Pontella mediterranea 0.20 5/26 23.4 ± 1.2 3.1 ± 0.57 0.132

-”- 2/8 26.3 ± 1.7 2.5 ± 0.8 0.153

Calanus helgolandicus 0.27 7/82 36.0 ± 2.7 2.16 ± 0.45 0.060

-”- 4/9 41.3 ± 5.2

Anomalocera patersoni 0.25 3/38 26.4 ± 10.1 3.5 ± 1.7 0.133

-”- 6/26 21.3 ± 4.1
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Table 2. Cont.

Species L (cm) nind/nm F (Hz) U (cm s−1) Sloc (cm) Source

Pseudodiaptomus marinus 0.082 5/39 80.4 ± 6.8 0.24 ± 0.06 0.003

Paracalanus parvus 0.06 63.0 ± 6 0.35 ± 0.05 0.006

[32]

0.063 72.3 ± 4

Pseudocalanus elongatus 0.08 45.2 ± 5 0.48 ± 0.17 0.011

Centropages ponticus 0.086 64.0 ± 1

Acartia clausi 0.095 51.7 ± 10

Pontella mediterranea 0.24 27 ± 3

Calanus helgolandicus 0.26 39.1 ± 5 2.69 ± 0.1 0.068

Neocalanus gracilis 0.25 28.0 ± 2

Euchirella messinensis 0.35 29.1

Euchaeta marina 0.3 55.0 ± 5

Pleuromamma
abdominalis 0.23 37 ± 3

Phaenna spinifera 0.14 59.5 ± 3

Calanus helgolandicus 0.27 3.2

[49]

Rhincalanus nasutus 0.5 0.59
Euchirella curticauda 0.36 2

Euchaeta marina 0.33 2.5
Scolecthrix sp, 0.18 1.1

Anomalocera patersoni 0.31 5.32

Diaptomus kenai 0.18 0.5 ± 0.1
[50]Diaptomus tyrelli 0.08 0.05

Diaptomus hesperus 0.15 50 0.31 0.006

Eucalanus pileatus 0.14 18 [51]Paracalanus parvus 0.07 83

Centropages typicus 0.14 55 [52]

Calanus sinicus 0.23 1.14 [53]

Temora longocornis 0.09 32. ± 3 [54]

Eurytemora hirundoides 0.084 0.34 [55]

Acartia granii (females) 0.101 0.33 ± 0.5

[48]

Temora longicornis
(females) 0.074 0.14 ± 0.19

Temora stylifera (females) 0.107 0.33 ± 0.35
Pseudocalanus elongatus

(females) 0.079 0.2 ± 0.26

Acartia granii (males) 0.088 0.34 ± 0.84
Temora longicornis

(males) 0.068 0.3 ± 0.23

Temora stylifera (males) 0.099 0.72 ± 0.46
Pseudocalanus elongatus

(males) 0.064 0.28 ± 0.3

Temora longicornis 0.085 40.7 ± 8 0.48 ± 0.9 [17]

Centropages velificatus 0.12 0.7 [56]Paracalanus aculeatus 0.1 0.2

Euchaeta rimana 0.25 0.75 ± 0.04 [57]
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Figure 4. (A): Regressions of average speed (U). (B): Limb beat frequency (F). (C): ‘Locomotor step
length’ (Sloc) versus prosome length (L) during cruise swimming (data from Table 2). Black circles are
own data obtained from 1200 fps videos. Empty circles are literature data. The power-law regressions
were based on all data, U = 13.4 L1.4 (R2 = 0.69); F = 16.0 L−0.53 (R2 = 0.59); Sloc = 1.36 L2.03 (R2 = 0.73).

3.2. Kinematic Analysis of Escape Reaction

Since even modern high-speed cameras do not allow for long-term recordings of animal activity,
the copepod escape reaction may be synchronized with video records by various external means of
stimulation, such as short, weak electrical pulses [30,31] or photic and hydrodynamic stimuli [19,20,58].
In our studies, we used short electrical impulses (see [30,31]). With this dosage, we observed a stable
and maximum motor response. Another advantage is that all the copepod species studied by us
showed positive galvanotaxis. With the lateral placement of the electrodes, this increased the likelihood
of individuals moving in the focal plane of the camera lens, therefore providing sharper images.
After each period of stimulation, the copepods were replaced with new animals.

Video sequences showing specimens moving in the focal plane were selected for frame-by-frame
analysis. We digitized the geometric center of the prosome of the copepod and computed velocities
from the change of this position between frames. Video recording was performed at 1200 fps with
a back collimated beam of light from a 5 W LED lamp. All measured parameters describing the
kinematics of the escape reaction are explained in the Supplementary Table S1.

It has been previously shown that the direction of trajectory can change dramatically, even up to a
complete turn, during a power stroke [19,28].

However, even during rectilinear movement, power strokes by the abdomen and swimming legs
cause a dorsal rotation of the body, while returning the limbs to their original position leads to the
rotation of the body in the ventral direction [31]. Particularly pronounced are such body rotations in
copepods with elongated abdomens. For example, in the cyclopoid copepod Oithona davisae with a
total body length of 0.05 cm, the ventral deviation of the body axis from the direction of movement at
the end of the kick has been found to reach 90◦. From this position, the next kick starts (Figure 5).
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Figure 5. Instantaneous body positions of Oithona davisae (A) and Limnocalanus macrurus (B) during
escape kick, the trajectory of three individuals of Calanus helgolandicus stimulated by electrical impulses
(C), and the instantaneous positions of the body at the end of stroke and recovery phases of kick (D).
Note, only characteristic body positions are shown in (A,B) (present data). (C,D) are from [31].

In larger (0.3 cm) calanoid copepods of Limnocalanus macrurus with a very long abdomen,
the turning of the body axis has been found to reach 45◦. For copepods with a relatively short abdomen,
such as Paracalanus and Calanus, the angular amplitude of oscillations of the body axis relative to the
direction of motion is about 30◦. Nevertheless, in small Acartia tonsa (<0.1 cm), the body angle can vary
within 55◦ [13]. All copepods also rotate their body around their longitudinal axes [19,31].

3.2.1. Instantaneous and Average Speed of Escape Reaction

A complete escape reaction is made up of a series of kicks [22,31,59,60]. During the inertial phase
between kicks, the velocity decreases to Umin immediately before the next kick. In the smallest Oithona
davisae and Oithona nana (~0.03 cm prosome length), the average Umin was 2.8 ± 1.4 cm s−1 (Figure 6)
and increased in large (0.28–0.39 cm) species to 28.7 ± 9.7 in Calanus helgolandicus, 45.0 ± 15.6 cm s−1 in
Euchirella messinensis [60], and about 40 cm s−1 in Calanus finmarchicus [22].

Oithona davisae

Paracalanus parvus

Centropages typicus

Limnocalanus macrurus

Calanus helgolandicus

 

Figure 6. Instantaneous speeds of 5 species of copepods during the escape reaction.
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It has previously been shown that both the maximum and average speed of escape reaction
correlate with the size of the copepod body [20–22,28,60–63]. Our new data included the results of the
video recording (1200 fps) of the escape reaction of 15 species of copepods and updated results of the
old filming (3000 fps) of the escape reaction of the larger Mediterranean copepods Euchaeta media and
Euchirella messinensis (Table 3).

Table 3. Kinematic parameters of the escape reaction in calanoid and cyclopoid copepods at 20–22 ◦C.
Lpr: prosome length, cm; Umax: maximum instantaneous speed, cm s−1; Ukick: mean speed of kick,
cm s−1; Dkick: total duration of kick, s; Skick: total distance of kick, cm; N: number of measurements.
Average values are means ± standard deviation. The literature data included in the table were obtained
with a high-speed registration of at least 500 fps.

Species Lpr, cm N
Umax,

cm s−1
Ukick,

cm s−1 Dkick, s Skick, cm Source

Oithona davisae 0.028 41 17.5 ± 6.3 10.0 ± 3.7 0.0081 ± 0.0023 0.065 ± 0.016

Present
data

Oithona nana 0.031 25 21.4 ± 2.5 10.1 ± 1.2 0.0076 ± 0.0009 0.074 ± 0.012
Oithona similis 0.045 35 12.1 ± 2.3 0.0077 ± 0.0011 0.093 ± 0.014

Paracalanus parvus 0.06 30 20.8 ± 3.9 11.9 ± 2.5 0.0066 ± 0.0011 0.077 ± 0.013
Pseudodiaptomus marinus 0.082 17 56.6 ± 7.7 31.9 ± 3.9 0.0075 ± 0.0008 0.238 ± 0.033

Eurytemora affinis 0.08 13 38.7 ± 5.2 21.9 ± 2.7 0.0083 ± 0.0012 0.182 ± 0.028
Acartia clausi 0.089 29 48.3 ± 9.9 28.1 ± 6.0 0.0062 ± 0.0013 0.170 ± 0.039
Acartia tonsa 0.085 9 54.5 ± 4.4 30.2 ± 3.2 0.0059 ± 0.0008 0.176 ± 0.022

Centropages ponticus 0.084 5 27.2 ± 8.1 16.9 ± 4.7 0.0105 ± 0.0004 0.177 ± 0.052
Pseudocalanus elongatus 0.086 17 36.0 ± 4.5 19.8 ± 2.8 0.0082 ± 0.0010 0.163 ± 0.037

Centropages typicus 0.112 14 39.8 ± 6.1 22.1 ± 5.4 0.0120 ± 0.0031 0.256 ± 0.051
Limnocalanus macrurus 0.19 18 55.1 ± 11.6 25.5 ± 4.7 0.0220 ± 0.0065 0.544 ± 0.108
Pontella mediterranea 0.21 19 74.2 ± 24.6 44.0 ± 14.6 0.0112 ± 0.0025 0.469 ± 0.135
Anomalocera patersoni 0.26 18 88.01 ± 8.9 57.1 ± 13.7 0.0095 ± 0.0014 0.532 ± 0.102
Calanus helgolandicus 0.27 16 73.81 ± 8.3 45.8 ± 15.4 0.0150 ± 0.0050 0.629 ± 0.110

Oncaea conifera 0.08 6 14.7 ± 2.4 0.0082 ± 0.0025 0.204 ± 0.021

[29]

Corycaeus limbatus 0.07 4 11.3 0.0083 0.095
Pseudocalanus elongatus 0.09 9 36.4 ± 6.1 21.2 ± 4.7 0.0068 ± 0.0007 0.142 ± 0.025

Undinopsis similis 0.10 4 9.7 ± 3.5 0.0137 ± 0.0027 0.134 ± 0.013
Pleuromamma abdominalis 0.24 10 25.0 ± 1.9 0.0147 ± 0.0002 0.386 ± 0.042

Euchaeta media 0.24 5 18.3 ± 1.8 0.0121 ± 0.0013 0.220 ± 0.029
-‘’- 0.29 3 36.1 ± 2.2 0.0128 ± 0.0038 0.432 ± 0.047

Euchirella messinensis 0.32 4 83.8 ± 22.0 41.5 ± 4.3 0.0153 ± 0.0008 0.708 ± 0.026
-‘’- 0.39 3 116.0 ± 6.8 71.5 ± 4.5 0.0153 ± 0.0006 1.112 ± 0.105

Anomalocera patersoni 0.38 5 102.9 ±
14.6 64.9 ± 8.3 0.0061 ± 0.0010 0.404 ± 0.108

Oithona davisae 0.03 68 19.8 ± 4.2 10.1 ± 2.1 0.0074 0.075 ± 0.016
[22,28]Acartia tonsa 0.074 59 37.8 ± 9.6 24.1 ± 5.3 0.0076 0.185 ± 0.024

Calanus finmarchicus 0.30 75.6 0.013

Acartia tonsa 0.083 55 44.6 ± 15 25.6 ± 10

[19,21,58]Acartia lilljeborgii 0.103 56 48.6 ± 11.7 23.2 ± 7.6
Temora turbinata 0.074 49 46.3 ± 5.3 25.3 ± 3.3

Paracalanus parvus 0.066 30 40.7 ± 2.9 22.7 ± 2.0

Temora turbinata 0.074 21.5 ± 5.5 10.3 ± 5.6

[64]Centropages furcatus 0.10 20.8 ± 1.7 11.5 ±1.6
Subeucalanus pileatus 0.205 45.3 ± 3.2 25.6 ± 2.5
Pontella marplatensis 0.23 47.7 ± 17.2 24.3 ± 9.4

Parvocalanus crassirostris 0.039 17 0.0034 ± 0.004 0.13 ± 0.01 [63]Eurytemora affinis 0.077 34.2 ± 4.4 18.1 ± 10.2 0.0101 ± 0.001 0.21 ± 02

Acartia hudsonica 0.075 14 38.7 ± 10.0

[20]Tortanus discaudatus 0.122 21 53.6 ± 5.7
Centropages hamatus 0.099 9 38.6 ± 2.8

Temoralongicornis 0.059 4 26.2 ± 2.8

Euchaeta elongata 0.41 8 31.4 ± 4.8 [65]Euchaeta rimana 0.24 7 27.6 ± 3.2

Paraeuchaeta elongata 0.40 120 [66]Calanus pacificus 0.22 7 53 ± 7

Bestiolina similis 0.054 26.3 ± 5.5 [67]

These data allowed us to examine the size-scaling of escape speeds stimulated by electric impulses
at 20 ◦C over a large size range, and Umax, Umin, and Umean all scaled approximately with prosome
length to power of 3/4 (Figure 7).
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Figure 7. (A): Maximum (•) and minimum (�) species-specific instantaneous speed in a continuous
sequence of kicks of the escape reaction stimulated by electrical impulses; Umax = 194.9 L0.66 (R2 = 0.87)
and Umin = 70.0 L0.83 (R2 = 0.70). (B): Mean speed of escape reaction stimulated by various impulses,
including predatory fish (data from Table 3); Umean = 82.0 L0.60 (R2 = 0.62).

3.2.2. Acceleration and Time Scale Features

Another important characteristic of the avoidance reaction is the acceleration of the body, which we
calculated as a = (Umax − Umin)/t, where Umax and Umin are the maximum and minimum speed during
time of acceleration t. Body acceleration scales with size, approximately in the same way as jump speed
(Figures 7A and 8A), while we did not find a significant effect of size on acceleration duration, nor on
the duration of the power stroke. The total duration of a kick (Dkick), however, increased significantly
with copepod size (Figure 8B).

 
Figure 8. (A): Acceleration versus prosome length; a ~ L0.62 (R2 = 0.50). (B): Duration of kick; Dkick =

0.021 L 0.34 (R2 = 0.51).

3.2.3. Distance of Kicks

The number of kicks in a continuous series of escape reactions varies widely depending on the
intensity and method of stimulation [21,22]. Usually, the maximum and mean speed of kicks decrease
towards the end of the escape reaction due to the exhaustion of the energy resource. In addition to our
old and new data, we were able to use only a few literature sources to analyze the escape movement of
copepods (see Supplement Table S1). The distance covered during both the copepod stroke phase Sst

and the entire kick phase Skick scaled with prosome length as L0.8 and L0.88, respectively (Figure 9).
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Figure 9. Distance covered during total kick phase (•) and stroke phase (�) approximated as Skick =

1.55 L0.88 (R2 = 0.84) and Sst = 0.93 L0.8 (R2 = 0.82), respectively.

4. Force Estimation and Size Scaling

Forces of interest are those of drag and power stroke, and they can be determined in several ways.
Drag can be directly measured by observing the sinking speed of models or immobilized specimens,
or it can be measured indirectly by observing the non-propulsive deceleration of swimming specimens.
The force production of beating appendages can be estimated from hydrodynamic models of the power
stroke or from the equation of motion, observed velocity, and the acceleration of swimming specimens.
The force production can also be directly estimated by measuring the force of hydrodynamically scaled
physical models subject to a known water velocity, or it can be measured by a force sensor to which
animals are attached.

4.1. Force Production in Copepods Tethered to Force Sensor

Comprehensive studies of the force production of copepods during cruising and jump reactions
were performed using a semiconductor cantilever sensor [10,30–32,60,68] (Figure 10). The sensitivity
of the sensors was sufficient to measure the force produced by the small cephalic appendages of the
calanoid copepods P. parvus with a prosome length of 0.62 mm.
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Figure 10. Force sensor (1 and 2: frontal view) and Calanus helgolandicus (euxinus) female (3: lateral
view) attached to the end of the glass rod. 1—four semiconductor tensoresistors of 2 × 0.2 × 0.05 mm,
pairwise connected in one plane according to the scheme of the Wheatstone bridge; 2—glass rod of
4 mm length in the case of measuring the force production of copepods during the escape reaction and
8–10 mm in the case of routine locomotion.

The results are shown in Figure 11 and Table 4. Figure 11A shows the integral average (defined as
the area of pulse strength divided by pulse duration) of the force production by cephalic appendages
during the cruise movement (Rp,cr,att) for eight species of the Black Sea and Mediterranean copepods
with a prosome lengths (L) from 0.062 to 0.28 mm. Despite significant differences in the kinematics of
the cephalic appendages in different species, the variation of Rp,cr,att with L showed a high degree of
correlation (R2 = 0.91) approximated by the power-law (Figure 11A):

Rp,cr,att = 3.7 L2.03. (1)

The same high correlation with the prosome lengths (R2 = 0.89) was established for the average
traction force (Rp,esc,att) of thoracic legs during escape reactions (Figure 11B):

Rp,esc,att = 384 L2.2, (2)

as well as for the maximum instantaneous force during escape locomotion (Figure 11C; Table 3).
The average ratio of forces produced during escape and cruising locomotion has been seen to be

about 100 (Table 4). This is much more than the ratio of forces during jumping and the displacement
of higher aquatic and terrestrial animals, reaching only about 40 [69]. Of fundamental importance,
Equations (1) and (2) show that the force production of both types of locomotion depends on the square
of body size. This is consistent with M. Rubner’s “surface rule”, which states that in morphologically
similar animals, the force available to them is proportional to the sectional area of the muscles or
the square of the linear dimensions of the body [70]. Below, we consider the extent to which the
length-square rule of the thrust force revealed on the attached copepods is confirmed by the kinematics
and dynamics of their free swimming.
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U. vulgaris
C. finmarchicus

C. scutifer

 
Figure 11. Propulsive force created by the Black and Mediterranean Seas copepods attached to
semiconductor force sensor at 21 ± 2 ◦C (Table 3). (A): Mean resulting force of cephalic appendages
in Paracalanus parvus (•), Pseudocalanus elongatus (•), Calanus helgolandicus (•), Phaenna spinifera (•),
Pontella mediterranea (�), Pleuromamma abdominalis (�), Euchaeta marina (�), and Euchirella messinensis
(�) (from Svetlichny 1993a). (B): mean tractive force of swimming thoracic legs during the escape
reaction in Paracalanus parvus, Acartia clausi, Calanus helgolandicus, Pontella mediterranea, Undinopsis
similis, Scolecithrix Bradyi, Nannocalanus minor, Pleuromamma abdominalis, Eucalanus attenuates, and
Euchirella messinensis. (C): Maximum values of the species from (B) and species from literature data on
Cyclops scutifer [33], Undinula vulgaris [34], and Calanus finmarchicus [61].

Table 4. Propulsive forces created by cephalic limbs during cruising and by thoracic legs at escape
reaction in copepods attached to force sensor. The number of individuals is shown in parenthesis.

Species Lpr, cm

Propulsion Force, Dyn

Source
Cruising Escape Reaction

Mean
Integrated

Mean
Integrated

Maximum
Force

Paracalanus parvus 0.062 0.018 ± 0.004 (2) 0.62 ± 0.2 (7) 0.9

[32,60]

Acartia clausi 0.063 0.7 (2) 1.3
-”- 0.106 1.5 ± 0.3 (4) 2.8

Pseudocalanus elongatus 0.085 0.014 ± 0.0022
(4)

Calanus helgolandicus 0.18 0.081 ± 0.02 (8) 2.4 ± 0.5 (4) 4.6
-”- 0.25 0.019 ± 0.03 (7) 12.5 ± 3.3 (14) 22
-”- 0.28 0.23 ± 0.04 (7) 24.8 ± 7.1 (8) 44
-”- 0.28 0.28 ± 0.03 (3) 32.4 ± 11.9 (12) 56

Pontella mediterranea 0.2 0.22 ± 0.013 (4) 16.9 ± 3.4 (6) 28
Undinopsis similis 0.1 3.3 ± 0.4 (4) 6
Scolecithrix Bradyi 0.09 6.9 ± 0.6 (4) 12.3
Phaenna spinifera 0.14 0.19 (1)
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Table 4. Cont.

Species Lpr, cm

Propulsion Force, Dyn

Source
Cruising Escape Reaction

Mean
Integrated

Mean
Integrated

Maximum
Force

Nannocalanus minor 0.14 14.1 ± 1.7 (3) 25
Pleuromamma abdominalis 0.25 0.22 ± 0.04 (4) 14.2 ± 1 (11) 27

Eucalanus attenuatus 0.42 17.3 ± 3.2 (6) 32
Euchaeta marina 0.32 0.37 ± 0.08 (2)

Euchirella messinensis 0.32 0.34 (1) 70 ± 18.4 (4) 123
-”- 0.39 76 ± 14.4 (3) 145
-”- 0.41 87 ± 9.3 (4) 159

Cyclops scutifer 0.06 0.68 [33]

Undinula vulgaris 0.22 125 [34]

Calanus finmarchicus 0.28 80 [61]

4.2. Drag on Falling Models and Specimens

The first task in the study of force production in freely moving copepods was to determine the
drag on the body. Often, results for geometrically simple bodies are used as an approximation: a sphere
(e.g., [22]) or an ellipsoid of revolution simulating the body of calanoid copepods Paracalanus and
Centropages without protruding organs [71]. Here, we estimated drag coefficients, Cd., on carved
wooden scale models that passively descended in a viscous fluid with different body orientations and
antennae positions [72,73] (Figure 12). The hydrodynamic drag coefficient Cd was determined from
the defining relation:

Cd = 2Rd/ρSU2, (3)

where the drag force Rd equals the submerged body weight (dyn), ρ (g cm−3) is the density of the
liquid, S (cm2) is the sectional area (taken to be the area of a circle with a diameter d equal to the
width of the prosome), and U is the observed sinking speed. Cd depends on the Reynolds number,
Re = ρLU/μ, where μ denotes the dynamic viscosity. To compensate for the enlarged scale in these
experiments, viscosity was adjusted by using glycerin–water mixtures (hydrodynamic scaling).

Later, the same principle was applied to immobilized individuals of 17 species of copepods [74].
After immobilization, the copepods were weighed in water on a modified Salvioni balance to determine
their submerged body weight, and the rate of passive sinking was determined. To expand the range of
Reynolds numbers, microparticles of lead were inserted into the body cavity. The drag coefficients
of the body calculated from Equation (3) on the basis of the weight and speed of passive sinking are
presented in Figure 12.
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Figure 12. (A): Drag coefficient versus Reynolds number of 17 species of immobilized copepods
(from [74]) when moving in water with open antennae (�) and antennae pressed to the body (∇). Red
circles and green triangles indicate the Cd of enlarged models when moving with spread and pressed
antennas, respectively (from [72,73]). The dashed line shows Cd of the sphere [75]. (B,C): Photos of
immobilized calanoid copepod Paracalanus parvus and its enlarged (~1:100) model, respectively.

In Figure 12, two groups of data are distinguished: the case of movement with spread antennas,
which is typical for slow cruise swimming, and the case of movement with folded antennas, which
is typical for jumping movement. In general, the data turned out to be close to those obtained on
enlarged models (Figure 12). To simplify the relationship, Cd ~ f{Re} was approximated in each range
of the Re scale by the relation [76]:

Cd = c Re−n, (4)

where c is the hydrodynamic shape factor and Re = d U/ν, where ν is the kinematic viscosity,
cm2 s−1, and d is body diameter (cm) corresponding to the largest width of the prosome. The estimated
coefficients c for the different Re ranges (0.1–30.0 and 0.15–1200 Re for cruising and jumping, respectively)
are shown in the correlation equations in Figure 12. Below, we use the experimentally determined
drag coefficients to estimate force production from observed swimming speed and acceleration.

4.3. Detailed Analytical Model of Cruising Locomotion

At steady rectilinear translational motion, the drag of the body Rd equals the resulting propulsive
force Rp created by the limbs in a time-averaged sense:

Rd = Rp, (5)

If we multiply Equation (5) by the body velocity, the power Nd = Rd U is the energy dissipation by
drag, which equals the power effectively transferred to maintain the motion: Np = Rp Ulegs. However,
the power actually expended by the limbs is much greater: Nlegs >> Nd = Np, where Nlegs is the
total power of action of all cephalic limbs: second antennae, mandibles, maxillae, and maxillipeds
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(in Calanus, for example, with type of feeding; Figure 1A), because not all expended power by legs
results in thrust.

To determine the power actually expended by the limbs, detailed measurements of the force
and speed of individual cephalic limbs of attached cruising Calanus helgolandicus were carried
out [10]. By determining the individual force production by second antennae, mandibles, maxillae,
and maxillipeds after removing all other pairs of head limbs, it was found that the sum of these
individual force productions added up to three times the force production of an intact specimen.
Hence, the total power of all beating legs in this species can be estimated from the empirical relation:

Nlegs,att = 3 Rp Ua, (6)

Ua =2 π (α/180) F la, (7)

where Ua is the circular speed of the second antenna relative to body, F denotes frequency of beat, la is
the second antenna length measured from the point of attachment to the body to the middle of the
length of the end bristles (Figure 13), and α is the angular amplitude of the legs rotation that varies
near 50◦ for feeding current feeders like P. elongatus, amounts to 80–90◦ for cruising feeders, like C.
helgolandicus, and amounts to 100–120◦ for pontellids species (our personal observations based on high
speed video; see Figure 1).

 

Figure 13. Second antennas of Pontella mediterranea. The black arrow on the left shows the length of the
antennae la; other arrows show the forces and speeds of the body and legs. The magnitudes of velocities
Ub (= U) and Ua determine the location of a simulated rowlock (green triangle) of an oar model.

In free swimming copepods, however, the beating legs act on water with the effective velocity
of (Ua–U), and, by taking into account the empirical value k (possibly different from 3) of the
hydrodynamic efficiency of locomotion, the total power of all beating legs of the free cruising copepods
can be determined as:

Ntot = Rd U + k Rp (Ua − U), (8)

The first term in Equation (8) is the power of thrust transferred to the body for it to overcome
the drag (i.e., the useful thrust power), while the second empirical term represents the extra power
dissipated by the moving limbs, a quantity that is not useful for propulsion. The drag force on the
body is calculated based on the average speeds for each of the studied species (Table 2) from the usual
equation of drag expressed in terms of an empirical drag coefficient Cd (recall Equation (3)):

Rd =
1
2

Cd ρ Sbody U2, (9)

Taking S = πd 2/4 and Cd from Equation (4) with n = 0.74 for 1 < Re < 30 (see Figure 12), we obtain:

Rd = 59.7 ν0.74 ρw d1.26 U1.26, (10)
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Using the data of Table 2 for cruising copepods led to the scaling Rd = 11.5 L2.82 (R2 = 0.86)
(Figure 14), which differed from the scaling Rp,att ~ L2.03 for attached copepods (Figure 11).

 

Figure 14. Drag force versus prosome length calculated for free cruise-swimming copepods, (Rd = 11.5
L2.82 (R2 = 0.86). All points are average values.

In the smallest tethered calanoid copepods Paracalanus parvus and Pseudocalanus elongatus, Rp.att

was significantly (p < 0.001) 2.5 times higher than Rd (0.017± 0.005 and 0.0068± 0.004 dyn, respectively),
whereas in the largest species, there was no difference because of different values of the empirical factor
k in Equation (8), as shown in [10] and seen from Figure 14, probably due to the higher hydrodynamic
efficiency of the paddle locomotion at higher Reynolds numbers.

It has previously been shown that the flow field around tethered copepods differs from that
around a grazing free-swimming animal [20,27,56,77]. However, the difference in the scaling of force
production output and available force to overcome body drag may also be due to a change in the
hydrodynamic efficiency of the type of locomotion (coefficient k in Equation (8)). For this reason,
the muscle force realized by attached individuals approximately scales as Rp,att ~ L2, but it scales as
Rd ~ L3 in freely cruising copepods (Figure 14). Taking into account that the same species were used
in our experiments with attached and free copepods, we could test this hypothesis by calculating
the propulsive force Rp of freely moving individuals as the drag force on beating limbs using the
following equation:

Rp =
1
2

Cd,leg,att ρw Sleg (Ua − U)2, (11)

where Ua is the circular speed of the second antenna (Equation (7)), Sleg is the cross sectional area of
legs, and Cd,leg,att is the drag coefficient of attached individuals calculated as:

Cd,leg,att = 2 Rp,cr,att/ρw Sleg Ua
2, (12)

From all measurements, we found the correlations Cd,leg,att = 34.5 Rel
−0.88 (R2 = 0.91), where Rel =

Ua la/ν and Rp = 5.46 L2.36 (Figure 15). This may indicate that the propulsive force of the limbs, directly
measured in tethered copepods or predicted for free-swimming individuals, is more consistent with
the scale L2.
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C

 
Figure 15. (A): Coefficient of hydrodynamic resistance Cd,leg,att (�) from Equation (12) for cephalic
limbs of 8 copepod species attached to a force sensor. (B): Propulsion force Rp (•) calculated from
experimental data for the same free cruise-swimming copepods based on Cd,leg,att and, for comparison,
the values of drag force Rd (�, dotted line) calculated by Equation (10).

Next, we calculated the power required to overcome body drag and resistance of cephalic limbs’
actions, the two terms Nd = RdU and Np = k (Ua − U)Rp in Equation (8). The results in Figure 16
indicate that power that is sufficient overcome body drag scales as Nd ~ L4.1, while for limbs, it scales
as Np ~ L3.1 or as ~M1.0, where M denotes body mass. A similar regression coefficient (L3.04) was
obtained when calculating the power of attached cruising copepods using equation Np,att = k Ua Rp,att.

Temora longicornis

Euchaeta 
rimana

Euchaeta 
antarctica

 

Figure 16. Calculated power versus prosome length required for free cruise-swimming copepods to
overcome body drag (�, thin dotted line, Nd = 137.7 L4.09) and to move cephalic limbs (•, solid line,
Np = 266.07 L3.1), as well as the results for attached individuals (+, thin line, Np,att = 436.57 L3.04).
Black asterisks indicate literature data for Temora longicornis [17]; Euchaeta rimana [26], and Euchaeta
Antarctica [27].

To calculate Np, we used the empirical value from Equation (6), k = 3, for C. helgolandicus [10].
However, when we took into account the difference in the type of cephalic appendages action and the
efficiency of locomotion of small cruising feeder copepods compared to large cruising feeders and
especially pontellids, in which the cephalic appendages do not oppose each other during the creation
of propulsive force, the slope of the regression line became less than 3.0. In other words, the scaling Rp

~ L3.0 can lead to an underestimation of the power consumption of small species and an overestimation
in large ones. Such a correction corresponds to the scaling of the energy potential of animals [78] whose
biological power is usually proportional to M 0.67–1.0.
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4.4. Analytical Model of Escape Reaction

One way to obtain estimates of forces and energy change during an escape jump from measured
kinematics is to use the equation of motion of body mass M during acceleration dU/dt due to propulsive
force Rp and opposing drag Rd:

M dU/dt + Rd = Rp, (13)

First, for non-propulsive deceleration, Equation (13) provides an estimate of the drag force as a
function of velocity:

Rd = −M dU/dt, (14)

However, such estimates prove to be quite inaccurate because they depend on the numerical
discretization of the time derivative of second order of position. Therefore, it is more accurate to
assume the validity of measured relations for the drag coefficient of sinking specimens (Figure 12) and
calculate the drag force from the usual relation Equation (9):

Rd =
1
2

Cd ρw (π/4) d2 U2, (15)

where Cd = 55.6 Re−0.60 for the range of 10 < Re < 1200 (Figure 12), which corresponds to our studied
copepods with a body width of d = 0.013–0.13 cm and a mean speed U = 10–100 cm s−1 at constant
temperature of 20 ◦C (Table 3, Supplement Table S1).

The values of Rd calculated by Equation (15) using the average speed of cyclopoid and calanoid
copepods during the stroke phase of escape reactions increased on the average from 0.1 dyn in small
oithonids to 30 dyn in the largest calanoid copepods (Figure 17A) according to the scaling Rd ~ Lp

2.15.
Using this relation and observed accelerations in Equation (13) led to the scaling Rp ~ Lp

2.55. A similar
procedure for attached calanoid copepods gave the close scaling Rp att ~ Lp

2.37 (Figure 17B).

 

Figure 17. (A): Drag force; Rd = 211.6 L2.15 (R2 = 0.91, N = 241). (B): Propulsive force, calculated (�) for
free swimming copepods and directly measured (+) in attached individuals during an escape reaction;
Rp = 838.2 L2.55 (R2 = 0.94) and Rp,att = 408.6 L2.37 (R2 = 0.82, N = 88).

Multiplying the equation of motion (Equation (13)) by the velocity of the body during kick stroke
phases and integrating it over the time of acceleration during which the velocity increases from Umin

to Umax, the energy expended (ΔEstroke) is obtained as:

M
1
2

(Umax
2 − Umin

2)1 + <U Rd Δt >1 = <U Rp Δt >1 ≡ ΔEstroke, (16)
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where < >1 signifies an integrated quantity over time interval Δt1.
Following the power stroke phase, the limbs are retuned back during time Δt2, while the velocity

decreases from Umax in the end of stroke phase back to Umin, for which the energy balance gives:

M
1
2

(Umax
2 − Umin

2)2 − <U Rd Δt > 2 = ΔElimb,back, (17)

which merely shows that deceleration is caused by body and limb drag.
Including the so-called ‘energy-leg-back’ contribution, the total energy expended by limbs during

all kick stroke phases is Esum = ΔEstroke + ΔElimb,back, or:

Esum =M
1
2

(Umax
2 − Umin

2)1 + <U Rd Δt > 1 +M
1
2

(Umax
2 − Umin

2)2 − <U Rd Δt > 2, (18)

Using Equation (18), the mean power of an escape kick Nesc, defined as Nesc = Esum/Dkick (where
the duration is Dkick = Δt1 + Δt2) was calculated to vary in the range from 1 to 4000 erg s−1 following
the scaling Nesc ~ L3.05 (Figure 18). This result turned out to be very close to the power of attached
calanoids that scale as Nesc,att ~ L2.99, which was calculated as Nesc,att = Rp,att Uleg, where Uleg = 2 π
(α/180) F ha, α = 145◦, and ha = 0.75 la according [23]. In both cases, Nesc was seen to scale linearly with
body mass M.

Temora longicornis

Acartia tonsa

Calanus 
finmarchicus 

Calanus 
finmarchicus 

 

Figure 18. Power of kick Nesc during the escape reaction of free swimming (�) and attached (+)
copepods. The power regressions were Nesc = 51000 L3.05 (R2 = 0.91, N = 190) and Nesc,att = 31400L2.99

(R2 = 0.82, N = 71), respectively. Black asterisks indicate literature data for Temora longicornis [25];
Acartia tonsa and Calanus finmarchicus from [79], and C. finmarchicus according [80].

5. Discussion and Conclusions

The cruising speeds of calanoid copepods vary widely depending on the type of feeding and the
associated mechanism of creating propulsive force, on the body density, and on the water temperature.
The density of the body is significantly higher than the density of water [45]. In this regard, the speed of
passive sinking can distort the real speeds that are provided by the movement of the limbs. For many
calanoid copepods, the available cruising speed is only two-to-three times higher than the speed of
gravitational sinking [45,81,82]. For example, in females of C. helgolandicus at 20 ◦C, sinking speed can
reach 0.8 cm s−1 [83]. Therefore, at the maximum swimming speed available to them (see Table 1),
their speed changes 2.5 times from 1.4 to 3 cm s−1, depending on the direction of movement being
down or up. Temperature affects speed through changes in the viscosity and density of water [84],
but it changes to a greater extent due to changes in the rate of muscle contraction. The rate of many
biological systems, including planktonic crustaceans [35], varies in proportion to the temperature
coefficient Q10 = 2, i.e., an increase of a factor 2 when the temperature increases by 10 ◦C. This has
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been confirmed in experiments examining the temperature response of limb beat frequency and the
swimming speed of copepods [54,82,85]. Therefore, we used video recordings of horizontal cruise
swimming calanoid copepods from the Black, Marmara, and Baltic Seas at the same temperature 20 ◦C,
as well as literature data for swimming copepods at similar temperatures.

5.1. Scaling of Kinematic and Mechanical Parameters of Cruising

The average cruising speed and cephalic limb beat frequency scaled as U = 13.4 L1.4 (Table 2)
and F = 16.0 L−0.53, respectively. According to the reviews [86,87] that investigated the scale laws
of mechanics and kinematics of “biological motors” of different systematic groups, such empirical
slopes of U and F correspond to cyclic motors with mass M > ~0.4 mg (fruit fly size and above) whose
maximum force output scales as R ~ L3.0 or R ~ M 1.0.

In our analysis of free swimming cruising copepods, we found a scaling of the body drag force
Rd ~ Lpr

2.82 similar to that of cyclic motors (Table 5), whereas in tethered copepods, the measured
force production scaled as Rp cr,att ~ Lpr

2.06 or M 0.69. According to [86], animals whose maximum force
output scales as M 0.67 correspond to a group of steady translational (i.e., linear) motors. However,
Marden [86] noted that: “there are potentially many force outputs by translational motors . . . . that fall
between the two fundamental scaling relationships . . . ” R ~ L2.0 and R ~ L3.0.

Table 5. Exponents m in scaling relations versus body length, Lm.

Quantity and
Condition

Cruising Escape Jump

Free Swimming
Attached

Locomotion
Free Swimming

Attached
Locomotion

m Figure m Figure m Figure m Figure

Body speed, U 1.4 Figure 4 0.7 Figure 7
Drag force, Rd 2.82 Figure 14 2.15 Figure 17A

Propulsive force, Rp 2.36 Figure 15 2.06 Figure 11A 2.55 Figure 17B 2.2 Figure 11B
Power 3.1 Figure 16 3.04 Figure 16 3.05 Figure 18 2.94 Figure 18

Note that the above difference in scaling of Rd and Rp,cr,att revealed by us was mainly due to
smaller values of Rd in small species (see Figure 14), the magnitude of which can be illustrated as
follows. In order for the predicted Rd of smallest free swimming P. parvus to increase to the level of
Rp,cr,att in the attached individuals of this species, their average speed should be two times higher than
our measured speeds (see Table 1). Hence, scaling according to L2.0 may be the best estimate for all
sizes. The total cruising power Ncr of copepods in the size range 0.06 < L < 0.3 cm, calculated on the
basis of the force and speed of the cephalic appendages, varied on average from 0.05 to 5 erg s−1 (or
from 0.05 to 5 × 10−7 W) in proportion to L3.1 or ~ M1.0 (Figure 16). This is consistent with the scaling of
metabolic energy available for the long-term cruising of animals, which usually scales as M 0.67–1.0 [78],
while the net power needed to move the body, calculated based on body drag Nd and speed, has
an excessively high exponent L4.1 or M1.4 (Figure 16). According to our estimation, the efficiency of
locomotion defined as Nd/Nsum changed, on average, from 5% in P. parvus up to 20% in pontellids.

Few other studies have dealt with the mechanical power of cruise swimming copepods, and all of
these have calculated the rate of energy dissipation in the liquid volume due to the movement of the
limbs of a cruising copepod. For only one species, an adult female Temora longicornis [17], the power
(2.3 × 10−10 W) was close to our estimated power to overcome the body drag in copepods of the same
size (L ~ 0.08 cm, about 3 × 10−10 W, Figure 16). In two other similar studies, the energy dissipation
by Euchaeta rimana [26], and especially Euchaeta antarctica [27], turned out to be almost two orders
of magnitude smaller than for copepods of the similar size from our experiments. The discrepancy
can be partially explained by the fact that this very large Antarctic copepod swam in cold water
(0 ◦C) at a speed (1.5 cm s−1) that was approximately three times lower than the expected speed at
20 ◦C in a copepod of the same size (Figure 4A). Similarly, the speed of subtropical E. rimana at 20 ◦C
(0.7 cm s−1) [57] was three times lower than that of C. helgolandicus of the same size.
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5.2. Scaling of Kinematic and Mechanical Parameters of Escape Reaction

The escape reaction for all copepods is carried out by a simple sequence of strokes with
morphologically similar thoracic swimming legs {37] and, apparently, with similar efficiency. Therefore,
the predicted correlations of Rd and Rp for free swimming and Rp measured in tethered copepods
during escape reaction were more consistent with each other than in the case of cruising (Table 3).

The observed scaling of escape speeds with body size, Umean ~ L0.7 and Umax ~ L0.66, as well as
drag and force production (Table 3), are more consistent with the translational motors whose maximum
force output scales as Lm<3.0 [86]. Indeed, the measured propulsive force of copepods attached to the
force sensor scaled as Rp,att ~ L2.15, and the calculated forces of free escapes scaled as Rd,free ~ Lp

2.36 and
Rp,free ~ L2.55. The average values of Rp,att for the smallest calanoid copepod P. parvus (0.62 ± 0.2 dyn),
as well as for the largest E. messinensis (87 ± 9 dyn), did not differ significantly from the calculated
values of Rp,free (Figure 17B).

Nevertheless, the total power of free copepods during the escape reaction turned out to scale
as Nesc ~ L3.06 and for the attached as Nesc ~ L2.94. Thus, the total power of both free and attached
copepods during the escape reaction turned out to scale as L3.0. This trend in Nesc was confirmed by the
results of calculations by Jiang and Kiørboe [79], who estimated the maximum values of mechanical
power for Acartia tonsa (0.069 cm prosome length) and Calanus finmarchicus with a prosome length of
0.3 cm as 1.1 × 10−6 and 6.3 × 10−5 W, respectively. Muphy et al. [80] determined the value of maximum
power delivered to the fluid by the swimming legs of C. finmarchicus (L = 0.21 cm) to be 5.6 × 10−6

W. The maximum energy delivered by swimming appendages defined by Duren and Videler [25] in
Temora longicornis (L = 0.09 cm) equaled 9.3 × 10−9 W. This was almost two orders less, probably due to
the relatively low Umax of the studied individuals (10.8 cm s−1) in comparison with the Umax of the
escape reaction of this species stimulated by hydrodynamic stimuli (26.2 cm s−1) [20].

5.3. Cost of Transport during Cruising and Jumping

In general, the propulsive force and the power created by the swimming limbs are two and three,
respectively, orders of magnitude higher than the force and power created by the head appendages.
However, it is more correct to assess the differences between the two types of swimming of the
copepods by the energy costs of transport (Ct) [78], defined as the energy consumption per unit of
body mass and distance travelled (S): Ct = E/M S = N/M U (cal g−1 km−1).

For large calanoid copepods (L = 0.2–0.3 cm), the average mechanical cost of transport moving by
unsteady jumps (Ctm = 45.2 ± 15 cal g−1 km−1) is seven times higher than by steady cruise swimming
(Ctm = 6.7 ± 3.1 cal g−1 km−1), while for small calanoid copepods (L = 0.06 cm), it is only about three
times higher (Ctm = 74.4 ± 24 and Ctm = 25.1 ± 16 cal g−1 km−1, respectively) and the ratio is even less
in the smallest copepods (Figure 19A). Thus, for large copepods, the cost of transportation is much
higher for swimming-by-jumping than for cruise swimming, while for small ones, the difference is
not so large. There are advantages to swimming-by-jumping, the first being hydrodynamic stealth:
swimming-by-jumping creates only a relatively small fluid disturbance and, thus, is less susceptible
to rheotactic predators than copepods that cruise steadily [28]. This may explain why only small
copepods (cyclopoids) swim by jumps, while larger copepods are cruise swimmers.
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Figure 19. (A): Maximum mechanical cost of transport (Ctm) during escape reaction (•) and cruising
(�). (B): Metabolic cost of transport (Ctb) and values for swimming fish (long dashed line) and flight
of insects (short dashed line) [78]; escape reaction of shrimp (unshaded diamond) [88] and Euphausia
(black diamond) [89].

The biological cost of transport Ctb is due not only to the mechanical efficiency of locomotion
but also to the efficiency of muscle contraction. The theoretical maximum efficiency of muscle
contraction efficiency is 0.5 [90]. However, with prolonged cruise work, the maximum coefficient
of mechano-muscular efficiency of aerobic muscles does not exceed 0.25. With short-term muscle
action during the escape reaction, it can increase to 0.4 [91]. To compare our measurements with
observations for other species recorded in the literature, we multiplied our estimates of the mechanic
costs of transportation by factors of 4 and 2.5 for cruising and escape jumping, respectively (Figure 19B).
Transportation costs for escape jumps were found to be in line with those for other arthropods [23,24],
and cruise swimming was found to be consistent with swimming costs in fish (not startle responses).
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Abstract: Zooplankton are prone to the ingestion of microplastics by mistaking them for prey.
However, there is a lack of knowledge about the impacts of microplastic availability on zooplankton
behavior. In this study, we investigated the effects of polystyrene microbeads on swimming patterns
of the calanoid copepod Temora turbinata under laboratory conditions. We acquired high-resolution
video sequences using an optical system containing a telecentric lens and a digital camera with
an acquisition rate of 20 frames per second. We estimated the mean speed, NGDR (Net-to-Gross
Displacement Ratio, a dimensionless single-valued measure of straightness) and turning angle to
describe the swimming behavior in three different treatments (control, low and high concentration of
microplastics). Our results revealed that swimming speeds decreased up to 40% (instantaneous speed)
compared to controls. The NGDR and turning angle distribution of the organisms also changed in the
presence of polystyrene microbeads, both at low (100 beads mL−1) and high microplastic concentration
(1000 beads mL−1). These results suggest that the swimming behavior of Temora turbinata is affected
by microbeads.

Keywords: microplastics; zooplankton; swimming behavior; imaging; Temora turbinata

1. Introduction

Microplastic pollution is now a global concern. Disposal and fragmentation of a wide variety of
polymers, followed by their dispersion within large-scale circulation systems, have spread microplastics
across the oceans, even to the most remote locations [1–3]. Microplastics (MPs) are particles smaller
than 5 mm and can be classified as primary or secondary depending on their origin [4]. Primary MPs
include fibers [5], pellets [6] and microspheres from cosmetics and other applications [7]. Secondary
MPs are the result of the fragmentation of large plastic objects by a myriad of processes such as UV
radiation, mechanical abrasion, and biological degradation by microorganisms [8–10].

Primary and secondary MPs have been recorded in the digestive tract of several marine
organisms, including fish [11], annelids [12] and mollusks [13]. Neurological problems [14],
hormonal impairment [15], false sensation of satiation, loss of body mass [16] and even death [17]
are among the negative impacts of MPs reported to date in marine animals. Because of their size,
marine zooplankton have been described as potential MP consumers [8,18]. Copepods are dominant
organisms in the marine zooplankton, constituting an average of 80% of the mesozooplankton
abundance and representing an efficient link in energy transfer as primary consumers [19]. Copepods
participate in essential ecological processes including the biological pump, the microbial food web
and nutrient recycling [20,21] and respond quickly to changes in the marine environment such as the
introduction of contaminants and man-induced variations in pH, salinity and temperature [22,23].
Although at large spatial scales zooplankton displacement in the water column is strongly affected by
currents, their individual swimming behavior is a key factor in achieving high fitness and survival as it
controls prey detection, predator avoidance and mating [24].
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In the early days of zooplankton feeding studies, MP beads were frequently used as tracers of
phytoplankton-sized food to investigate copepod ingestion rates [25] but exposure of copepods to
MPs was not treated as a matter of concern in terms of pollution. In this study, we asked the question
whether copepod motility would be impaired by the presence of MPs. Changes in the swimming
behavior of the calanoid copepod T. turbinata were analyzed using high resolution imaging techniques
under the influence of varying concentrations of primary MPs.

2. Materials and Methods

2.1. Sampling, Sorting and Exposure of Copepods to MPs

Zooplankton samples were collected in December 2018 from Flamengo inlet, Ubatuba,
Brazil (23◦31′23” S, 45◦06′13” W) by means of short oblique tows with a 200-μm mesh-sized plankton
net. Animals were transferred to an insulated container and immediately transported to the laboratory,
where they were kept in a temperature-controlled room set to match the seawater temperature at
the time of sampling (25 ◦C). Zooplankton organisms were fed for approximately two hours with
a saturated concentration of Isochrysis galbana under low-intensity aeration. Adult females of the
calanoid copepod Temora turbinata (Dana, 1849), a dominant species in coastal subtropical waters of
the Southwest Atlantic [26], were carefully sorted and 45 healthy individuals were kept in separate
250-mL containers filled with filtered seawater (Whatman® GF/F) for 2 h to acclimatize. Subsequently,
15 females were transferred to each of three 500-mL Nalgene® polycarbonate bottles containing
2 × 104 cells mL−1 of Isochrysis galbana, set as control (no microspheres) and MP treatments with low
(100 mL−1) and high (1000 mL−1) concentrations of surfactant-free polystyrene (PS) latex microspheres
(20 μm diameter; Beckman Coulter Inc.). The bottles were sealed with Parafilm M® to avoid bubble
formation and transferred to a plankton wheel (1 rpm) for 24 h, at 25 ◦C. After incubation, 5 individual
females belonging to either control or microsphere treatments were retrieved at random from each
bottle, inspected for apparent morphological integrity (i.e., only intact and undamaged animals were
used), and transferred to a cubic glass vessel containing 500 mL of filtered seawater, where they
remained for 15 min to acclimatize before filming with a digital camera system (see below). This time
interval was deemed sufficient for complete gut evacuation under the incubation temperature [27].
The sampling and experimental procedures were repeated five times, during four consecutive days.

2.2. Acquisition of Trajectory Data and Analysis of Swimming Behavior

Copepod swimming behavior was recorded in the 5-female batches using a 2D optical system
setup consisting of (i) a light-emitting diode (LED) source (660 nm), (ii) a Telecentric lens (0.268X,
C-Mount TitanTL, Edmund Optics), and (iii) a 9 MP Basler camera (acA4096-30um with a Sony IMX267
CMOS sensor), operated with an acquisition rate of 20 frames per second (fps). We used a 660 nm LED
because most marine organisms, including copepods, are less sensitive to red light, as it is absorbed
quickly in the water column [28,29]. Each video observation lasted for 15 min. Image acquisition,
spatial coordinate extraction and tracking analysis were performed using software developed by the
Laboratory of Planktonic Systems (LAPS/IOUSP). The experimental design is depicted in Figure 1.
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Figure 1. Schematic representation of the experimental setup. CC = Control (with I. galbana only);
LC = low concentration (I. galbana plus 100 beads mL−1); HC = high concentration (I. galbana plus
1000 beads mL−1). FSW refers to filtered seawater. LCR (LAPS Camera Recorder) and LPD (LAPS
Plankton Detector) are in-house software designed for image acquisition and trajectory extraction,
respectively. Image frames were acquired as bidimensional projections (X, Y).

The trajectory extraction process consisted of four main phases: (i) detection of the regions of
interest (ROIs) in each frame; (ii) identification of the organisms using a size and contrast range filter;
(iii) calculation of the boundary region and centroid position (x, y) of each detected particle in the
frame and (iv) generation of 2D trajectories from centroids, having as main guide the closest distance
between them in consecutive frames. Additional ROI characteristics, such as area, rotation angle and a
time tag, were also obtained.

Trajectories with fewer than 30 frames were discarded to compute behaviorally significant
measurements, following Chen and Hwang [30]. We calculated the instantaneous speed, average speed,
turning angle and net-to-gross displacement ratio (NGDR). Instantaneous speeds were estimated based
on subsequent data points for each trajectory. Average speeds refer to mean speeds for each identified
trajectory. The NGDR was calculated from the ratio of the shortest linear distance between start
and end points to the total distance traveled. A maximum value of 1 indicates a completely straight
path and a value close to 0 indicates a more complex, sinuous path [31]. In this study, we estimated
NGDR from segments of fixed size (120 positions) of each track to minimize the effect of spatial scale.
Individual turning angles were estimated for every change in movement direction performed by each
copepod. Turning angles are reported here as means of individual turning angles after 120 subsequent
positions (or image frames) in the bidimensional plane.

Significant differences between controls and treatments were investigated with the Kruskal-Wallis
test followed by Dunn’s post-hoc test on MATLAB® software R2017a. The significance level was
set at p < 0.05. Outliers were assigned to data points greater than q3 + w × (q3 – q1) or less than
q1 – w × (q3 – q1), where w is the maximum whisker length, and q1 and q3 are the 25th and 75th
percentiles of the sample data, respectively.

3. Results

Fifteen videos were acquired containing 883 trajectories, which were visually identified as
belonging to three basic types: (i) helical trajectories, when organisms moved forward around an
imaginary axis; (ii) rectilinear trajectories, i.e., comparable to a near-straight line; and (iii) curved
trajectories, showing intermediate features between the former types (Figure 2). Trajectories with more
than 30 points (valid trajectories) represented 74% of the total. No copepod mortality was observed
during the experiments.
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(a) (b) (c) 

Figure 2. Examples of trajectory types observed in Temora turbinata under experimental conditions,
including controls and treatments: (a) helical-like (n = 158), (b) rectilinear (n = 13) and (c) curved
(n = 482).

The instantaneous swimming speeds (Figure 3) were significantly lower in copepods exposed to
plastic microbeads compared to the control, the same trend being observed for mean swimming speeds
(Figure 4). The effect of the high MP concentration on the swimming performance of T. turbinata was
more clearly discerned in the mean speeds (Figure 4; Table 1).

(a) (b) 

Figure 3. Instantaneous swimming speeds of T. turbinata in the control group (with I. galbana only)
and under MP addition at 100 (Low) and 1000 beads mL−1 (High). MP treatments contained I. galbana
at the same concentration as in the control group. Copepods were observed after being transferred
to filtered seawater. (a): frequency distribution. (b): mean instantaneous speeds, lower and upper
limits, and outliers. Horizontal bars on the top of the right panel represent statistical differences
between groups.

(a) (b) 

Figure 4. Trajectory-based mean swimming speeds of T. turbinata in the control group (with I. galbana
only) and under MP addition at 100 (Low) and 1000 beads mL−1 (High). MP treatments contained
I. galbana at the same concentration as in the control group. Copepods were observed after being
transferred to filtered seawater. (a): frequency distribution. (b): trajectory mean speeds, lower and
upper limits, and outliers. Horizontal bars on the top of the right panel represent statistical differences
between groups.
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The NGDR also changed under the influence of microbeads, with a decreasing trend of sinuosity
in the short-term paths (120 steps) as MP concentration increased (Figure 5). In addition, NGDR
segments denoting near-rectilinear steps (i.e., NGDR ~ 1) were more frequent with the increase in
microbead concentration.

(a) (b) 

Figure 5. NGDR of T. turbinata in the control group (with I. galbana only) and under MP addition at 100
(Low) and 1000 beads mL−1 (High). MP treatments contained I. galbana at the same concentration as in
the control group. Copepods were observed after being transferred to filtered seawater. (a): frequency
distribution. (b): mean NGDR, and lower and upper limits. Horizontal bars on the top of the right
panel represent statistical differences between groups.

Turning angles displayed by the T. turbinata control group had a normal distribution (μ = 19.33,
σ = 12.02), whereas for the LC group a bias existed towards smaller turning angles (Table 1). A more
irregular turning angle distribution was noticed for the HC group, which translated into a higher
standard deviation compared to the control and the LC treatment (Figure 6; Table 1).

Figure 6. Frequency distribution of the turning angles (in degrees) of T. turbinata. (A) comparative
histogram for the control and treatments, (B–D) turning angle frequencies for the control, low and
high MP concentrations, respectively. The experimental conditions were the same as indicated in
Figures 3–5.
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The metrics analyzed here to describe the swimming patterns of T. turbinata in the absence and in
the presence of MPs are presented in Table 1 as means and standard deviations. Significant differences
are depicted by comparing each treatment to the control.

Table 1. Effects of microplastics in the swimming activity of T. turbinata. CC = Control; LC = Low
Concentration (100 beads mL−1) and HC = High Concentration (1000 beads mL−1). Results are
presented as means ± standard deviations; significant differences are indicated in bold (Kruskal Wallis
test followed by Dunn’s post-hoc test, p < 0.05).

Treatment Mean Speed (mm s−1)
Mean Instantaneous

Speed (mm s−1)
NGDR Turning Angle (◦)

CC (n = 187) 2.88 ± 1.35 3.23 ± 2.34 0.52 ± 0.3 19.33 ± 12.05
LC (n = 309) 3.09 ± 1.92 3.19 ± 2.55 0.57 ± 0.28 17.69 ± 15.42
HC (n = 157) 1.99 ± 1.41 1.94 ± 2.29 0.66 ± 0.28 27.22 ± 24.27

4. Discussion

Swimming is crucial to find prey, encounter mates and avoid predators, affecting zooplankton
survival and fitness [32]. However, the impact of MPs on zooplankton swimming behavior is still
largely unknown. Here, we found that MPs modify basic patterns of copepod swimming. Our results
are consistent with previous findings that MPs cause a decrease in swimming speed of Artemia nauplii,
Daphnia and barnacle larvae at certain concentrations [33–35]. We also observed a reduction in trajectory
complexity, as NGDR increased under both MP levels.

Microbeads were often used to mimic phytoplankton cells in grazing experiments and their
ingestion by copepods has been recorded [36–40]. Polystyrene spheres are not necessarily ingested by
copepods when offered alone, while phytoplankton cells are consumed at rates up to 3 times higher than
non-living items when both are available, denoting a clear particle selectivity pattern [41]. However,
algal ingestion by copepods decreases when high MP concentrations are offered in combination
with natural food [42]. For instance, Ayukai [43] reported that phytoplankton ingestion by the
copepod Acartia clausi decreased in the presence of MPs of similar size (15.7 μm) and concentration
(1140 beads mL−1) used in the present study. The food offered to T. turbinata in our experiments
(I. galbana) had a size spectrum (5–7 μm) within the capture range previously reported for this copepod
genus [44] and algal concentration was kept constant in the different MP treatments and control. Thus,
it is unlikely that behavioral differences observed in our data resulted from varying levels of “satiation”
associated with MP consumption at different concentrations. This is reinforced by the fact that copepod
trajectories were recorded for control and MP treatments while animals were swimming in filtered
seawater, after full gut evacuation, minimizing potential bias between starved and fed individuals.

MP ingestion has been shown to cause enzyme (cholinesterase and catalase) impairment in
microcrustaceans, affecting the cholinergic system and causing oxidative stress [34]. Energy deficit,
reduced growth, and low fertility rates have also been reported as negative impacts of MP
consumption [45,46]. In addition, MPs may accumulate on the outer surface of copepods and become
entangled around the antennae, swimming legs, and feeding appendages [42], probably affecting
swimming performance and other functions. Although no observation of either metabolic damage or
particle trapping on copepod surfaces is available from our experiments, the reduction in swimming
speed and the high NGDRs and turning angles observed after MP exposure may be interpreted as
evidence of a direct impact from plastic microbeads. Also, under “normal” experimental conditions
(i.e., without MP exposure) T. turbinata increases its average swimming speed in the presence of
food [47], but we found an opposite trend for copepods exposed to microbeads.

The MP concentrations (100 and 1000 beads mL−1) applied in our experiments were similar
or lower than those utilized in previous investigations of MP consumption by copepods [42,43,45].
The extent to which such concentrations are realistic for the natural environment, even under a MP
accumulation scenario in the oceans, is a matter of debate because so far most marine studies have
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targeted MP particles larger than 300 μm [42], although evidence exists that fibrous polymers in the
range of ~20 μm are present in coastal sediments [6]. Sampling with an 80-μm mesh-sized plankton net
yielded a peak concentration of a mere 0.1 MPs mL−1 in the west coast of Sweden [48], but such estimate
is probably related to particles larger than 100 μm or more, because of mesh size selectivity [49].
Considering the sampling constraints and the fact that plankton abundance in the size range of
80–100 μm is typically three to four orders of magnitude lower than in the 15–20 μm size range [50],
a concentration of 100–1000 mL−1 for 20-μm sized spherical MPs would not be surprising for a coastal
environment, particularly near densely populated urban areas. Interestingly, a recent study found
that MPs smaller than 25 μm accounted for about 70% of the total number of airborne, plastic-derived
particles settled in pristine continental areas of the United States [51]. Thus, in case atmospheric
transport is shown to represent a relevant MP input to the oceans, it is likely that small-sized particles
will account for a major proportion of the total plastic load in surface waters.

As they move up and down the food web, MPs potentially affect diverse ecosystem processes [52,53],
both locally and remotely. For instance, Cole and Galloway [45] observed that fecal pellets of the
copepod Calanus helgolandicus exposed to 20 μm MPs (1000 beads mL−1) had a 2.25-fold reduction in
their sinking rate, which translated to an increase of 53 days for pellets to reach the seafloor, considering
the average depth of the ocean [54]. In addition, the relative energy cost of locomotion increases as the
size of the organism decreases [55], meaning that for small zooplankton such as copepods, changes in
swimming behavior due to MP influence likely affect vertical migration and prey-predator interactions,
modifying the amount of energy available for the different trophic levels [38,56]. Such potential impact
of MPs on copepods may thus cause large-scale alterations in the carbon flow in marine environments.
Therefore, it is imperative that the impacts of MP on copepod behavior are elucidated and considered
in trophic models and biogeochemical studies in the future.

5. Conclusions

This study shows that the availability of polystyrene microspheres modified the swimming
performance of the pelagic copepod T. turbinata at both low and high MP concentrations. Changes in
copepod swimming behavior as a response to the presence of microplastics may elicit individual-based
effects leading to potential impacts on several ecological traits, including bottom-up transference of
MP particles to higher trophic levels.
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Abstract: Chemical cues and signals mediate resource acquisition, mate finding, and the assessment
of predation risk in marine plankton. Here, we use the chemical properties of the first identified
chemical cues from zooplankton together with in situ measurements of turbulent dissipation rates
to calculate the effect of turbulence on the distribution of cues behind swimmers as well as steady
state background concentrations in surrounding water. We further show that common zooplankton
(copepods) appears to optimize mate finding by aggregating at the surface in calm conditions
when turbulence do not prevent trail following. This near surface environment is characterized by
anisotropic turbulence and we show, using direct numerical simulations, that chemical cues distribute
more in the horizontal plane than vertically in these conditions. Zooplankton may consequently
benefit from adopting specific search strategies near the surface as well as in strong stratification
where similar flow fields develop. Steady state concentrations, where exudation is balanced by
degradation develops in a time scale of ~5 h. We conclude that the trails behind millimeter-sized
copepods can be detected in naturally occurring turbulence below the wind mixed surface layer or in
the absence of strong wind. The trails, however, shorten dramatically at high turbulent dissipation
rates, above ~10−3 cm2 s−3 (10−7 W kg−1)

Keywords: Kolmogorov; turbulence; copepod; chemosensory; signaling; zooplankton

1. Introduction

The open ocean is a dilute environment. Organisms have to process large volumes of water to
acquire resources and find mates [1]. At the same time, predation rates are high, and organisms have
to trade resource acquisition against predator avoidance. These contradictory needs drive evolution of
advanced sensory systems to improve detection of both resources and threats. The vast majority of
marine plankton depend on hydro-mechanical and chemosensory information. Both depend on the
fluid flow regime. Here, we focus on the effects of turbulence on chemical sensing and signaling at the
length scale characteristic for the transition between viscous and turbulent flows, the Kolmogorov
length scale.

The most numerous organisms in the sea, bacteria, experience a fully viscous flow regime. The
transport of solutes is mainly governed by diffusion, and the effect of turbulence often marginal.
Bacteria use simple behavioral algorithms to maneuver the chemical landscape in a way that is fairly
well understood [2]. In principle, the rate of change of direction is altered in response to concentration
gradients in a way that allows bacteria to navigate towards, or away from sources. Sensing and
signaling in slightly larger organisms is, however, more complex. The most abundant multicellular
animals in the sea, copepods, are all in this size range, 100 μm to a few mm, and may even traverse the
Kolmogorov scale when growing up from larval stages to adults (Figure 1).
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Figure 1. Artistic interpretation of the distribution of solutes around small (μm, e.g., bacteria and
small phytoplankton) and intermediate sized particles (mm) such as motile copepods in the transition
from viscous to turbulent regimes (from left to right). At micrometer scale the solute distribution is
largely driven by diffusion. The chemical wake behind motile cells is eroded by diffusion faster than
it forms and solute distribution is only moderately affected by turbulence. At slightly larger scales,
motile organisms leave chemical trails in their wake that can be detected tens to hundreds body lengths
away [3]. At higher turbulent dissipation rates however, the trails will be deformed and thinned by
turbulence in a way that reduce detectability [4]. Local gradients will also be more rapidly mixed into
background concentrations at high turbulence (Illustration: Jan Heuschele).

While it has long been known that copepods emit and receive chemical cues involved in mate
finding [3,5], resource acquisition, and predator avoidance [6], the cueing compounds have remained
largely unknown. As a consequence, fundamental parameters such as exudation rate, degradation,
diffusivity, and sensitivity thresholds have been lacking. This is one of the reasons why the literature
holds contrasting views on whether zooplankton can exploit chemical trails to increase encounter
rates in nature, or if turbulence erodes the trace too fast (see e.g., [3,7]) in the ocean. Recently, the first
signaling compounds from copepods were identified as a group of polar lipids, copepodamides [8].
Copepodamides induce defensive traits such as toxin production, bioluminescence, or colony size
plasticity in prey organisms [8–10]. The exudation rate, degradation rate, and sensitivity threshold
have now been established for copepodamides [8,9].

The purpose of the present study is to combine the empirical data on physical properties of
cueing compounds with in-situ measurements of turbulent dissipation rates to test the theories on
the effect of turbulence on sensing and signaling in the open ocean. Moreover, copepods form
near surface reproductive swarms [11]. Near the surface, however, the turbulence is typically
anisotropic [12–15]. We explore the effect of anisotropic turbulence on chemosensing near the surface
using direct numerical simulations.

Theoretical Background

The physics of trail formation behind zooplankton has been thoroughly addressed by others.
A simple model for the solute concentration behind a copepod in calm water is that of a point source
moving at constant velocity through a diffusive medium [3]. The diffusion problem can be solved
analytically [16] and the solution can be expressed as

C =
Q

4πDz
exp

(
−Ur2

4Dz

)
(1)
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where z is the along-track distance behind the copepod and r is the radial distance from the centerline of
the trail, remaining parameters defined in Table 1. The same expression can be used for chemical trails
behind particles falling through the water column with velocity U [17]. An organism with detection
limit C* can detect the trail at distance

z0 =
Q

4πDC∗ (2)

It is noteworthy that the detection length is independent of velocity. For a fast copepod, the trail
is thinner and diffuses faster than for a slow, but the detectable trail length is the same [1].

In a turbulent environment, the trail will be stretched and thinned by turbulent straining. At scales
smaller than the Kolmogorov scale, the viscous straining dominates the relative displacement of
particles, and since this is the movement that removes most of the kinetic energy from the flow, there is
a direct relationship between straining, viscosity, and dissipation of turbulent kinetic energy. The rate
of straining, γ, scales as:

γ =
(
ε

6ν

)1/2
(3)

Diffusivity tends to widen the trail whereas advective thinning due to straining tends to narrow it.
A balance between diffusive widening and thinning due to strain is obtained when the trail width
is about equal to the Batchelor scale, B = (νD2/ε)

1
4 [18]. Note that this is the scale of the actual trail

width, which is different from the detectable width that decays due to decreasing trail centerline
concentrations. At this width, the rate of change of trail concentration scales as

dC
dt
∝ −D

C
B2 ∝ −γC, (4)

i.e., the inverse of γ is a measure for the decay time-scale of the trail concentration in a turbulent flow.
Another time scale of importance for the trail is the time it takes before a trail becomes undetectable in
calm water,

T0 =
z0

U
. (5)

Table 1. Parameters and values used in calculations.

Parameter Symbol Value Reference

Copepod length L 0.1 cm
Copepod swimming speed U 0.05–1 cm s−1 [19]

Copepod concentration n 10–12 ind l−1 sharkweb.smhi.se
Emission rate of copepodamides * Q 17 pmol ind−1 d−1 [8]
Sensitivity threshold for copepods C* 1 nM [6] and references there in

Sensitivity threshold for microplankton Cp 20-80 fM [9]
Degradation rate k 0.21h−1(Ct = C0e−0.21t) [20]

Molecular diffusivity D 3 × 10−6 cm2 s−1 [21]
Kinematic viscosity ν 10−2 cm2 s−1

Dissipation rate of turbulent kinetic energy ε 10−6–103 cm2 s−3 [22]

* Calculated from weight specific copepodamide production [8] to the copepod species (Centropages typicus) used
in [3].

The main, non-dimensional, parameter that determines the influence of turbulence on a trail is
the relation between these two time scales,

VJ = γT0 (6)

which we call the VJ number after Visser and Jackson [4]. Visser and Jackson [4] used a statistical
model of isotropic turbulence and a relatively simple trail model to show that the trail characteristics
are little influenced by turbulence for VJ < 1 whereas the trail area, volume, and decay time scale
is much smaller than in calm water for VJ > 100. It is noteworthy that the actual length of the trail
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remains as long in turbulent as in calm water, but it curls up, becomes thinner, and decays much
quicker and closer to the copepod in turbulent water. In other words, the material lines are elongated in
turbulent water, but the elongation causes a thinning that increases the diffusive dilution so much that
the material trail length remains the same. Visser and Jacksson [4] presented the following equation
for the detection time scale of a trail in turbulence

T = T0
ln(VJ + 1)

VJ
(7)

which approaches T0 for small VJ and 0 for large VJ. A similar relationship can be obtained between the
trail length in calm water, z0, and the detection distance behind the copepod. However, these results
still remain to be validated in laboratory or in direct numerical simulations. It is also limited to isotropic
turbulence and do therefore do not necessarily apply near the surface or in strongly stratified fluid.

2. Materials and Methods

2.1. Calculations of Trail Lengths and Background Concentrations

The empirical data on production, degradation, and sensitivity thresholds were collected from
the literature (Table 1). Observations and samples of surface swarms of copepods were obtained by
bucket-sampling the densest part of two swarms observed on the Swedish west coast (58◦14’59.5”N
11◦26’43.8”E and 58◦52’33.5”N 11◦08’43.2”E). The copepods were preserved in Lugols’s solution. All
copepods in 65 mL (Centropages) or three times 50 mL (Calanus) were counted and prosome length
(Calanus) or sex (Centropages) was determined under a dissection microscope.

Degradation rates of copeopdamides in water is from unpublished work by Arias et al. (2020)
who measured degradation rates at 19 ◦C in seawater.

2.2. Direct Numerical Simulations

Direct numerical simulations (DNS) are here used to study the turbulent flow at the sea-air
interface and how the turbulence affects an inert tracer such as a chemical signal. The turbulent flow is
here driven by wind stress and thermal convection. The surface shear stress condition is set to give the
surface-shear based Reynolds number Re∗∗ = u∗H/ν = 120, where u∗ =

√
τ0/ρ is the friction velocity,

H is the length scale here given by the domain depth, and ν is the kinematic viscosity. τ0 is the surface
shear stress and ρ is the density. The water-side friction velocity can be converted to wind speed U10 at
10 m height using first u∗,a = u∗

√
ρ/ρa and then

U(z)
u∗,a

= κ−1 ln
(u∗,a z
νa

)
+ 5.7 (8)

valid for neutral conditions in the atmosphere [23]. This gives U10 ≈ 1.3 m s−1 which together with the
used natural convection Q0 = 100 W m−2 give conditions similar to a summer evening with clear skies
and low wind conditions, comparable to the conditions the two near surface swarming events were
observed in.

The modeled 0.1 × 0.4 × 1 m volume is shown in Figure 2. The stream direction and depth are
denoted x and z. y is perpendicular to stream direction. The domain size is 3πH × πH × H in the
x-, y- and z-directions where H = 0.1204 m. It is discretized using 1206 × 402 × 96 cells. The cells are
equidistant in the x- and y-directions (~0.94 mm). The mesh distribution is stretched in the z-direction,
where the smallest and largest cell heights, closest to the surface and bottom respectively, are ~0.098
mm and ~1.96 mm.
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Figure 2. The modeled volume showing iso-concentrations of signal concentration (blue) around nine
near surface point sources and the magnitude of flow velocity at the depth of the point source (0.995 cm).
This plane is made transparent in order to visualize which part of the signal plumes are above and
below its point of dispersal. The cross- and stream-wise positions of the point sources are given as the
interceptions of the blue lines. The distances are πH/4 and πH, respectively.

The incompressible Navier–Stokes equations are solved using the standard Boussinesq
approximation together with a thermal energy equation [12]. The transport equation for the passive
signal is used to calculate the signal field.

∂S
∂t

+ U·∇S = D∇2S +∅S (9)

where S is the signal concentration, t is time, and U is the fluid velocity. D is the signal molecular
diffusivity and ∅S is a spatially and temporally constant source terms added in nine positions at
the same depth of 0.995 cm. The depth represents typical depth for copepod swarms and coincides
with stream velocity u ≈ 1 mm s−1 similar to copepod swimming speed. It is also interesting to see
how anisotropic flow close to the surface influences the dispersal of the signal. The point sources are
distributed evenly in both cross- and streamwise directions. This results in a Δy = H·π/4 = 0.094 m
and Δx = H·π = 0.378 m. These distances are chosen to be of the same order as the length scale H and
in the streamwise direction to be long enough to enable a reasonable sampling time before the different
sampling sources start to interfere with each other. The diffusivity is chosen to be the same as thermal
diffusivity since the small-scale gradients induced by the much smaller diffusivities of copepodamides
cannot be resolved with the mesh resolution used in these simulations.

The surface boundary is assumed to be flat assuming that the surface deflection is negligible.
The signal boundary condition for the surface and bottom is ∂S/∂z = 0 which represent no signal
exchange through these boundaries. Finally, the flow is subject to periodic (cyclic) boundary conditions
in the horizontal (x- and y-) directions.

The simulations are carried out using a collocated finite volume approach with OpenFOAM,
which is an open-source computational fluid dynamics tool. The computational time step Δt is set
dynamically ensuring that the Courant–Friedrich–Lewy number, CFL = Δt|U|/Δl < 0.5, which results
in Δt ≈ 0.025 s. Here |U| is the magnitude of the velocity in a cell and Δl is the length of the cell in the
velocity direction. The mesh resolution and time discretization are further discussed by [13].

Sampling of the signal concentrations is done under 60 s after 40 s of continuous seeding. The mean
concentration is calculated by first superimposing an area around each of the nine seeding positions
(Figure 2). The mean concentration is deducted, and a temporal average performed (Appendix A).
The sampling period is short to avoid that the signal from one source interfere with adjacent sources.
The values should consequently be considered qualitative rather than quantitative.
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3. Results and Discussion

3.1. Mate Finding is Easier in 2 Dimensions than in 3

The most obvious way to increase encounter rate is to gather at the surface (or the bottom).
This reduce the problem to two rather than three dimensions and at the same time increase concentration.
Dense swarms of copepods are also observed on quiet summer days in the study area (Swedish west
coast), and in e.g., freshwater copepods [11]. Among the species we observed to form swarms were
Centropages typicus, Acartia sp, Oithona sp, Pseudocalanus sp, and Calanus sp. The swarms are usually
dominated by adults of a single species (Figure 3) suggesting a reproductive role. A 65 mL sample
from a Centropages swarm for example contained 343 males and 39 females out of which approximately
half (17) had a spermatophore attached and where thus mated. Three 50 mL samples from the center
of a Calanus swarm contained on average 1468 copepods each, corresponding to >29,000 copepods L−1,
also dominated by the large life stages although these were not sexed (Figure 3).

Figure 3. Length distribution of swarming Calanus sp. The green lines represent the average
size of the copepodite stages (1–5 are, juveniles 6 is sexually mature adults) from monitoring data
(www.sharkweb.smhi.se). The swarms are dominated by adults and late stage copepodites supporting
the reproductive role of swarms. This particular swarm reached extreme densities >29,000 copepods
L−1. Most swarms are less dense.

Swarming is a powerful strategy to facilitate mate finding provided that there is a reliable cue to
synchronize the ascent to the surface. Still, however, chemical information is useful for close range
search and selective mating.

3.2. Effect of Turbulence on Chemical Trails

When applying the empirical data in Table 1 on Equation (2), copepods can easily produce
trails trackable over 30–50 body-lengths in calm water, or >100 body lengths for larger copepods.
Turbulence, however, deforms and dilute the chemical trails, depending on the VJ number as described
in the introduction.

From Equations (1)–(6), one can derive the following relationship between VJ and ε

ε = 6ν
(

4πDC∗U VJ
Q

)2

(10)
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For typical values of copepod swimming speed and trail length (Table 1) a value of VJ = 1
corresponds to a dissipation rate of ε < 5 × 10−9 W/kg which is calm water but not unrealistically calm
below the pycnocline. A value of VJ = 100 corresponds to dissipation rates of ε < 5 × 10−5 W/kg which
is a quite high dissipation rate that is seldom observed in stratified waters below the wave influenced
surface layers. Faster swimming copepods have a large advantage in trail detection in turbulent water
since VJ = 1 corresponds to ε = 2 × 10−7 W/kg for a fast swimming copepod (U = 0.01 m/s) and ε = 5 ×
10−10 W/kg for a slow copepod (U = 0.0005 m/s).

The value of z/z0 = UT/z0 (trail detection distance divided by trail length in the absence of
turbulence, T is the detection time scale given in Equation (7)) is shown in Figure 4 for a tidal stratified
flow over the Oslo fjord sill using the typical values from Table 1 and dissipation rates estimated
from observations with a semi free-falling microstructure shear probe [24]. Seuront and colleagues [7]
suggest that trail following is unlikely in the upper ocean. Trails are indeed shortened by >80% in
the rather extreme turbulence behind the sill, but there are also calm layers where the trails are only
moderately influenced by turbulence.

Figure 4. Transects over the Drøbak sill in Oslo fjord of (a) dissipation rates of turbulent kinetic energy
(log10(W/kg)) [24] and (b) trail detection distance relative to that in calm water as functions of distance
over the sill and depth for a copepods with swimming speed 0.0015 m/s and detection limit 1 nM. Black
contours are lines of constant density (kg m−3), white hatched lines indicate the sampling locations. The
transect is performed during spring tide with a strong current from left to right pushing dense water
over the sill that cascades down on the lee side and jumps back up again creating strong turbulence.

3.3. Background Concentration

Even for strong turbulence, the constant supply of copepodamides from copepods will cause an
increase in background concentration, which when sufficiently large will be balanced by the decay rate
of the solute. These background concentrations reach bioactive concentrations in the upper ocean that
trigger defensive traits such as harmful algal toxin production [9]. Since zooplankton migrate to deeper
waters during daytime to avoid visual predators, the concentration will oscillate. To understand what
effective concentration that results up we need to calculate both the time scale, and the equilibrium
concentration. The equilibrium between supply and decay can be written as

nQ = k〈C〉 (11)

where <C> is the average concentration at equilibrium, which can be written as

〈C〉 = nQ
k

(12)
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The time scale to reach this equilibrium is k−1. For typical values (Table 1) the equilibrium
concentration is ~30 pM which is reached in a time scale of ~5 h. This is an order of magnitude
higher than the highest concentrations found in situ [9] which suggest that copepods do not reside
sufficiently long in the same water package, or that other loss factors such as vertical mixing and
sedimentation removes copepodamides. Alternatively, the production rate of copepodamides reported
for Calanus sp. [8] may not be representative for other copepods and temperatures.

3.4. Effect of Near Surface Anisotropic Turbulence on Trail Formation

Figure 5 shows snapshots of the stream-wise and vertical velocity. The horizontal velocity
is higher than the vertical at this depth and flow situation. The variability is also higher in the
horizontal direction, urms/wrms ≈ 2. Similar variability ratios are found in channel flow experiments
for wind-driven turbulence [14]. This ratio increases with increasing wind stress and vicinity to the
surface. This anisotropy distributes signals more horizontally than vertically (Figure 6, Supplementary
Video S1). The vertical spread of the plume is, beside turbulence and diffusion, enhanced by the falling
sheets of fluid. The mean concentration field is not fully converged due to the limited sampling time
which resulted from computational resource limitations and too avoid interference from adjacent
sources. However, it is possible to conclude that a vertical search pattern will be more rewarding
than a horizontal due to the anisotropy at this depth. The resolution of the model sets a limit on
how low signal molecular diffusivities that can be resolved, which gives that the diffusivity used is
representative for heat rather than solutes and therefore too high. The signal spread is determined by
the diffusion and advection, where a high molecular diffusivity leads to more pronounced diffusion
compared to a low diffusivity. Here, advection drives the anisotropic spread whereas the diffusion
works towards a more uniform distribution. The anisotropic spread may consequently be slightly more
pronounced for copepodamides due to their lower molecular diffusivity. The model can therefore be
seen as a conservative approach regarding the anisotropic spread. The copepods are fixed in these
simulations, which means that the trail is formed by an intermittent flow, however with a mean flow
of 1 mm s−1, past the copepod. In reality the trails will be more continuous due to a more constant
velocity of the copepods relative to surrounding water. Supplementary Video S1 shows an animation
of the spread around point sources.

Figure 5. Flow velocity in the plane where the signal is seeded to the domain. Note the same signal
scale close to the maximum scale for the stream wise velocity. The nine positions can be seen as the
black dots (iso-surfaces of signal concentrations). (a) Snapshot (t = t0 + 40 s) of streamwise velocity.
(b) Snapshot (t = t0 + 40 s) of vertical velocity.
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Figure 6. Normalized mean signal concentration. Values below one (dark blue) means that the
concentration is less than the total average signal concentration. xs = ys = 0 and depth = 1 cm define
the signal source position. (a) Horizontal plane at the seeding depth. (b) Vertical plane through the
seeding position.

Surfactants, surface-active chemical agents at the ocean-atmosphere of water–air interface, may
influence the turbulence in the vicinity of the surface [15,25] and might also attract amphiphilic
compounds like the copepodamides and hence serve as a sink for signaling compounds. In addition,
the surfactant typically decreases turbulence close to the surface as compared to a clean surface [15].

4. Conclusions

We apply new empirical data on signal substance properties on existing theories on the shortening
of trail detection distance by turbulence. This reveals that trails of small copepods are affected
by turbulence at quite low dissipation rates of turbulent kinetic energy, whereas the trails of large
copepods are unaffected at moderate dissipation rates, which are frequently occurring in calm weather
or below the wind mixed layer of stratified natural water. Copepods appear to be aware and maximize
encounter rates by forming near surface swarms on quiet days when turbulence levels allow trail
following. The anisotropic turbulence in this part of the ocean leads to more horizontal than vertical
distribution of cues. Copepods may consequently benefit from adopting more vertical oriented search
strategies to encounter chemical trails in this part of the ocean. Moreover, the timescale needed to reach
steady state concentrations where exudation is balanced by degradation is in the order of 5 h, which
suggests that cue concentration in surface water will oscillate with zooplankton diurnal migrations in
a sinusoidal way.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5521/5/2/54/s1,
Video S1: Solute distribution around point sources in anisotropic turbulence.
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Appendix A Calculation of Normalized Mean Signal Concentration

The spatial and temporal averaged scalar concentrations are calculated as follows. The scalar is
added to the domain from time t0 until t = t0 + 100 s. The sampling is done between at t1 = t0 + 40 s
to t2 = t0 + 100 s with 2.5 s between each realization (snapshot). There are nine positions and for each
time realization first the differential concentration is calculated as

ΔSm
ijk,t = Sm

ijk − St (A1)

where m is the position number, i jk are the indices in the x-, j-, and z-direction for that subdomain, t is
the time of the realization and St is the total amount in the whole domain during that realization. Then
the spatial and temporal average for a scalar domain is found by

Δ
=
Sijk =

∑9
m=1

∑t2
t=t1

ΔSm
ijk,t

t·m (A2)

that in turn are normalized using the total amount of scalar at the last realization St2 as

Δ
=̃
Sijk = Δ

=
Sijk/St2 (A3)
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Abstract: Copepods are small aquatic creatures which are abundant in oceans as a major food
source for fish, thereby playing a vital role in marine ecology. Because of their role in the food
chain, copepods have been subject to intense research through different perspectives from anatomy,
form-function biology, to ecology. Numerical simulations can uniquely support such investigations
by quantifying: (i) the force and flow generated by different parts of the body, thereby clarify the
form-function relation of each part; (ii) the relation between the small-scale flow around animal
and the large-scale (e.g., oceanic) flow of its surroundings; and (iii) the flow and its energetics,
thereby answering ecological questions, particularly, the three major survival tasks, i.e., feeding,
predator avoidance, and mate-finding. Nevertheless, such numerical simulations need to overcome
challenges involving complex anatomic shape of copepods, multiple moving appendages, resolving
different scales (appendage-, animal- to large-scale). The numerical methods capable of handling
such problems and some recent simulations are reviewed. At the end, future developments necessary
to simulate copepods from animal- to surrounding-scale are discussed.

Keywords: copepod; plankton; numerical simulation; immersed boundary method; multi-scale
simulations; form-function relation

1. Introduction

Copepods (from the Greek word for oar feet) are among the most diverse animals in the world
with more than 14,000 described species. They can be found in almost any kind of aquatic environment,
from subzero waters of Arctic to hot springs, from the top of Himalayas to 10,000 meters down the deep
sea, in mud, subterranean groundwater, lakes, seas and oceans [1]. Some copepods are parasitic and
live off other animals such as fish—e.g., salmon louse Lepeophtheirus salmonis Kroyer is a devastating
pest for salmon farms [1]. They are among the most abundant animals on the planet and a major food
source for fish. They play a vital role in the food chain and marine ecology which have made them
the subject of intense research through different perspectives from anatomy, form-function biology, to
ecology. In this manuscript, the numerical methods capable of supporting such research are reviewed
and their limitations and strengths are discussed.

The anatomy of copepods is well-studied and a general body plan is consistent across myriad
orders of these small crustaceans. Their size typically ranges between 0.5 to 5 mm. They have a
segmented body with several appendages attached to it (see Figure 1). A copepod has a pair of first
and a pair of second antennae, the first pair is long and the other is short, mandibular palps, two pairs
of maxillas, and a pair of maxilliped. There are four or five pairs of swimming legs attached to the
abdomen and the urosome with setae at the caudal area. They have one simple eye in the middle
of the head (at least in the larval stage), which can only tell the difference between light and dark.
Most of the sensory ability of copepods comes from the chemoreceptors on the mouthparts [2] and
mechanoreceptors over appendages especially the first antennae [3]. Overall, simulating a copepod
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with an anatomically realistic shape and moving appendages poses a great challenge even to the most
advanced numerical tools—see Section 2.

Figure 1. A typical calanoid copepod with all the appendages modeled in computer aided design
(CAD) and meshed with triangular elements for numerical simulations. Reproduced with permission
from [4].

The behavior of copepods and the function of their appendages has been typically investigated
through observations using high-speed cameras. Copepods feed on a wide variety of prey, ranging
from algae of a few micrometers to metazooplankton and fish larvae [5]. They use their mouth
appendages i.e., the antennae, maxillia and maxillipeds to create a feeding current toward the
mandibular palps (jaws) [6–8]. The flow field created by the feeding copepod is laminar with a
low Reynolds number based on length and swimming speed of order 1 to 10, where the viscous forces
are dominant. Copepods spend most of their time swimming and feeding at this low Reynolds number
environment. However, if a threat is detected they respond with rapid jumps to escape from harm’s
way. Such escape maneuvers give copepods a much greater chance of survival than the zooplanktons
which do not exhibit such predator-avoidance mechanism [9]. The Reynolds number during jumps
may reach as high as several thousands, which may even transition to turbulence.

The appendages move differently during an escape maneuver from the normal cruising mode.
When cruising, only the mouth appendages move to create a laminar feeding current while in the
escape the power strokes of antennae and the legs are mainly used to create large acceleration.
The power-stroke starts with the beating of the first antennae followed by multiple metachronal
beating of the legs while other mouth appendages stay in the retracted position [10]. During the
return stroke swimming legs minimize their surface area and move synchronously to the original
position [10–12]. Such power-strokes can give copepods the incredible speed of 50 to 500 body-length
per second during escape [12–14]. To understand how copepods achieve such high velocities, the
hydrodynamic forces produced by the appendages movements should be determined.

A few experimental studies have been conducted to measure the hydrodynamic forces during the
power and return strokes. Alcaraz and Strickler [11] examined the relation of forces and appendages
movement for escape mode by measuring the spring force attached to the tethered copepod while
filming the appendages movement from the side. They found the force to be in the thrust (forward)
direction during the power stroke and in the drag (backward) direction during the return stroke. More
recently, Lenz et al. [12] performed a similar study. They reported that the peaks on the force record
corresponded to the power stroke of each leg and the stroke of forth and third pairs of legs produced
the largest peak. The estimated power per muscle mass by Lenz et al. [12] was found to be particularly
high relative to other organisms. In the above studies, the force record was the total force produced
by all the appendages and it was not completely clear how much each appendage contributed to the
total force. A major contribution of numerical simulations is that they specifically provide how much
each appendage contributes to the total force and how the appendages movements affect the forces
produced, thereby clarify the form-function relation of anatomical structures or appendages.

Another point of interest in copepod research is the flow field that is generated by the copepods
and how copepods respond to the flow in their environment [15,16]. In fact, copepods respond to
hydrodynamic signals within a few milliseconds [17]. They use their mechanoreceptors to feel the
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hydrodynamic disturbances in the flow [18]. It is believed that they can distinguish between prey,
predator, or mate from the hydrodynamic signatures of the flow [19]. In addition, the hydrodyanmic
disturbance that they create is used by fish to capture them. The flow field and the coherent vortical
structures has been visualized in experiments with live copepods [14,19–22]. Such flow visualizations
typically capture the flow over a 2D plane. 3D flow measurements are possible, e.g., using tomographic
particle image velocimetry (tomo-PIV) [23], but they are more challenging and normally have a lower
resolution than 2D PIV. Numerical simulations can complement such experiments by providing the
detailed 3D flow around the copepods. Nevertheless, the numerical simulation of a copepod is a
challenging undertaking due to its complex shape and the thin appendages and their rapid movements.
In the next section, available methods for simulating flow around copepods with different levels of
complexity are reviewed and their strengths and limitations are discussed.

2. Overview of Numerical Methods for Simulations of Copepods

The methods for simulating copepods can be classified into two main categories: Simulations that
resolve the shape and motion of copepod (appendage-scale methods), and the simulations that ignore
the exact shape of a copepod or the motion of its appendages and model their effect as a force field on
the flow (force-field method). The former is better suited for investigating form-function relation of
different anatomical features of a copepod, whereas the latter is useful for investigating the general
flow features generated by copepod (copepod-scale), the interaction of copepod-scale flow and the
large-scale (e.g., oceanic) flow, or their collective behavior. In what follows, these two categories are
further discussed.

2.1. Force-Field Simulations

When the large- or copepod-scale flow is of interest, i.e., the length scales of surrounding flow are
much larger than the appendages size, the copepod shape or its appendages are ignored but its effect
on the flow is modeled as a force field—see the reviews [24,25] for more details and applications of
this method. In fact, the background flow is governed by the incompressible Navier-Stokes (or Stokes
depending on the Reynolds number of the flow) equations and a force is added at the locations where
the copepods are present [26]. This method is similar to what has been used for simulation of small
particles [27] or bacteria and other microorganisms (active fluids) in the flow [28],

The 3D incompressible, non-dimensional Navier-Stokes equations are as follows:

∇.u = 0
Du

Dt
= −∇p +

1
Re

∇2u + f
(1)

where D/Dt = ∂/∂t + u.∇, u is the velocity vector, p is pressure, Re is the Reynolds number, and f is
the force field (force per unit volume) exerted by the copepods onto the flow. The above equations
require appropriate boundary conditions to form a well-posed problem. The boundary conditions are
the no-slip condition at copepod locations in flow

u = Vswimming (2)

where Vswimming is the swimming velocity of the copepod.
This method has been used to simulate the flow at the copepod-scale. Jiang et al. [26] developed

five models for the force f in Stokes flow for different types of steady swimming such as hovering,
freely sinking, and upward/backward/forward swimming. The force field f was obtained through
force balance by assuming the shape of the copepod body as a sphere and using Stokes drag formulas.
More recently, Jiang and Kiørboe [29] used an impulsive stresslet to model the force field generated by
a jumping copepod. In addition, Jiang and Kiørboe [30] simulated the copepod jumps by assuming an
spheroidal shape for the body and applying a force field to account for the beating legs. The flow field
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created by self-propelled jumping copepod compared well with PIV measured flow fields and spatial
decay rate [30].

The force field method can also be used to simulate the interaction of copepod with the large-scale
flow, e.g., turbulence. In the pioneering work of Yamazaki et al. [31], direct numerical simulations of an
isotropic turbulence were performed and copepods were simulated as passively drifting (inertialess)
particles by the turbulent flow plus a random walk. Later, Squires and Yamazaki [32] simulated
marine particles with inertia in a similar setup and showed the preferential concentration (rather than
a homogeneous distribution) generated by such particles. Lewis and Pedley [33] used a probablity
density function of predator and prey velocities, rather than direct numerical simulations, to model
the contact of microorganisms in turbulent flow. Recently, Ardeshiri et al. [34] carried out direct
numerical simulations of isotropic turbulence and simulated the motion of copepods as particle
similar to Yamazaki et al. [31] but instead of the random walk they developed and used a Lagrangian
model based on the recorded velocities of copepods in an experimental setting. In all of the above
studies [31,32,34], a non-uniform body force was applied to the largest scales of motion in order to
maintain a statistically stationary flow, but the effect of copepods on the turbulent flow was ignored
and no force from the copepods were added to the right hand side of Equation (1). In fact, the copepods’
motion were determined by the flow but the existence of the copepod did not affect the flow, i.e., the
copepods’ motion was coupled one-way to the flow. Nevertheless, it is known that the existence of
particles in the turbulent flow affects the turbulent characteristics as well as particle dispersion, which
requires two-way coupling [35,36]. In two-way coupling, the force exerted by the copepods on the
flow needs to be added to the right hand side of Equation (1).

2.2. Appendage-Scale Simulations

For simulations of copepods with realistic body and appendages shapes, the Navier-Stokes
Equation (1) are solved over a grid with appropriate no-slip conditions on the body (Equation (2)).
Nevertheless, handling the motion of copepod appendages require special techniques because the
boundary at which the no-slip conditions should be applied is moving. The numerical methods for
moving boundary problems are classified into two main categories [37]: (a) boundary-conforming
methods in which the grid moves the moving boundary and (b) non boundary-conforming methods
in which the grid is fixed and the moving boundary moves over a fixed background mesh.

In boundary-conforming methods, also known as the arbitray Lagrangian-Eulerian (ALE)
methods [38], the Navier-Stokes Equation (1) are modified to account for the grid motion. The ALE
methods can efficiently keep a high-resolution near the moving boundaries. For large deformations,
however, the grid can become highly skewed or stretched, i.e., the grid quality degrades, which may
cause convergence issues for the numerical method. Remeshing may solve the grid quality, but it is
computationally expensive and difficult.

Non boundary-conforming, i.e., fixed-grid, methods do not need any modification to the
Navier-Stokes equations as the grid is fixed and does not move with the boundary. These methods are
more suitable for large deformations because they do not create highly skewed grids [39]. However,
additional complexities arise in terms of identifying the grid nodes adjacent to the moving boundaries
and transferring the effects onto those nodes. There are different fixed-grid methods, e.g., the immersed
boundary method [39], cut-cell methods [40], and fictitious domain method [41], among others.
Out of these methods, only the immersed boundary has been used for simulations of copepods [4].
Consequently, only the immersed boundary is briefly described below.

The original immersed boundary, pioneered by Peskin [42–44], smeared the effect of boundaries
over several grid nodes, which required additional resolution near the boundary. Since then, a number
of sharp-interface methods have been developed [39]. In the method used for copepods [4], the
sharp-interface is maintained by reconstructing the boundary conditions at the nodes that are exterior
to, but adjacent to the immersed-boundary surface using a quadratic interpolation along the local
normal to the boundary [45]. The background nodes at each time step are classified into fluid,
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wall, and immersed boundary nodes using an efficient ray-tracing algorithm [46]. The method
uses curvilinear grids as the background grid to efficiently stretch the grid in regions of interest,
i.e, the curvilinear-immersed boundary (CURVIB) method [47]. The method is fully parallelized
using Message Passing Interface (MPI) and Portable, Extensible Toolkit for Scientific Computation
(PETSc) [48]. It has been fully validated [46,49–51] and applied to a wide range of applications:
vortex induced vibrations [52,53], aquatic locomotion [54–63], cardiovascular flows [64–70], sediment
transport [71], large-eddy simulations and flow control [72–75], rheology [76,77], and copepods [4].
In the next section, some of the copepod simulations using this method are presented and discussed.

3. Results from Previous Simulations of Copepods

The earliest numerical simulations of copepods considered copepods as particles drifting by a
turbulent flow [31,32]. In their pioneering work Yamazaki et al. [31] and Squire and Yamazaki [32]
tracked the trajectories of 512 and 165,888 copepods (particles), respectively, drifting in an isotropic
turbulent flow. The results showed that the contact was increased due to turbulence [31] and clustering
can occur with densities of 10 to 60 times of the mean average population density [32]. Recently,
Ardeshiri et al.[34] simulated 256,000 copepods with a Lagrangian model of jumping behavior in an
isotropic turbulent flow and found clustering of jumping copepods. Furthermore, they used their
simulations to estimate the contact rate of jumping copepods and found that it can be increased by
a factor up to 102 compared to that experienced by passively transported fluid tracers of the same
size [78]. These simulations investigated the role of large-scale flow on the copepod motion, but
ignored the copepod-scale flow generated by the copepods.

The first attempt to simulate copepod swimming numerically was reported in a series of papers
by Jiang et al [26,79–81]. In their theoretical work, the force field approach (Section 2.1) was used by
approximating the shape of the copepod as a sphere and modeling the force for different swimming
conditions [26,29]. In their numerical simulations [79,81], a realistic body shape was used but the multiple
moving appendages were neglected and their effect was accounted for via a distribution of body forces
acting on the water. The first simulation of an anatomically realistic copepod with all of its swimming
appendages was reported by Gilmanov and Sotiropoulos [45] who employed a sharp-interface Cartesian
method (Section 2.2) to a model the swimming of a tethered copepod. Later, Borazjani et al. [4] built on
that work by carrying out high-resolution simulations over a range of governing parameters with more
biologically accurate kinematics prescribed from high-resolution experiments.

Borazjani et al. [4] used 3D numerical simulations of a tethered copepod to investigate the role
of the first antennae in production of hydrodynamic force during hopping (Figure 1). The details of
body shape and the kinematics of the appendages were prescribed from experimental observations
using a dual digital holography setup with 200 frame per second high-speed camera to record the
motion of hopping copepods [21]. By analyzing the high-resolution experimental holographic movies
frame-by-frame, it was observed that the copepod antennae deform distinctively during the return
stroke to the fully open position [4]. Consequently, two sets of simulations were conducted to examine
the importance of the realistic motion of the antennae on the hydrodynamics of during hopping as
observed from the top view in Figure 2 [4]: one treating each antenna as a rigid, oar-like structure
moving symmetrically during power and return stroke; and the other using an asymmetrical motion
with a deformed shape during the return stroke which was prescribed from experiments.

The force produced by each individual appendage was computed directly from the numerical
simulations and its relative significance on the total hydrodynamic force was quantified [4].
The computed results: (1) show that for both cases the antennae are major contributors to the net thrust
during hopping; and (2) clearly demonstrate the significant hydrodynamic benefit in terms of thrust
enhancement and drag reduction due to biologically realistic, asymmetric antenna motion. In addition,
the antennae were found to produce the largest drag- and thrust-type forces among all appendages
regardless of whether the antennae were treated as rigid or deformable. This conclusion, however,
could be partly affected by the fact that the leg kinematics in the present model does not exhibit the

115



Fluids 2020, 5, 52

required degree of biological realism. Nevertheless, the large drag of the antennae provides a plausible
explanation why copepods have been observed to use multiple leg strokes before re-deploying their
antennae. Finally, the calculated net force time history over a swimming cycle explains why copepods
swimming in the ocean move in bursts (jumps) during escape. The high thrust (produced by all
appendages) during the power stroke, which rapidly accelerates the copepod, is followed by a large
drag force (produced by the body and the appendages) during the return stroke, which decelerates the
copepod, yielding an intermittent, burst-like behavior during the swimming cycle.

A

B

C

Figure 2. Out-of-plane vorticity contours for the top view mid plane of the copepod at (A) t/T = 0.33
(B) t/T = 0.66 (C) t/T = 1 for the rigid antennae (left) and deformable antennae (right) (Re = 300,
T = 0.3). Reproduced with permission from [4]. See Video S1 in supplementary materials for a movie of
the deformable antennae.

116



Fluids 2020, 5, 52

The numerical simulations also provide the 3D flow around the copepod. The antennae create
complex vortical structures that can be viewed from the top (Figure 2). Figure 2A shows the antennae
at the end of the its power stroke, which creates a strong shear layer at the tips of each antenna.
Figure 2B,C shows the wake at the middle and end of the return stroke, respectively. It can be
observed that the downstream wake structures have been destroyed by the rigid antennae while still
moving downstream in the deformable case i.e., more thrust-type wake for the deformable antennae.
The numerical simulations also elucidate for the first time the origin of the distinct toroidal vortices
observed in flow visualization experiments in the wake of escaping copepods [19]. Visualizing the
coherent structures by the iso-surfaces of q-criterion (defined as the difference between the norm of
vorticity and strain-rate [82]; consequently, q> 0 are regions where the rotation rate dominates the
strain rate, i.e., a vortex) in the wake of the copepod showed the three-dimensional structure of the
toroidal vortices (Figure 3). It was found that the toroidal vortices are formed mainly from the leg
strokes by forming two columnar vortices, which are attached to each other at the end forming an
arch-like vortex loop [4].

Figure 3. Vortical structures visualized by the iso-surfaces of q-criterion around the tethered copepod
with deformable antennae (Re = 300, T = 0.3) at different time instance (A) t/T = 0.28 the first stoke of
legs begins by the last pair (B) t/T = 0.36 the middle of legs power-strokes (C) t/T = 0.48 almost the
end of the legs power-stroke (D) t/T = 0.56 the legs return-stroke has started (E) t/T = 0.66 towards
the end of the legs return-stroke (F) t/T = 0.86 the legs return stroke has been ended for some time.
Reproduced with permission from [4]. See Video S2 in supplementary materials for a movie of the
wake structure.
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4. Discussions and Future Directions

Numerical simulations have come a long way from simplified geometries to realistic anatomic
ones. Numerical simulations can provide the 3D flow around copepods with realistic anatomies and
appendages motion, which is challenging to measure experimentally, and provide hydrodynamic
forces generated by individual appendages or body. In addition, one of the main benefits of numerical
simulations is to test hypothetical cases which might not be possible in real world. Such numerical
simulations can play an important role in investigating the form-function relations of biological
features. In fact, Borazjani et al. [4] used numerical simulations to investigate the form and function of
copepod antennae during hopping. This was possible because the force generated by each appendage
can be computed separately from others in numerical simulations which is quite challenging, if not
impossible, to do in experiments. In addition, this was also possible through a comparative analysis
between a realistic antenna motion and a hypothetical symmetric motion (not observed in nature).

Appendage- and copepod-scale flow simulations need experiments to provide the accurate
anatomical geometries and motions for their results to be biologically relevant. The results of such
simulations should be validated against available measurements before applying them to hypothetical
cases for comparative analysis. Such complementary simulations and experiments are powerful tools
to advance knowledge and test hypotheses on form and function of different biological features or
behaviors. There are many possibilities in this line of research as many features of copepods has yet
to be simulated. The current simulations were mostly tethered [4] and self-propelled simulations,
which have been performed for other aquatic swimmers [55,59,61,62,83], has yet to be carried out for
appendage-scale flow of copepods. Such simulations can investigate the role of multiple metachronal
beat of legs during multiple hops for feeding or jumps to avoid predators. In addition, the role of hairy
appendages versus non-porous ones is an interesting feature to investigate. Nevertheless, simulations
with hairy or flexible appendages need: (a) realistic material properties measured experimentally for
flexible appendages; and (b) a finite element solver coupled with a fluid solver [49] to solve for the
deformations due to hydrodynamic forces.

Apart from investigating the form and function of different biological features or appendages,
investigating how the copepods interact with the large-scale surrounding flow is an exciting new
avenue for research. It is interesting to see how different flow regimes, e.g., turbulence [15] or
vortices [16,84], affect the motion (either cruising or hopping) of copepods. In addition, the effect of
vortices or flow gradients on the deformation of hairy and deformable appendages may shed light on
the mechanosensory mechaisms of copepods. Appendage- and copepod-scale simulations can help in
such studies.

Appendage- and copepod-scale simulations, however, cannot investigate the effect of presence
of many copepods on the large-scale surrounding flow. It is well-known that the presence of small
microorganisms [28] and even passive particles [77] can affect the large-scale flow and its rheology.
Previous simulations of copepods motion in large-scale flow [31,32,34] did not consider the effect
of copepods on the large-scale flow, i.e., one way coupled (Section 2.1). To investigate the effect of
copepods on the large-scale surrounding flow a multi-scale, two-way coupled simulation is required.
One possible way for such multi-scale simulations is to couple appendage-scale (Section 2.2) to
large-scale (Section 2.1) simulations. Each appendage-scale simulation will provide the force at the
copepod location (f in the right-hand-side of Equation (1)) for the large-scale simulation while the
large-scale simulation will provide the flow conditions (incoming velocity magnitude and direction)
at copepod locations for appendage-scale simulations, i.e., two-way coupled. Note such simulations
will be computationally expensive and using parallel computing is a must. Finally, such multi-scale
simulations do not need modeling (random walks [31] or Lagrangian modeling of jumps [34]) to
calculate the trajectories of copepods’ motion in a turbulent flow, thereby providing a more accurate
contact rate and clustering of copepods. Contact rates and clustering of copepods are directly related
to the probability of encountering food, mates, or predators. Better approximations of contact rate
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through two-way, multi-scale simulations enable answering important ecological question involving
the three major survival tasks, i.e., feeding, predator avoidance, and mate-finding.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5521/5/2/52/s1,
Video S1: The top view of out-of-plane vorticity contours on the midplane of the copepod with deformable
antennea. Video S2: 3D vortical structures visualized by the iso-surfaces of q-criterion around the copepod with
deformable antennea.
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Abstract: Despite ample evidence of micro- and small-scale (i.e., millimeter- to meter-scale)
phytoplankton and zooplankton patchiness in the ocean, direct observations of nutrient distributions
and the ecological importance of this phenomenon are still relatively scarce. In this context, we first
describe a simple procedure to continuously sample nutrients in surface waters, and subsequently
provide evidence of the existence of microscale distribution of ammonium in the ocean. We further
show that ammonium is never homogeneously distributed, even under very high conditions of
turbulence. Instead, turbulence intensity appears to control nutrient patchiness, with a more
homogeneous or a more heterogeneous distribution observed under high and low turbulence
intensities, respectively, under the same concentration in nutrient. Based on a modelling procedure
taking into account the stochastic properties of intermittent nutrient distributions and observations
carried out on natural phytoplankton communities, we introduce and verify the hypothesis that
under nutrient limitation, the “turbulent history” of phytoplankton cells, i.e., the turbulent conditions
they experienced in their natural environments, conditions their efficiency to uptake ephemeral
inorganic nitrogen patches of different concentrations. Specifically, phytoplankton cells exposed
to high turbulence intensities (i.e., more homogeneous nutrient distribution) were more efficient
to uptake high concentration nitrogen pulses (2 μM). In contrast, under low turbulence conditions
(i.e., more heterogeneous nutrient distribution), uptake rates were higher for low concentration
nitrogen pulses (0.5 μM). These results suggest that under nutrient limitation, natural phytoplankton
populations respond to high turbulence intensities through a decrease in affinity for nutrients and an
increase in their transport rate, and vice versa.

Keywords: nutrient patchiness; turbulence; phytoplankton; surge uptake; nutrient depletion;
turbulent history

1. Introduction

Investigations of micro- to small-scale (typically millimeter- to meter-scale) distributions of viruses,
bacteria, phytoplankton, and zooplankton populations revealed their patchy character, see e.g., [1–22],
in particular in relation with turbulence [23–25]. Despite early attempts to quantify nutrient patchiness
in the ocean [26,27], the introduction of a simple procedure to continuously sample nutrients from
surface waters nearly two decades ago [28], and the plethora of work devoted to the assessment of
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the implication of microscale nutrient patchiness for aquatic microbial communities [29–35], direct
observations of micro-scale nutrient distributions are still lacking. Information on the qualitative and
quantitative nature of micro-scale nutrient distribution is nevertheless critically needed to bridge the gap
between bacteria and phytoplankton and higher trophic levels to improve our general understanding
of structures and functions in marine systems.

The existence of nutrient microzones has long been hypothesized to result in the development
of phytoplankton adaptive strategies for nutrient uptake [36–38]. However, little is still known
about the potential effect of the interplay between nutrient patchiness and phytoplankton uptake
in natural waters. The uptake of nutrient by phytoplankton cells is typically described using the
Monod equation, i.e., a strict equivalent to the Michaelis-Menten equation. These models both
fundamentally hypothesized steady state conditions, i.e., a homogenous distribution of the limiting
nutrient in time. Under non-steady state conditions, such as nutrient patchiness, these equations cannot
represent correctly nutrient removal by phytoplankton cells and to the best of our knowledge there
is no experimentally validated model of nutrient uptake under fluctuating nutrient conditions [39].
Nutrient patchiness may have a negative impact on nutrient uptake rates as uptake is typically less
efficient at higher nutrient concentration than at low ones [36]. This hypothesis holds true under the
general assumption that the parameters of the Michaelis-Menten kinetics remain constant irrespective
of ambient nutrient concentration [39]. It becomes, however, fundamentally unrealistic given the
well-known abilities of nutritionally limited phytoplankton cells to enhance their uptake of nutrients
in the presence of ephemeral point source [40–42].

In this context, the first aim of this work is to briefly rehearse the description of a simple technique
allowing the continuous sampling of nutrient from surface waters [28], to critically assess its potential
limitations, and to illustrate its validity to characterize nutrient patchiness in the specific framework of
sampling experiments conducted in the eastern English Channel. Our second aim was thus to introduce
a modelling procedure that might account for the observed surge-uptake of nutrient based (i) on
the detailed stochastic properties of intermittent nutrient distributions, and (ii) on a simple adaptive
representation of phytoplankton surge-uptake for nutrients. Finally, we validate our mechanistic
hypotheses through a specifically designed field experiment devoted to assess the surge uptake rates
of natural phytoplankton communities under ammonium limitations when exposed to ammonium
pulses of low and high concentrations.

2. Assessing Nutrient Patchiness in the Ocean

2.1. High-Frequency Nutrient Sampling

In order to continuously investigate the small-scale distribution of ammonium, a series of three
sampling experiments have been conducted adrift in the coastal waters of the eastern English Channel
in the summers of 1996, 1997, and 1998. Water was continuously taken from a depth of 0.25 m
through a seawater intake mounted on a suspended hose located 1 m away from the hull of the vessel,
and directly processed in a Technicon Autoanalyzer II [43] by means of a rail wheel pump connected
to 1.5-mm diameter plastic tubing with an approximate output of 0.80 mL min−1. The temporal
resolution (i.e., 3 s) was chosen as the minimum time interval allowed by the Technicon Autoanalyzer
II between two ammonium quantity determinations. Despite early suggestions of its feasibility [43],
the approach described in the present work has, to our knowledge, only been used at a lower temporal
resolution (1 min) and a smoothing of the output signal associated with the dimension of the pumping
apparatus [26], and for the determination of nitrites micro-scale distribution [28]. Data were directly
recorded on a PC by means of a data logger system interfaced with the Technicon Autoanalyzer II.
Between each time series, the whole plastic tubing was rinsed with HCl 10%, Milli-Q water and the
Technicon Autoanalyzer II was calibrated using a standardized nitrogen solution. We recorded 11, 15,
and 8 time series of ammonium concentrations of approximately 1-h duration at a sampling frequency
of 0.33 Hz in 1996, 1997, and 1998, respectively. Sampled time series show the very intermittent
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character of ammonium distribution (i.e., a distribution characterized by a few dense patches and
a wide range of low-density patches; [28]), whatever the year and the hydrodynamic conditions
(Figure 1).

Figure 1. Samples of high-resolution (0.33 Hz) ammonium concentration time series recorded in
the eastern English Channel in 1998 for increasing values of the tidal current speed v (m s−1):
v ~ 0.2 m s−1 (ε ~ 6 × 10−4 m2 s−3, (A)), v ~ 0.5 m s−1 (i.e., ε ~ 7.5 × 10−5 m2 s−3, (B)), and v ~ 1 m s−1

(ε ~ 4.8 × 10−6 m2 s−3, (C)). The ammonium distributions are patchier when the hydrodynamic
conditions (i.e., the tidal current speed v) are weaker. The dissipation rate of turbulent energy ε

(m2 s−3) were estimated from the velocity of the tidal flow v as ε = 0.006 (v3/z), where z is the depth of
the water column (z ~ 10 m); see Equation (15) below. The black dashed lines are the average of each
distribution, and illustrate the extreme similarity in the bulk concentration of ammonium.

To assess the presence of a potential link between ammonium and phytoplankton biomass that may
bias further analysis and interpretation of the distribution of ammonium, the 11, 15, and 8 times series of
ammonium concentrations sampled in 1996, 1997, and 1998 were consistently sampled simultaneously
to in vivo fluorescence (a proxy of phytoplankton biomass) using a Sea Tech fluorometer, and both
temperature and salinity using a Sea-Bird Sealogger CTD. Though the differences in the level of
small-scale patchiness observed in nutrients, in vivo fluorescence and purely passive tracers such as
temperature and salinity have been discussed at length elsewhere [4,11], we briefly rehearse (i) that
we never found any significant correlation (p > 0.05) between ammonium times series, and neither
in vivo fluorescence, temperature, nor salinity, and (ii) that the stochastic properties of temperature
and salinity were consistent with the signature of purely passive tracers advected by turbulent velocity
fluctuations, in contrast to both in vivo fluorescence and nutrients that exhibit very distinct levels of
patchiness, i.e., more and less patchy under low and high turbulent conditions, respectively [11,28].
These observations warrant that, though ammonium is, a priori, a far less conservative nutrient than,
e.g., nitrate and nitrite [28], it can then be considered as independent from the phytoplankton and the
turbulent fields at the temporal scales considered in the present work.

2.2. Potential Sources of Aliasing and Validation

In order to get a reference framework to validate our continuous use of the Technicon Autoanalyzer
II, we plotted the mean of each time series together with ammonium concentrations estimated from
triplicated sub-surface Niskin bottle samples taken within 10 cm from the continuous seawater intake
at the beginning, the middle and the end of each time series record (Figure 2). Both the very good
agreement observed between the ammonium concentration obtained from our novel continuous
sampling and a standard discrete sampling scheme and the lack of interannual variability in the
observed agreement suggest that the occurrence of the observed high-density patches (cf. Figure 1)
cannot be attributed to any kind of aliasing. Several potential sources of aliasing that can be proposed
for the occurrence of these patches are nevertheless discussed hereafter.
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Figure 2. Mean values of ammonium times series recorded in 1996, 1997, and 1998, plotted
against the ammonium concentrations simultaneously estimated from sub-surface Niskin bottle
samples. The resulting highly significant linear regression (p < 0.01) demonstrates the validity
of our high-resolution sampling procedure. The different colors correspond to sampling under
different flow speed v conditions: red (v ~ 1 m s−1; i.e., ε ~ 6 × 10−4 m2 s−3), blue (v ~ 0.5 m s−1,
i.e., ε ~ 7.5 × 10−5 m2 s−3), and green (v ~ 0.2 m s−1, i.e., ε ~ 4.8 × 10−6 m2 s−3). The dissipation rate of
turbulent energy ε (m2 s−3) were estimated from the velocity of the tidal flow v as ε = φv3/z, where z is
the depth of the water column (z ~ 10 m) and φ is a constant, φ = 0.006; see Equation (15) below.

As briefly investigated by Seuront et al. [28], the four main sources of aliasing that can be identified
in our sampling procedure are discussed hereafter.

2.2.1. The Motion of the Ship

A contamination by the motion of the ship implies that each point of a recorded dataset may
potentially have been sampled at a different depth. Such a bias would typically be related to the
characteristic frequency of the waves, and consequently would have led to peaks at specific frequencies
when plotting the ammonium time series in Fourier space [44], which is obviously not the case
(Figure 3). Note, however, that even if the observed ammonium patches could have been related to
the rolling of the ship, their ecological relevance would be equivalent, providing evidence for vertical
small-scale patchiness instead of/and a horizontal one.

2.2.2. The Characteristics of the Sample Processing Chain Including Features of the
Electronics Involved

In the present case, the linearity of the ammonium power spectra over the whole range of available
scales (Figure 3) shows the absence of any kind of noise contaminations by the electronics or the
processing chain, in which case the high-frequency part of the spectra would have shown a roll-off
towards the noise level of the involved electronics [44]. The absence of this characteristic signature of
high-frequency noise demonstrates that our sampling frequency is well above the electronic noise level.
On the other hand, both low- and high-density patches perceptible from Figure 1 include more than
one point (i.e., from 5 to 20), and this excludes the occurrence of electronic spikiness. These patches
correspond to 5 to 20 points, then to time scales bounded between 15 and 60 s, and considering the
mean flows experienced during our sampling experiments, to spatial scales bounded between 0.2 and
60 m.
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Figure 3. The power spectrum E(f ), where f is frequency, of an ammonium time series recorded in
1997. The strong linearity of the power spectrum indicates a scaling behavior over the whole range of
scales. The spectrum expected in case of noise contamination by the electronics of the processing chain,
presenting a high-frequency roll-off towards the electronic noise level, is shown for comparison.

2.2.3. The Turbulent and/or Molecular Diffusion Occurring in the Plastic Tubing of the
Pumping Apparatus

First, we investigated the importance of the forces due to viscosity by calculating the Reynolds
number Re, Re = ud/ν, where u is the flow speed in the plastic tube (u = 12.5 mm s−1), d the diameter of
the tube (d = 1.5 mm), and ν is the kinematic viscosity (ν = 10−6 m2 s−1). The low Reynolds number
associated with our pumping apparatus (Re = 18.75) indicates that no turbulent mixing occurs during
the pumping process in the plastic tubing. We subsequently assessed the diffusion length scale, L,
travelled by NH+

4 molecules in the plastic tubing during the pumping process due to the molecular
diffusion; L is defined as L = (Dt)0.5, where D is the molecular diffusion (D = 10−9 m2 s−1) and t the
diffusion time scale (i.e., the time needed to bring seawater through the Technicon Autoanalyzer II;
i.e., t = 20, 22, and 16 min for the sampling experiments conducted in 1996, 1997, and 1998, respectively).
The diffusion length scale L is about 10−3 m (i.e., L = 1.10 × 10−3 m in 1996, L = 1.15 × 10−3 m in 1997,
and L = 0.98 × 10−3 m in 1998). This length scale is typically five orders of magnitude lower than the
inter-sample bubbling used by the Technicon Autoanalyzer II [28]. As a consequence, it is stressed that
the low Reynolds number and minute diffusion length scale characteristic of our pumping procedure
cannot induce any bias related to turbulent diffusion nor molecular diffusion.

2.2.4. The Mixing Induced by the Boundary Layer Occurring around the Hull of the Vessel

This potential bias has been investigated by estimating the thickness of the boundary layer
generated by the tidal current flowing around the hull of the ship, which have been compared to the
1-m distance chosen for the seawater intake. The thickness of a boundary layer, δ, increases with
increasing distance from the ship bow according to δ = (xν/v)1/2 [45], where x is the distance from the
ship bow where water has been continuously taken (x = 15 m), ν the kinematic viscosity and v (m s−1)
the tidal current speed. We then estimated δ for the range of velocities (0.05–1.50 m s−1) experienced
during the seawater pumping experiments as being in the range 0.32–1.73 cm. The potential influence
of such minute boundary layer thickness on the temporal patterns of the nitrite measurements taken
1 m away can be obviously neglected.
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2.3. Stochastic Quantification of Intermittent Nutrient Distribution

2.3.1. Theoretical Analysis

The fluctuations of passive scalars such as temperature, salinity, and a priori phytoplankton cells
occurring under the influence of fully developed homogeneous tri-dimenstional turbulence have
widely been described in Fourier space using power spectral analysis as E(f) ∝ f−β where f is the
frequency (s−1) and β ≈ 5/3. A power spectrum fundamentally quantifies the amount of variability
occurring in different frequency bands. When all or parts of the spectrum follow the abovementioned
power law, or more generally a power law of the form E(f) ∝ f−β where β can diverge from the theoretical
expectation β ≈ 5/3, this indicates the absence of any characteristic time scale in the range of scales
where the power law applies.

Spectral analysis is, however, limited to a second-order statistic, hence characterizes very poorly
intermittent fluctuations (i.e., occasional and unpredictable large peaks separated by very low values;
see Figure 1) that are fundamentally non-Gaussian [4]. Spectral analysis can be generalized in real
space using the qth order structure functions that have been extensively described and illustrated
elsewhere [4]. For a concentration of nutrient C fluctuating in time, the qth order structure functions are
defined as 〈(ΔC(τ))q〉 ∝ 〈

∣∣∣C(t + τ) −C(τ)
∣∣∣q〉, where the quantity 〈(ΔC(τ))q〉 is the qth order statistical

moments of the fluctuations of the quantity C at the time scale τ.
The structure function exponents ζ(q) are defined as 〈(ΔC(τ))q〉 ∝ tζ(q), and the scaling exponents

ζ(q) are given by the slope of the linear trends of 〈(ΔC(τ))q〉 versus τ in a log–log plot. Specifically,
the exponent ζ(1) = H defines the scale-dependency of the average fluctuations, that is if H � 0,
the fluctuations will depend on the time scale. In turn, the power spectral slope β is linked to the second
moment ζ(2) as β = 1 + ζ(2). The function ζ(q) is linear for monoscaling (i.e., monofractal) processes
such as Brownian motion ((ζ(q) = q/2) and non-intermittent turbulence (ζ(q) = q/3). In contrast, ζ(q) is
non-linear and convex for multiscaling (i.e., multifractal) processes [4]. The convexity of the function
ζ(q), i.e., ζ(q) = qH − K(q), corresponds to the intermittent (i.e., patchy) deviation from homogeneity, in
which case ζ(q) = qH. The parameter K(2), often referred to as μ, is called the intermittency parameter
and is typically in the range 0.1–0.3 for passive scalars in turbulent flows [4,28,46–48].

Practically, a function ζ(q) diverging from linearity characterizes a heterogeneous distribution
with a few dense patches over a wide range of low-density patches. As such the function ζ(q) is used in
this study as an index of nutrient patchiness: the more convex ζ(q) is, the more patchy or intermittent
the nutrient distribution is.

2.3.2. Intermittent Ammonium Distribution vs. Turbulence Intensity

All the time series investigated significantly diverged from a non-intermittent distribution
(Figure 4). Their stochastic properties were related to turbulent mixing intensities, with a clear increase
in nonlinearity (i.e., an indication of more intermittent distributions) under conditions of decreasing
turbulence. The intermittency parameters K(2) consequently significantly differed according to the
velocity of the tidal flow v, with K(2) = 0.21 ± 0.01, K(2) = 0.14 ± 0.01, and K(2) = 0.06 ± 0.01 for v = 0.20,
0.5, and 1 m s−1, respectively.

These observations confirmed previous observations conducted on nitrite distribution [28] and
further showed that (i) NH+

4 was consistently heterogeneously distributed for turbulence intensities
typically ranging from 10−7 to 10−4 m2 s−3, and (ii) for similar concentrations NH+

4 distributions
were significantly more heterogeneous for turbulence intensities ranging from 2.1 × 10−7 m2 s−3 to
7.2 × 10−6 m2 s−3 than for turbulence intensities ranging from 4.8 × 10−5 m2 s−3 to 3.4 × 10−4 m2 s−3.
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Figure 4. Illustration of the nonlinearity of the empirical function ζ(q) estimated for ammonium
time series under different conditions of flows, i.e., 1 m s−1 (ε ~ 6 × 10−4 m2 s−3, red), 0.5 m s−1

(ε ~ 7.5 × 10−5 m2 s−3, blue), and 0.2 m s−1 (ε ~ 4.8 × 10−6 m2 s−3, green) in comparison to the
theoretical linear non-intermittent case ζ(q) = qH (black dotted line). Note that the empirical function
ζ(q) are consistently non-linear and convex, with an increasing divergence to the theoretical linear case
ζ(q) = qH, with increasing values of the statistical order of moment q. The dissipation rate of turbulent
energy ε (m2 s−3) were estimated from the velocity of the tidal flow v as ε = φv3/z, where z is the depth
of the water column (z ~ 10 m) and φ is a constant, φ = 0.006; see Equation (15) below.

3. Nutrient Patches and Phytoplankton Uptake

3.1. Phytoplankton Nutrient Uptake in a Steady-State Environment

The most common functional formulation chosen to describe nutrient uptake rate (J) is the
rectangular hyperbola [49]:

J =
aC

b + C
(1)

where C is the average extracellular nutrient concentration (mol L−1), a the maximum uptake rate
(mol cell−1 s−1), and b the extracellular nutrient concentration at half the maximum uptake rate
(mol L−1). Equation (1) is strictly equivalent to the Mickaelis-Menten equations used to describe
enzyme kinetics mechanistically as:

J =
VmaxC
Km + C

(2)

where Vmax is the maximum uptake rate (mol cell−1 s−1) and Km the extracellular nutrient concentration
at half the maximum uptake rate (mol L−1). A variety of formulations have further been proposed
to take into account the effect of extracellular physical processes, such as fluid motion, molecular
diffusivity of nutrient and phytoplankton shape [50,51], and intracellular conditions, such as internal
nutrient quotas and rates of biochemical reactions [52], on nutrient uptake. This ultimately led to
reformulate nutrient uptake as [53]:

Ji, j = ψ jDiShi, jCi

⎛⎜⎜⎜⎜⎜⎝Qmax
i, j −Qi, j

Qmax
i, j

⎞⎟⎟⎟⎟⎟⎠ = dQi, j

dt
(3)
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where Ji,j is the uptake rate of nutrient i to phytoplankton species j (μmol cell−1 s−1), ψj the diffusion
shape factor for phytoplankton species j (m), Di the molecular diffusivity of chemical species i (m2 s−1),
Shi,j the Sherwood number (a non-dimensional measure of the passive flux of nutrient i to phytoplankton
species j due to local fluid motion), Ci the average extracellular concentration of chemical species i
(μmol L−1), Qmax

i, j the maximum internal cell quota of nutrient i in phytoplankton species j (μmol cell−1),

and Qi,j is the internal cell quota of nutrient i in phytoplankton species j (μmol cell−1).
As stressed by Currie [39], and to the best of our knowledge, no experimentally validated model

of nutrient uptake under fluctuating nutrient conditions exists. Moreover, Michaelis-Menten kinetics
do not satisfactorily explain uptake when nutrient concentrations fluctuate in time. Theoretical
works suggested that nutrient patchiness will negatively impact uptake rates as uptake efficiency
is lower at high nutrient concentrations than at low ones [39]. This is acceptable under the general
assumption that the parameters of the Michaelis-Menten kinetics remain constant irrespective of
ambient nutrient concentration [39]. This assumption is, however, unrealistic given the known abilities
of nutritionally limited phytoplankton cells to enhance their uptake of nutrients in the presence of
ephemeral point source [40–42]. We thus introduce hereafter a novel model that may account for
the observed surge-uptake of nutrients based (i) on the detailed stochastic properties of intermittent
nutrient distributions, and (ii) on a simple adaptive representation of phytoplankton surge-uptake
for nutrients.

3.2. A Simplified Model of Nutrient Surge Uptake in an Intermittent Environment

3.2.1. Theoretical Formulation of the Stochastic Properties of Intermittent Nutrient Distribution

We only review here the main properties of intermittent (i.e., multifractal) fields. More details on
the use of multifractal algorithms to marine ecology studies and what can be concluded from their use
can be found elsewhere [4,54]. A main property of an intermittent field is that its fluctuations are not
destroyed by smoothing at any scale, until the outer scale of the system is reached. For a given nutrient
concentration C, this means that the intermittent field C (see Figure 1) averaged over a scale l will have
a scale-dependent value denoted as Cl, or as Cλ. Here we introduce a non-dimensional scale ratio λ
(λ = L/l), which is the ratio between an external length scale L and a targeted length scale l within the
inertial sub-range, i.e., lk ≤ l ≤ L where the Kolmogorov length scale is expresses as lk; see [4,54] for
further details. We assume in this analysis λ� 1. The scale-dependent multifractal field Cλ can be
described by its probability distribution, or equivalently, by its statistical moments 〈(Cλ)q〉, where we
consider any q ≥ 0. These moments can be scaled with the scale ratio λ, as [4,54]:

〈(Cλ)q〉 = Cq
0λ

K(q), (4)

Considering a continuous range of values of q ≥ 0, Equation (4) is valid only for scales belonging
to the inertial subrange, thus for 1 ≤ λ ≤ Λ, where Λ = L/lB is the maximum scale ratio, between the
larger outer scale L and the Batchelor scale lB, i.e., the smallest length scales of fluctuations in scalar
concentration (nutrient concentration in the present case) that can exist before being dominated by
molecular diffusion. The angle brackets ‘〈.〉’ in Equation (4) indicate statistical averaging, Cq

0 = 〈Cλ〉
is the mean of the multifractal process Cλ, and K(q) is a concave scale-invariant moment function
that satisfies K(0) = 0 and K(1) = 0 [4]. The function K(q) describes the whole statistics of the process,
in an equivalent manner as the probability distribution. As stressed above, the second moment K(2) is
usually used as an intermittency parameter and referred to as μ. Subsequently, Equation (4) can be
used to evaluate the average of any polynomial function f (Cλ) of the multifractal field Cλ as [54]:

f (Cλ) =
N∑

p=1

ap(Cλ)
p (5)
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where ap are constants, and p the polynomial order of the function f (Cλ) bounded between 1 and N.
Averaging the function f (Cλ) finally leads to:

〈 f (Cλ)〉 =
N∑

p=1

apCp
0λ

K(p) (6)

3.2.2. A Simplified Model for Nutrient Surge Uptake under Intermittent Conditions

Under the assumption of statistical independence between nutrient, phytoplankton, and turbulent
fields [28,54], the uptake of nutrient can be thought as a two-step process: (i) the encounter between
a phytoplankton cell and nutrient molecules and (ii) the actual nutrient uptake. By analogy with
predator-prey encounter theory, the encounter rate E between a phytoplankton cell and nutrient
molecules is expressed as:

E = βCλ (7)

where β is the encounter kernel due to turbulence and behavior and Cλ the ambient intermittent nutrient
concentration. Now, once a phytoplankton-nutrient encounter occurred, the ability of phytoplankton
cells to enhance their uptake of nutrients in the presence of ephemeral point source was expressed
following the general mechanistic formulation of Baird and Emsley [53] as:

J ∝ E×Cλ (8)

where J is the instantaneous nutrient uptake rate (μmol cell−1 s−1). Equations (7) and (8) subsequently
simply rewrite as:

J ∝ C2
λ (9)

The average uptake rate of a phytoplankton cell exposed to an intermittent nutrient distribution
will further be expressed as:

〈J〉inter ∝ C2
0λ

K(2) (10)

where C0 = 〈Cλ〉 is the average nutrient concentration experienced by phytoplankton cells. In contrast,
the average uptake rate of a phytoplankton cell exposed to a homogenous nutrient distribution is
given by:

〈J〉homo ∝ C2
0 (11)

It directly comes from the comparisons of Equations (10) and (11) that:

〈J〉inter > 〈J〉homo (12)

3.2.3. Surge Uptake under Homogenous and Intermittent Nutrient Distribution: The Turbulent
History Hypothesis

We estimated the potential effect of intermittent nutrient distributions on phytoplankton uptake
from Equations (10) and (11) as:

〈J〉inter

〈J〉homo
∝ λK(2), (13)

using the values of the intermittency parameter K(2) and the scale-ratio λ estimated for ammonium
distributions under varying conditions of flow velocities. This resulted in increases in the uptake rates
by 4.2-fold, 2.65-fold, and 1.48-fold for flow velocities of 0.2, 0.5, and 1 m s−1, respectively. Assuming
nutrient limitation, and in the absence of significant differences in the average ammonium concentrations
(i.e., C0 = 〈Cλ〉), these results imply that under elevated turbulent conditions, phytoplankton cells
would experience a low-density background of ammonium concentration, resulting in low uptake
rates. These cells are then more likely to be nutrient depleted, and would hence exhibit low affinity
for NH+

4 [41,50,55,56]. An optimal uptake strategy would thus consist in an increase in transport
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rate toward the cell [56,57] through the activation of nitrogen-regulated proteins [58,59]. In contrast,
under low turbulent conditions, phytoplankton cells would experience high density nitrogen patches
over a wide range of impoverished water, become transport limited in their uptake rates [50,55–57],
and develop a higher affinity for NH+

4 . Note that affinity is here employed sensu Healey (1980), i.e.,
low affinity and high affinity respectively relate to high and low values of Km in Equation (2) [60].

The results of our observations and theoretical model suggest that:

• For the same concentrations, the distribution of ammonium is controlled by turbulence, switching
from a more homogeneous to a more heterogeneous distribution respectively under high and low
turbulence intensities. This is consistent with previous observations conducted on nitrite and
phytoplankton concentrations [11,28].

• The turbulent regime experienced by phytoplankton cells, here referred to as their ‘turbulent
history’ will condition their affinity to ammonium and its transport rate.

• As a consequence, any uptake experiments conducted on natural phytoplankton communities
would be intrinsically influenced, if not biased, by their turbulent history. In order to validate our
mechanistic hypotheses, we specifically designed a field experiment devoted to assess the surge
uptake rates of natural phytoplankton communities under ammonium limitations when exposed
to ammonium pulses of low and high concentrations.

4. Empirical Validation: A Case Study from a Turbulent Coastal Sea, the Eastern English Channel

4.1. Field Site and Sampling Strategy

The eastern English Channel (EEC) is a tidally-mixed coastal ecosystem where strong tidal
currents and shallow waters lead to turbulent kinetic energy dissipation rates varying between 10−6

and 10−4 m2 s−3 [11,28]. This area is also structured along a north/south gradient (Figure 5); the northern
Strait of Dover being more turbulent than the sheltered waters of the southern Bay of Somme [61].

 

Drift

Drift

Figure 5. Field site and location of the drift area in the northern (Ndrift) and southern (Sdrift) part of the
eastern English Channel.

Three multidisciplinary cruises were conducted during the late phase of the 2003 spring
phytoplankton bloom (i.e., April, May, and July; Table 1) adrift aboard the N/O “Côtes de la Manche”
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(CNRS, INSU) in the Strait of Dover and the Bay of Somme (Table 1, Figure 5). Hereafter, sampling
sites are referred to as N and S, where “N” and “S” are the northern (Strait of Dover) and southern
(Bay of Somme) water masses of the eastern English Channel. ARGOS buoy equipped with a GPS
system was followed during 24 h for each period and location. Temperature (◦C) and salinity profiles
were acquired at each sampling station with a SBE 25 Sealogger CTD (Sea-Bird Scientific, Bellevue,
WA, USA). Water samples were taken from sub-surface (1 m) using 30-L Niskin bottles. No sampling
was conducted in the northern station in April (Table 1).

Table 1. In situ conditions during North (N) and South (S) drift cruises; dates, locations
(latitude/longitude), depths and tidal conditions (ST: spring tide; NT: neap-tide; F: flood tide and E: ebb
tide), vertically averaged (±SE) salinity (S) and temperature (T), nitrite + nitrate (NO−2 + NO−3 ), and
ammonium (NH+

4 ) concentrations (μM), and chlorophyll a ([Chl a]) surface concentrations (μg L−1),
on sampling stations. (-) No data was available for N in April. DL: Detection Limit.

Area Date Latitude Longitude
Depth

(m)
Tide F/E S(PSU) T (◦C)

Nitrite +
Nitrate
(mM)

Ammonium
(mM)

Chlorophyll
a (mg L−1)

S April 24 50◦37′688 N 1◦25′963 E 17.5 NT E 33.9
(0.3) 9.9 (0.2) 0.54 0.2 7.22

N May 11 50◦41′052 N 1◦26′988 E 33 NT E 34.7
(0.0)

11.1
(0.1) <DL 0.4 1.7

S May 14 50◦20′489 N 1◦24′633 E 19.5 ST E 34.1
(0.0)

11.8
(0.0) 0.11 0.78 6.11

N July 7 50◦50′240 N 1◦28′192 E 52 NT E 33.3
(0.2)

18.7
(0.2) <DL 1 3.94

S July 9 50◦18′432 N 1◦22′336 E 15.7 NT E 34.2
(0.1)

17.6
(0.1) 0.1 0.72 5.11

4.2. Chemical and Biological Environment

For dissolved inorganic nitrogen (NO−2 + NO−3 ), 10-mL water samples were frozen at −20 ◦C
immediately after collection, and analyzed in the laboratory with an auto-analyzer (Alliance Integral
Futura, AMS Alliance, Frépillon, France). Ammonium (NH+

4 ) concentrations were determined
manually on 100-mL water samples [62]. Water samples (200 mL) were filtered through glass-fiber
filters (Whatman GF/C, GE Healthcare Life Sciences, Little Chalfront, UK), immediately frozen (−20 ◦C),
and chlorophyllous pigments were subsequently extracted with 90% acetone (5 mL) in the dark at 4 ◦C,
assayed in a spectrophotometer (UVIKON 940, Kontron instruments®, Montigny-le-Bretonneux, Paris,
France) and chlorophyll a concentrations calculated following UNESCO standard calculation [63].

4.3. Quantifying Surge Uptake Rates

Ammonium (NH+
4 ) was used to characterize surge uptake processes. This nitrogen source was

specifically chosen since (i) phytoplankton cells are susceptible to be frequently exposed to pulses
particularly under nitrogen limited conditions [64], (ii) various biological processes (i.e., excretion
by auto/heterotrophic plankton, bacterial activities) are likely to release NH+

4 in the water column
and (iii) NH+

4 is the most limiting nitrogen source in the eastern English Channel, see e.g., [65,66].
Sub-surface water was sampled using a 15-L Niskin bottle, and the surge uptake experiment conducted
in nine 1-L bottles filled with in situ seawater; three were used as a control (i.e., without enrichment),
three received a low ammonium (as (NH4)2SO4) concentration pulse (0.5 μM), and the remaining three
with a high ammonium concentration pulse (2 μM). All these bottles were subsequently incubated on
the boat deck under natural light and temperature. An additional liter was used to assess the standing
stock of auto-, hetero-, and mixotrophic protists.

Ammonium concentrations, [NH+
4 ], were measured manually [58] on 10-mL sub-samples taken in

each incubation bottle before NH+
4 addition (t0) and 5 min after the pulse (t5). Short-term incubations

were chosen to observe surge uptake processes, known to take place within a few minutes after

133



Fluids 2020, 5, 80

a pulse [36,41]. Surge uptake rates ρsurge (μmol(NH+
4 ) μgC−1 min−1) were estimated from NH+

4
consumption, and normalized by phytoplankton biomass as:

ρsurge =
[([

NH+
4

]
t5
−

[
NH+

4

]
t0

)
/Δt

]
/C (14)

where
[
NH+

4

]
t0

and
[
NH+

4

]
t5

are NH+
4 concentrations (μM) at t0 and t5, Δt the time of incubation

(Δt = 5 min), and C the phytoplankton biomass (μgC L−1) estimated at each sampling site.
Phytoplankton biomass C was estimated from the abundance of auto- and hetero/mixotrophic protists.
Cells were measured with an eyepiece micrometer and corresponding biovolumes were calculated by
relating the shape of organisms to a standard geometric form. Biovolumes were converted to carbon
biomass following [67,68].

4.4. Quantifying the Turbulent History of Phytoplankton Cells

The dissipation rate of turbulent energy induced by the tidal flow ε (m2 s−3) was estimated as [69]:

ε = φu3/z (15)

where φ represent the fraction of the tidal energy used for vertical mixing (φ = 0.006, [70]), u the drift
speed between two successive stations, which corresponds to M2 depth-averaged tidal velocity (m s−1)
and z the water column depth (m).

4.5. Turbulent History, Nutrient Patchiness and Phytoplankton Uptake Rates

Salinity showed a stationary behavior fluctuating between 33.3 (N-July) and 34.7 (N-May) over the
survey. In contrast, temperature exhibited a clear seasonal cycle, increasing gradually from 9.9 ± 0.2 ◦C
(S-April) to 18.7 ± 0.2 ◦C (N-July; Table 1). These temperature and salinity values are consistent with
previous measurements done at the seasonal scale in the EEC [65,71–74].

Chlorophyll a concentrations ranged between 1.70 μg L−1 (N-May) and 7.22 μg L−1 (S-April;
Table 1). These relatively low Chl a concentrations are typical of the conditions encountered during the
late phase of the spring bloom in the EEC [72,73]. The composition of phytoplankton populations was
homogeneous and dominated by the large diatoms Guinardia striata and Rhizosolenia imbricata over
the duration of the survey [61]. In accordance with previous studies conducted in the EEC [61,62],
nitrogen concentrations (NO−2 + NO−3 and NH+

4 ) remained low (i.e., typically ≤ 1 μM) throughout the
survey (Table 1), suggesting that phytoplankton communities were potentially nitrogen-limited.

Turbulent energy dissipation rates ε were highly variable over the survey, ranging between
1.26 × 10−6 m2 s−3 (S-April) and 8.59 × 10−5 m2 s−3 (N-July; Figure 6). These values are in the range of
turbulence intensities reported in this area, i.e., 10−7 < ε < 10−4 m2 s−3 [11,48]. Based on integrated
turbulence intensities experienced by phytoplankton cells during the 5–6 h preceding their sampling,
we discriminated two groups of stations: (i) N-July, S-May, and S-July characterized by high turbulent
levels (i.e., ε > 10−5 m2 s−3) and (ii) N-May and S-April characterized by lower turbulence intensities
(i.e., ε < 10−5 m2 s−3; Figure 6). This critical turbulence intensity has been chosen as it has previously
been identified as the turbulence threshold above and below which the level of patchiness of nitrite
distributions were significantly different [28]. Specifically, these early observations conducted on nitrite
time series were confirmed and specified by the ammonium distributions continuously sampled in
1996, 1997, and 1998. These distributions were consistently patchy irrespective of turbulence intensity
(see Figures 1 and 4), and for similar (NH+

4 ) concentrations, were significantly more heterogeneous
for turbulence intensities ranging from 2.1 × 10−7 m2 s−3 to 7.2 × 10−6 m2 s−3 than for turbulence
intensities ranging from 4.8 × 10−5 m2 s−3 to 3.4 × 10−4 m2 s−3.
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Figure 6. Surge uptake rates after a pulse of 2 μM (ρ2μM; μmol μgC−1 min−1) vs. surge uptake rates
after a pulse of 0.5 μM (ρ0.5μM; μmol μgC−1 min−1). The closed symbol are the surge uptake rates
measured at stations characterized by high turbulence levels ε (i.e., ε > 10−5 m2 s−3); S-May (diamond),
S-July (triangle) and N-July (circle). The open symbols are the surge uptake rates measured at stations
characterized by low turbulence levels (i.e., ε < 10−5 m2 s−3); N-May (diamond) and S-April (square).
The size of the symbol represents the 99% confidence intervals of triplicated surge uptake rates.

The control experiment run without (NH+
4 ) enrichment did not exhibit any surge uptake, i.e.,

ρsurge = 0; see Equation (14). Surge uptake rates measured following NH+
4 enrichment ranged from 0

to 9.54 × 10−4 μmol(NH+
4 ) μgC−1 min−1 and appeared to be strongly related to the interplay between

NH+
4 concentrations and turbulence intensities (Figure 6). Cells exposed to high turbulent intensities

exhibited maximum surge uptake rates after a pulse of 2 μM (Figure 6), suggesting a low affinity for
NH+

4 and a subsequent high transport rate. In contrast, cells exposed to lower turbulence intensities
before the uptake experiment showed higher surge uptake rates after a pulse of 0.5 μM (Figure 6).
This suggests a high affinity for NH+

4 and a low transport rate of NH+
4 . Noticeably, no surge uptake

was observed following a 2 μM NH+
4 enrichment under the two lowest conditions of turbulence history

(Figure 6). While the resolution of this specific issue is beyond the scope of this preliminary study,
this observation suggests that turbulence history may play a more critical role than the actual density
of the nutrient patches encountered by phytoplankton cells in conditioning their surge uptake abilities.
This hypothesis is actually further supported by our observations that showed a consistently higher
surge uptake under conditions of high (i.e., 2 μM) NH+

4 enrichment and low turbulent history than
under conditions of low (i.e., 0.5 μM) NH+

4 enrichment and high turbulence history.
An undisputed effect of microscale turbulence on phytoplankton is the shear-controlled increase in

the passive nutrient fluxes towards phytoplankton cells with turbulence intensities [51,74]. The surge
uptake patterns observed here may, however, also rely on the interplay between turbulence and the
spatial distribution of dissolved nitrogen. The distribution of dissolved inorganic nutrients has thus
been shown to be controlled by the intensity of turbulent mixing, high and low nutrient patchiness
were identified under low and high turbulent conditions, respectively [28]; see also Figures 1 and 4.

At scales relevant to individual cells, phytoplankton cells exposed to high and low turbulent
intensities may then be adapted to more evenly and more patchy nutrient distributions, respectively.
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Under nutrient limitation, phytoplankton cells exposed to high turbulence intensities would
experience a low background of evenly distributed nutrients and would thus exhibit low affinity for
NH+

4 [41,50,55,56]. An optimal uptake strategy would thus consist in an increase in transport
rate toward the cell [56,57] through the activation of nitrogen regulated proteins, e.g., [58,59].
To date, there is no evidence of the role of microscale shear on the activation of nitrogen regulated
proteins, and it is therefore highly speculative, although tempting, to suggest a connection between
the elevated shear γ (γ = (ε/ν)0.5, where ε is the dissipation rate of turbulent energy and ν the
kinematic viscosity, ca. 10−6 m2 s−1) experienced by phytoplankton cells prior to sampling (γ > 3.2 s−1,
i.e., when ε > 10−5 m2 s−3) and an increase in transport rates. In contrast, cells exposed to low turbulent
intensities would experience high density nitrogen patches over a wide range of impoverished water,
become transport limited in their uptake rates [41,50,55,56] and develop a higher affinity for NH+

4 ,
an assumption consistent with our observations (Figure 6).

5. Conclusions

These results indicate that turbulence controls the microscale distribution of ammonium, switching
from a more homogeneous to a more heterogeneous distribution respectively under high and low
turbulence intensities for the same bulk concentration. In addition, using a new theoretical framework,
we provide evidence of a potential interaction between small-scale turbulence, nutrient patchiness,
and nutrient uptake by phytoplankton in natural waters. These preliminary results support the
hypothesis that phytoplankton cells exposed to different turbulence levels would exhibit different
abilities to use ephemeral nitrogen patches particularly under nitrogen limitation. Turbulence
history is thus suggested as a potential fundamental lynch-pin in the control of the nutritive status of
phytoplankton cells and as a consequence, any uptake experiments conducted on natural phytoplankton
communities would be intrinsically influenced by their turbulent history. More fundamentally,
these results highlight the importance of ocean variability at minute spatial and temporal scales in the
structure and function of marine ecosystems. In this context, the approach presented here is consistent
with previous studies showing how the understanding and subsequent modelling of intermittent
distributions—or more generally small- and micro-scale variability—can enhance trophic transfer,
interspecific competition, and eventually sustain biodiversity in plankton ecosystems [74–79].

It is finally stressed that simultaneous measurements of small-scale nutrient distributions (see
e.g., [28]) and surge uptake rates from different environments, in particular oligotrophic ones, are needed
to generalize our observations. The key role played by phytoplankton nutritive status in phytoplankton
succession and species success (see e.g., [80]) nevertheless suggests that investigations of the effect of
turbulent history on phytoplankton uptake rates may comprise areas of important future research.
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Abstract: The feeding current of scyphomedusae entrains and transports surrounding fluids and
prey through trailing tentacles to initiate encounters with prey. After contact, most prey are retained
for ingestion. However, the probability that a contact will occur depends on several factors including
capture surface morphology, prey size and behavior. We examined how hydrodynamics, capture
surface morphology and prey behavior affect the capture probability of copepods. To do this, we
documented medusa-copepod interactions of four species of scyphomedusae (two semeostomes and
two rhizostomes) possessing different capture surface morphologies. We tracked the movement and
behavior of entrained copepods throughout the feeding process to quantify prey behavior effects
upon capture efficiency (# captures/# encounters). The feeding currents generated by all the medusan
species generated fluid shear deformation rates well above the detection limits of copepods. Despite
strong hydrodynamic signals, copepod behavior was highly variable and only 58% of the copepods
reacted to entrainment within feeding currents. Furthermore, copepod behavior (categorized as no
reaction, escape jump or adjustment jump) did not significantly affect the capture efficiency. The scale
and complexity of the feeding current generated by scyphomedusae may help explain the poor ability
of copepods to avoid capture.

Keywords: jellyfish; hydrodynamics; escape behavior; Acartia tonsa

1. Introduction

Scyphomedusae are influential predators within marine ecosystems, capable of consuming a high
abundance and a diverse array of prey items [1,2]. Bell contractions by scyphomedusae create feeding
currents that draw surrounding fluid to capture surfaces. Zooplankton within the entrained fluid are
drawn into the tentacles or oral arms and, once physically contacted, are unlikely to escape [3].

While physical contact between these predators and their prey usually leads to prey capture, there
is no guarantee that entrained prey will actually contact a capture surface. In fact, that probability
appears to be relatively low and quite variable [4]. Pre-contact interactions between medusae and
prey may influence capture probability but are poorly understood. This contrasts sharply with the
fluid mechanics of propulsion by swimming medusae, which are well described [5–8]. The response
patterns of prey to the fluid flows generated by medusae require quantification in order to understand
how these responses affect the likelihood of prey capture.

Most scyphomedusan taxa generate similar hydrodynamic structures around their bells and
in their wakes [9,10] but can differ considerably in the morphology of their capture surfaces [3].
Semaeostomes possess thin, long trailing tentacles that ring the bell margin, and broad oral arms
surrounding the mouth (Figure 1a,b). In contrast, rhizostomes characteristically possess thick, dense
oral disks that surround the mouth of the medusa (Figure 2c,d). Despite their diverse morphologies,
all scyphomedusae swim similarly via rowing propulsion [10]. That is, they contract and relax their
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bells rhythmically. This cycle of contraction and relaxation generates large starting and stopping
vortices, respectively, that circulate fluid through the capture structures–i.e., tentacles and oral arms for
semaeostomes and digitata on the oral disks of rhizostomes.

The similarity of flow patterns among scyphomedusae suggests that differences in prey selection
between the medusan orders are likely due to variations in prey contact with morphologically
different tentacle structures. Semaeostomes tend to consume relatively large but slowly swimming
zooplankton [11], while rhizostomes tend to consume smaller zooplankton such as rotifers and small
larvae [12–14]. One past prediction was that most taxa of rowing jellyfish would not be good at
capturing copepods because copepods swim and escape much faster than the feeding current generated
by scyphomedusae [15]. Yet, copepods are often an important part of the gut contents of many
scyphomedusae [11,16]. The source of copepod vulnerability to entrainment by such relatively slow
feeding currents remains unclear and underscores our low knowledge about pre-capture events in the
feeding process.

In an effort to understand why copepods are vulnerable to predation by scyphomedusae we
quantified the pre-capture events that determine prey selection. Specifically, we quantified copepod
prey interactions with feeding currents generated by two semaeostomes species (Aurelia aurita and
Chrysaora quinquecirrha) and two rhizostomes species (Catostylus tagi, Phyllorhiza punctata) in order to
understand how these interactions influence copepod capture success. All four species of medusa were
fed the copepod Acartia tonsa. Acartia tonsa is known to be sensitive to hydrodynamic disturbances and
capable of rapid escape swimming [17]. The capture efficiency of copepods by medusae was quantified
in conjunction with transport paths of copepods in the feeding current and their reactive behavior.

 

Figure 1. Velocity fields (a–d) and profiles (e–h) of representative individuals from two semeostomes
species, Aurelia aurita and Chrysaora quinquecirrha and two rhizostome species Phyllorhiza punctata and
Catostylus tagi. The velocity fields are of the flow adjacent to the bells at full-contraction and the velocity
profiles show the velocities along a transect (red lines in a–d) that originates at the bell margin and
extends away from the bell through the region that copepod prey are entrained in the feeding current.
The profiles show how the velocity changes during different times throughout the swimming cycle.
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Figure 2. Maximum shear deformation fields around representative individuals (n = 1) from
two semeostomes species, Aurelia aurita (a) and Chrysaora quinquecirrha (b)and two rhizostome
species Phyllorhiza punctata (c) and Catostylus tagi (d). Corresponding shear fields illustrate shear at
full-contraction. The black region is the region of shear below 1 s−1 a common detection threshold of
copepod (Acartia tonsa) prey. Above that, many copepods should be capable of detecting the feeding
current. (e–h) Locations relative to the medusan bell where copepods first jumped in reaction to feeding
current. Each dot represents a different copepod and the different colors (white, grey, black) indicate the
different replicated medusae used for quantifying predator-prey interactions (n = 3 different individuals
per species).

2. Materials and Methods

All of the medusae (See Supplementary Table S1 for sizes) were supplied by the New England
Aquarium in Boston, Massachusetts, USA. The medusae were housed in 37 L planktokreisel aquariums
(Envision Acrylics Inc.) at their ambient temperatures. The medusae were all maintained at 12 h light
and dark cycles. All medusae were starved one to two days before the trials began [3].

Hydrodynamic measurements (See Supplementary Table S1 for Reynolds Numbers based on
velocities) were made using 2D digital particle image velocimetry (DPIV) following the methods of
Colin et al. (2010). Glass filming vessels containing individual medusae were illuminated using a laser
sheet (680-nm wavelength) directed through the central axis of the bell. The correct alignments of the
laser light sheet was identified when the manubrium was fully illuminated, and only sequences where
the medusa swam perpendicular to the screen were selected for analysis. This ensured that there was
no motion in the unmeasured third dimension. A high-speed digital video camera (Fastcam 1024 PCI;
Photron) was placed perpendicular to the light sheet to video record the individuals swimming at
500 frames s−1. Flow velocity was determined from sequential images analyzed by a cross-correlation
algorithm (LaVision Software). This analysis generated velocity vector fields around the medusa.

Each medusa’s fluid interactions were quantified at four instances during the pulsation cycle. The
first was at full bell relaxation and the fourth was at full bell contraction. The second and third instances
corresponded to two instances equally spaced in time between the relaxed and contracted states.
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The velocity vector fields were used to measure the four components of 2D shear deformation
rates (rate of strain) Exx, Exy, Eyx, Eyy in the flow field, calculated with the equation set below

Exx = dux
dx

Exy =
duy
dx

Eyx = dux
dy

Eyy =
duy
dy

(1)

where u was the measured planar velocity field (relative to the observer). The maximum of these
components was used to represent the maximum shear deformation rate, since a copepod prey item
will elicit an escape response when the deformation rate is greater than its threshold regardless of its
direction [17,18].

In order to visualize the predator-prey interactions, each medusa (n = 3 individuals per species)
was individually filmed in an uncovered triangular glass tank (21 × 15 × 15 cm) with a mirror placed
along the hypotenuse (Supplementary Figure S1). This arrangement enabled us to track copepod prey
3-dimensionally around the medusae [3,19]. The vessel was illuminated using LED lights and a camera
(SONY HVR-77U Digital HD Video Camera Recorder, 30 frames per second) equipped with a standard
lens (50 mm Nikon) video recorded the pulsing of the medusa 3-dimensionally.

The medusae were rigidly tethered in the the center of the vessel (about 5 cm from the surface
and 15 cm from the bottom) by gluing the apex of the bell to a glass pipette using Superglue® [3,20].
Tethering does not alter the wake dynamics but it does shift the location from which the wake fluid
originates. For untethered medusae, the wake fluid primarily originates from in front of the medusae,
while for tethered medusae it originates from the side (unpublished data). A ruler was placed in the
vessel at the beginning of each recording for the reference scale. For each individual, video recording
commenced after 5 to 20 min when ‘normal’ swimming behavior was observed consistently for several
minutes (i.e., 5–10 min). Live prey of wild Acartia tonsa (male/female ranging from 0.9 to 1.1 mm)
were introduced into the filming vessel in high enough concentration to initiate medusan feeding
(~0.5 mL−1). Each feeding medusa was recorded individually for 30 to 45 min.

To quantify the interaction between copepod prey and medusae, encounters of copepods with
each medusa was defined as copepods visibly being entrained in the flow of the medusa. Therefore,
copepods were chosen for tracking by observing near the medusa (X, Y) until a copepod was seen
to move swiftly in the feeding current (defined as entrainment). Entrainment was easy to identify
because when copepods were not entrained in the feeding current they remained stationary except
when they jumped. Upon recognition of an encounter, the video was then played forward to observe
the outcome of the interaction, then played in reverse until the copepod first became entrained in the
flow. This ensured a clear recording of the full track of the copepod during entrainment. The copepod
position was tracked over time relative to the bell with the distance from the bell being determined
using the X, Y Z coordinates of the copepod.

The copepod trajectories were digitized by hand and analyzed using ImageJ (NIH) software.
Tracking occurred every 5 frames, starting at the initial time of the encounter (i.e., when it started to be
entrained). The copepod’s position was recorded every 5 frames. Copepods were tracked until the
copepod either escaped (jumped or transported out of the flow) or was consumed. Since medusae are
axisymmetric, all tracks were transposed to one side of the medusae to enable visualization of how the
tracks overlapped relative to the bell margin.

Statistical analyses were performed using Sigma Plot® statistical software. Analysis of variance
tests were performed to compare capture efficiencies among medusan species (n= 3 different individuals
per species). Comparisons were made among the 4 medusan species. Holm-Sidak tests were used
to make post-hoc comparisons to compare efficiencies between the semaeostome and rhizostome
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species (significance level, α = 0.05). All of the data conformed to the assumptions of homoscedasticity
(Browne-Forsythe test) and normality (Shapiro-Wilk test).

3. Results

To initiate encounters with prey, scyphomedusae pulse by cyclically contracting and relaxing
their bells. These bell motions entrained fluid along the bell margin where flow velocities around the
medusae peaked (Figure 1). Maximum flow velocities around all the species studied were less than
5 cm s−1 (Figure 1) and decreased with distance from the bell margin (measured along a transect in the
direction of the primary path of entrainment; Figure 1e–h). Entrainment velocities peaked during bell
contraction but fluid was entrained toward the bell throughout the swimming cycle (Figure 1e–h).

Velocity fields resulted in fluid shear deformation rates (the primary fluid property to which
copepods respond) considerably greater than 1 s−1 surrounding the medusan bells (seen as any colored
regions in Figure 2a–d and above red dashed lines in Figure 3). The copepod Acartia tonsa is capable of
detecting shear rates >0.5 s−1 [17] so they should be able to sense the feeding current somewhere in the
black regions in Figure 2a–d. Like velocity, shear rates were greater during bell contraction but were
above the detection threshold of A. tonsa within 5 mm from the bell margin (which is equivalent to
5 copepod body lengths) throughout the swimming cycle. The patterns seen for the velocity and shear
fields were similar among the four medusan species examined.

 

Figure 3. Maximum shear deformation profiles along the transect (red line) shown in Figure 1a–d

throughout the swimming cycle for two semeostomes species, Aurelia aurita (a) and Chrysaora
quinquecirrha (b) and two rhizostome species Phyllorhiza punctata (c) and Catostylus tagi (d). The
dashed red line shows the 1 s−1 shear level which is a common detection threshold of copepod prey.

Tracks of copepods entrained in the flow around the swimming medusae showed that copepod
encounters occurred when copepods located in front or to the side of the medusae were transported
toward the bell margin (Figure 4). Upon entrainment, copepods were transported toward the capture
surfaces of medusae—i.e., tentacles and oral arms for semaeostomes and oral disk for rhizostomes.
The raw tracks illustrate that most of the copepods encountered by the medusae (encounter defined
as a copepod entrained in the flow) were not captured (grey tracks) and were ultimately transported
downstream away from the medusae. The location of the tracks of the captured copepods (red)
overlapped with the tracks for the copepods not captured, demonstrating that captured prey do not
originate from a particular part of the flow. Of the copepods entrained in the flow, the proportion that
reacted to the flow varied with 78% reacting to Aurelia aurita and only 38% reacting to Catostylus tagi
(Supplementary Table S2). A comparison of the locations where the copepods first jumped to the fluid
shear fields (Figure 2) suggest that most the copepods did not react until shear rates well above the
documented threshold of Acartia tonsa (approximately 0.5 s−1). Copepods reacted with either a small
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adjustment jump of a distance of 1.1 ± 0.1 mm (about 1 body length) or a stronger escape jump of a
distance of 5.1 ± 1.4 mm (about 5 body lengths; Supplementary Table S2).

 

Figure 4. Tracks of entrained copepods during the encounter process with two semeostomes species,
Aurelia aurita (a) and Chrysaora quinquecirrha (b) and two rhizostome species Phyllorhiza punctata (c)
and Catostylus tagi (d). Grey tracks are the tracks of copepods that escaped. Dark grey and blue dots
indicates their starting and ending position during tracking. Red tracks are tracks of captured copepods.
Black dots indicate starting location and red dots indicate capture location.

Overall, only 18.0% (±6.8) of the copepods entrained in the flow of the scyphomedusae studies
were ultimately captured. The capture efficiencies ranged from 23.5% for A. aurita to 13.9% for C. tagi,
however, mean capture efficiencies did not differ significantly among the four species (Figure 5a;
ANOVA, n = 3 medusae, F3,7 = 1.39, P = 0.32). Surprisingly, the behavior of the copepods did not
significantly impact capture efficiencies (Figure 5b; ANOVA, n = 3 medusae, F2,6 < 0.48, P > 0.6
for all comparisons). Figure 6 illustrates the cumulative outcome of encounters with copepod prey
for each of the medusan species examined (and cumulatively for all species). Following the thicker
blue flow lines for the semeostomes A. aurita and C. quinquecirrha shows that most of the copepods
reacted to entrainment but that most only reacted with a few small adjustment jumps and were not
captured. For the rhizostomes P. punctata and C. tagi, most of the copepods did not react to encounters.
Overall for all species, a comparison of the percentages in the green (not captured) and red (captured)
boxes illustrates that the fate of encountered copepods was not dramatically different for the different
behaviors (no reaction, reposition jump or escape jump).
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Figure 5. (a) Comparison of capture efficiencies among the four medusan species Aurelia aurita,
Chrysaora quinquecirrha, Phyllorhiza punctata and Catostylus tagi. fed Acartia tonsa copepods.
(b) Comparison of capture efficiencies of copepods with different behaviors after entrainment in
the medusan feeding currents.

 

Figure 6. Flow diagrams illustrating the cumulative outcomes of all of the copepod encounters with
each of the medusan species Aurelia aurita (n = 78 copepod encounters), Chrysaora quinquecirrha (n = 84),
Phyllorhiza punctata (n = 61) and Catostylus tagi (n = 48) and cumulative among all species (n = 271).
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4. Discussion

The feeding current generated by rowing scyphomedusae transports large volumes of fluid
through the medusa’s capture surfaces [9]. The volume of transported fluid is large enough that
medusa populations can process all the water in a coastal embayment within hours [21–24]. Bulk
processing of fluid is necessary because these medusae depend upon chance contact of entrained prey
with trailing medusan capture surfaces. Consequently, our study (as well as others [3,4,25] indicates
that prey capture efficiency is low (<25%; Figure 4).

The hydrodynamic characteristics of the feeding current generated by scyphomedusae differs
considerably from that of the other important predators of copepods—i.e., fish and ctenophores.
The feeding current of lobate ctenophores is highly effective at capturing copepods [26,27]. That
feeding current is a slow, laminar flow characterized by fluid shear deformation rates below levels
that copepods are capable of detecting [26]. Furthermore, lobate ctenophores scan incoming flows
and redirect the feeding current (and prey) rather than relying upon random contacts of prey with
capture surfaces [19]. As a result, the lobate ctenophore Mnemiopsis leidyi is capable of capturing >85%
of the copepods entrained in its feeding current [26,27]. Fish also rely on a stealthy approach and an
added rapid strike with high speed suction to capture copepods [28,29]. This strategy enables fish to
capture nearly 90% of the copepods they attack [30,31]. Despite this high success rate, copepod escape
behavior is an important influence on the capture success of fish [31–33].

In contrast, scyphomedusan feeding currents are neither stealthy nor very fast. We show that
the maximum fluid velocity in the feeding current of the scyphomedusae examined is about 4 cm s−1

(Figure 1). Feeding current velocities of scyphomedusae are therefore substantially slower than
the escape velocities of copepods. If copepods are capable of detecting the feeding current, then
scyphomedusae would not be expected to readily capture copepods [15,34]. Our data show that the
fluid shear deformation rate of the feeding current is well above the detection limit of A. tonsa even at
distance >5 mm from the medusae (which is >5 copepod body-lengths; Figures 2 and 3). Therefore,
copepods should be capable of detecting the medusan flows before the copepods are transported in the
feeding current to a medusan capture surface. However, as we have shown, scyphomedusae readily
capture a fraction of A. tonsa and other copepods [11,16].

The behavior of copepods in scyphozoan feeding currents indicate several factors that could affect
capture of copepods by medusae. First, among all the medusan species studied, 34% of the copepods
did not react while entrained in the feeding current. In fact, for the rhizostome medusae >50% of
the copepods did not react throughout the encounter process. This percentage of non-responsive
copepods is relatively high where other studies have shown that 17% of Temora turbinata and 10%
A. hudsonica did not respond [35,36]. However, juvenile A. hudsonica copepodites were much less
responsive with >50% not responding to the medusan feeding current [35]. Second, of those that did
react, most reactions were small adjustment jumps (84% among all species) rather than strong escape
jumps. These jumps did not transport the copepods outside the flow and most of those copepods were
transported through trailing capture surfaces such as tentacles or oral arms. Most surprisingly, the
behavior of the copepods–no response, mild jump, or even a strong jump-did not have a significant
overall effect on the overall capture efficiencies. The probability of a copepod being captured remained
around 18% regardless of copepod behavior.

The observation that copepod behavior did not strongly impact capture efficiency is
counter-intuitive. However, studies that quantified fluid transport in the feeding current of medusae
using finite-time Lyapunov exponent (FTLE) and Lagrangian coherent structures (LCS) demonstrated
scyphozoan feeding currents to be a complex of fluid packets, or lobes (Figure 7). Only a limited
portion of the flow is comprised of fluid packets that directly impinge on capture surfaces. Further,
within the packets that contact capture surfaces, copepod behavior only modestly affects the encounter
outcome [37]. Assuming that only prey in these packets can be caught, these studies have shown that
prey in these components of the feeding current may be transported to capture surfaces, despite escape
jumps (Figure 7). These studies also show that these packets of ‘captured fluid’ originate from locations
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adjacent to packets of non-captured fluid (Figure 7). Therefore, unresponsive behavior by copepods
within these flow regions may only modestly influence the copepod’s chance of survival [37]. This is
consistent with prey movement patterns (Figure 4) demonstrating that the tracks of captured copepods
overlap with the tracks of non-captured copepods. When these LCS studies incorporated copepod
escape swimming in response to shear (>1 s−1) they found that copepod escape jumping reduced
captures by <10% (Figure 7). The picture that emerges from these considerations is one in which the
chance location of a copepod within distinct components of the medusan flow, rather than the flow’s
average velocity, may be the primary determinant of capture after contact. Since these regions of high
capture probability comprise only a limited portion of the overall flow, the potential for prey to contact
capture surfaces is limited and escape behavior may be a modest component of prey escape probability.

 

Figure 7. Lagrangian coherent structures (LCS) and capture regions for prey with different perception
threshold values. Threshold = 0 (constant escape response, white line), threshold = 1 s−1 (red line),
no escape response (green line). From Peng and Dabiri 2009 (with permission).

5. Conclusions

While semeostome and rhizostome medusae lack the sensory capabilities and stealth of ctenophores
or fish, the feeding current of medusae is large and hydrodynamically complex [4,6,9,37]. The scale
and complexity of the feeding current may explain why copepod escape behavior has only a modest
effect on capture efficiencies (Figure 5; [3,36,38]), enabling medusae to capture a proportion of the
copepods entrained in the feeding current. While scyphomedusae are capable of capturing copepods,
the inefficiency of their feeding mechanics result in low overall capture efficiencies and limits their
trophic impact. Their feeding strategy, characterized by low capture efficiencies offset by bulk fluid
processing, ultimately results in scyphomedusae being capable of significantly impacting prey standing
stocks only when medusan populations achieve peak abundances [10,39] and references therein.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5521/5/2/60/s1,
Figure S1: Schematic of 3-dimensional video set-up. The tethered medusae were placed into the right-triangle
shaped filming vessel (21 × 15 × 15 cm) with the hypotenuse side constructed using a mirror, Table S1: Sizes
(n = 3 individuals per species) and Reynolds Numbers (based on bell diameter and maximum flow velocity) of
the four scyphomedusan species used in the study, Table S2: Reaction of copepods to different scyphomedusae.
The number and percent of copepods that did not react or made a repositioning jump or an escape jump. Average
distance (n = 3 individuals per species) that the copepods moved for each type of jump.
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Abstract: The present studies address feeding of plankton in turbulent environments, discussed by a
comparison of analytical results and field data. Various models for predator-prey encounters and
capture probabilities are reviewed. Generalized forms for encounter rates and capture probabilities
in turbulent environments are proposed. The analysis emphasizes ambush predators, exemplified by
cod larvae Gadus morhua L. in the start-feeding phase (stage 7 larvae) collected in shallow waters near
Lofoten, Norway. During this campaign, data were obtained at four sites with strongly turbulent
conditions induced by tidal currents and long-wave swells, and one site where the turbulence had a
lower level in comparison. The guts of the selected cod larvae were examined in order to determine
the number of nauplii ingested. Analytically obtained probability densities for the gut content were
compared with observations and the results used for estimating the rate of capture of the nauplii.
This capture rate was then compared with analytical results using also data for the surroundings,
such as measured prey densities and turbulence conditions, as quantified by the specific energy
dissipation rate. Different from earlier studies, the presented data include conditions where the
turbulence exceeds the level for optimal larval encounter-capture rates.

Keywords: plankton; turbulence; data analysis

1. Introduction

The survival rates of fish in their early life-stages are influenced by a number of biological and
physical processes [1,2]. A number of models have been proposed for several individual partial
processes. Models for predator-prey encounter rates, in particular, form the basis of many biological
applications, including the feeding rates of larval fish and the implications of environmental effects
on their growth and survival [3,4]. Pioneering studies [5,6] argued that turbulent motions in the local
environment could be important by enhancing encounter rates between predators and prey. Prior to
these studies, turbulence was assumed to reduce predator-prey encounter rates because of the effect of
prey dilution and breaking down the peak concentrations. The question was how known physical
laws for turbulence modeling, such as the Kolmogorov-Obukhov law for the second order structure
function, are reflected in the predator-prey encounter rate. Many elements of various models have
been tested under controlled laboratory conditions using small polystyrene particles as representing
plankton [7,8]. The turbulence conditions could be varied systematically by controlling the external
stirring mechanism that created the turbulence. Models were tested also by numerical simulations
where plankton was represented by point particles passively following the turbulent motions in
the flow [9,10]. Studies allowing for self-induced motions have also been presented [11,12]. It was,
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however, realized that too strong turbulence could have an adverse effect for the predator by reducing
the capture probability of prey [13–15]. Low turbulence levels give an advantage by increasing the
encounter rate, while too strong turbulence can be disadvantageous by reducing the capture rate to
such an extent that it partially dominates the effect of turbulent encounters. The result is the existence of
an optimum turbulence level that is a characteristic for the given species. A dome-shaped relationship
for the predator capture rate as a function of turbulence intensity ε has been suggested based on
predator response time and and reactive distance [13]. The present study outlines the properties of
various models for the encounter rate in turbulent environments and includes also the consequences of
the reduce capture rate for large turbulence levels. For ambush predators we assume that the encounter
and capture rates are basically controlled by turbulent motions in the environment. For the capture
they can rely on both visual identification and organs sensing disturbances in the water [16,17].

In the present study we compare analytical results with results obtained by analyzing field data
of the gut content of fish larvae collected in the shallow waters near Lofoten, Norway. Additional
material is presented elsewhere [18]. Predators (in the present case cod larvae, Gadus morhua L.) were
sampled by two different methods: 1) an ichthyoplankton net moved slowly from the seabed to the
surface, thereby vertically integrating the larval samples, and 2) a high-capacity submersible pump
(HUFSA) at selected positions 5, 10, 15, 20, 25 and 30 m below the surface. The guts of the selected
larvae were opened under a microscope and a database established for the number of nauplii in the
guts, together with the length of the corresponding cod larvae. The entire database consists here of
3247 entries, containing the simultaneously obtained lengths and gut contents of cod larvae supported
by the experimentally determined local specific energy dissipation rate ε. The data obtained by the
pump are depth resolved, with corresponding local prey concentrations. The subset collected by the
net is an average over all depths, and this part of the database contains 866 entries. Cruising speeds
of cod larvae as observed during laboratory conditions are in the velocity range 0.1–0.3 mm s−1 [19].
This can be approximately one order of magnitude higher cruising speed than that of their naupliar
prey [20]. We do not expect any significant differences between the two datasets as far the vertical
distribution is concerned. For a small subset consisting of 299 samples evenly distributed over depth,
also the lengths of the nauplii found in the guts were measured. The ambient concentrations of the
nauplii (prey) were sampled by a zooplankton pump at discrete depth positions. The details of the
biological sampling in the field and the processing of the samples in the laboratory is similar to two
other studies [21,22]. These studies deduced the cod larval ambient turbulence energy dissipation
rate of the mixed layer from averaged wind-induced turbulence based on the empirical results [23].
The present study, on the other hand, calculated the turbulent energy dissipation rate ε by measuring
the turbulence using acoustic current meters from a point observation at the top of a 6.5 m high tower,
deployed on the seabed at the shallow observation sites.

The database obtained on the basis of the field data were used for a test of analytical predictions.
Analytical models for probability densities for the gut content were thus compared with observations
to give an estimate of the rate of capture of the nauplii. This capture rate was then compared with
analytical results.

2. Results

The present study contains two parts, analytical results and study of data from a field experiment,
where the data could be analyzed to give a form amenable for comparison with theory. The present
section is divided into two parts addressing these two approaches separately.

2.1. Analytical Results

The present analytical part will mostly be a review of some of the existing models for predator-prey
encounter rates and capture probabilities in turbulent environments. The discussion is separated into
two parts.
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2.1.1. Encounter Rates in Turbulent Flows

To illustrate the complexity of the problem of particle moving in a turbulent flow we show
Figures 1 and 2. The two figures allow a three-dimensional, stereoscopic view. It requires a little
exercise. The observer should focus the eyes approximately 20 cm behind the plane of the paper
or computer screen. The distance to the eyes is not so critical provided it is sufficiently large, but it
is essential that the figure is kept plane and horizontally aligned with the observers eyes. Figure 1
shows a group of point particles moving in a turbulent flow; one of the particles indicated by red color
represents the predator, and the others a group of prey that happened to be close to it at some initial
time. The presentation is given in the fixed laboratory, or Eulerian, frame. At first sight, the motion
does not seem to be particularly complicated; the particles move like a group with some small relative
motion. The problem is that the figure is shown in the wrong frame of reference. The correct frame
for the present problem is the Lagrangian frame, one that moves with the predator. This is shown
in Figure 2 and here the relative motions are much more complicated. A complete detailed analysis
of the motion of the particles is not possible, and only a statistical analysis is feasible. The desired
results should account for the average flux of particles presenting prey through a given surface
(not necessarily spherical) that represents the range of the predator. We associate a characteristic length
Rc with this range.

Figure 1. Allowing for a three dimensional, stereoscopic view, the figure shows the motion of a small
cloud of selected particles moving in a turbulent flow. Units on axes are in computational units.
The heavy red line shows the trajectories in an Eulerian reference frame for the reference predator.
Time increases to the right. The figure is representative for the range Rc being in the inertial subrange.
For comparison we have the scale size of the largest energy containing eddies to be ∼ 3 in the present
computational units. A possible self-induced motion of the predator is ignored here.

Figure 2. Trajectories for the point particles in Figure 1 here shown in the Lagrangian or co-moving
frame for the reference predator represented by a central red point in this co-moving frame. The present
figure as well as Figure 1 is based on data from numerical simulations [24,25].
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Depending on the parameters of the turbulence and the characteristics of the predator, we can
envisage two limiting cases. One is where Rc is in the inertial range of the turbulence, and one where it
is in the viscous subrange. A dimensional analysis estimates the separation length as the Kolmogorov
microscale η = (ν3/ε)1/4, where ν is the kinematic viscosity of the water [26]. A numerical coefficient
can, however, not be determined by this argument, and it has to be found by other methods.

We consider the longitudinal velocity structure function 〈(u‖(x, t)− u‖(x + r, t)
)2〉/√νε, where

the subscript ‖ indicates the velocity component in the direction along r. The Kolmogorov velocity scale
is uK = (νε)1/4. Two relevant subranges can be identified for the turbulent velocity fluctuations, (1) the
inertial range with the Kolmogorov-Obukhov structure function CKε2/3r2/3 with CK ≈ 2.0 − 2.5 being
an empirically determined numerical coefficient [27], and (2) the viscous subrange with a structure
function Cνr2ε/ν, where a numerical coefficient Cν = 1/15 is obtained analytically [28]. A modified
Kolmogorov scale η0 is defined as the scale separating these two universal subranges. It is readily
determined as the length scale η0 ≡ η (15CK)

3/4, where the values of the two structure functions are
equal [10], see also Figure 3. We find (15CK)

3/4 ≈ 13 so it is not a trivial correction factor.
In Figure 3 we show by a full continuous line a phenomenological interpolation function for the

structure function covering both inertial and viscous subranges [29]. The analytical form is

St(r/η) =
CKCν(r/η)8/3

Cν(r/η)2 + CK(r/η)2/3 . (1)

With the given normalization used for the structure function in Figure 3, we find that St(r/η)

reproduces both the inertial and viscous subranges for large and small r, respectively.

Figure 3. Numerically obtained normalized longitudinal structure function
〈(

u‖(x, t) − u‖(x +

r, t)
)2〉/u2

K for the velocity component parallel to the separation vector r, shown on a double logarithmic
scale for varying normalized separation r/η. The reference velocity used for normalizations is the
Kolmogorov velocity uK ≡ (νε)1/4. Results from two simulations are shown with full and dashed
lines, respectively. Analytical results are given for the inertial and viscous subranges, by the slopes of
the thin lines with r2/3 and r2, respectively. For clarity of presentation, the two slopes as well as the
analytical approximation (1) have been offset vertically. The structure functions are uncertain for the
smallest separations, as indicated by a shading. An vertical arrow indicates r = η0 ≈ 13η.

The encounter rate (here denoted Je) for point particles in turbulent flows have been investigated
analytically by a significant number of studies, noting that relevant results, apart from a numerical
constant, can be obtained with a relatively straight forward dimensional reasoning [8]. These idealized
point-particles are then assumed to represent predators and prey. The accuracy of this assumption
has been discussed [10], suggesting some improvements for the modeling on the expense of more
complicated analytical expressions. The full analysis needs not be reproduced here since it is available
in the literature, where also reviews can be found [30]. We have an expression for the turbulent
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encounter rate for predators moving like point particles surrounded by a spherical encounter surface
with a radius Rc in the inertial subrange. For this idealized case the expression

Je,I = CM D0 ε1/3Rc
7/3 (2)

was found [29], with CM being a universal numerical coefficient. The expression (2) reproduces also
previous results [6] for the ε1/3Rc

7/3 scaling in the inertial subrange η0 < Rc < LE, with LE being the
outer scale limiting the inertial subrange. We introduced D0 as the reference density (or concentration)
of prey. In the limit Rc > η0, it is possible to obtain analytical expressions [31] for the full time variation
of the flux when the problem is solved for an initial condition with constant density for r > Rc.
For spherical encounter surfaces with radius Rc in the viscous subrange an expression in the form

Je,v = Cν D0 Rc
3
√

ε

ν
(3)

was found [29]. The expression (3) gives an Rc
3√ε/ν scaling of the turbulent flux for the viscous

subrange 0 < Rc < η0, with a numerical constant Cν 
= CM. From experiments or numerical
simulations, the numerical coefficients were determined empirically [29] to be Cν ≈ 1 while CM ≈ 6− 7.
The dimensionless combination D0 R3

c gives (apart from a numerical constant) the number of prey
within a spherical capture region and is a useful quantity for normalizations.

We found [10] an approximate simple empirical relation

Je = CA
ε1/3 D0 R3

c

R2/3
c + η2/3

0

, (4)

which contains the parameter variation of the two limiting cases Rc � η0 and Rc � η0, as well as the
correct cross-over length scale η0. The effect of viscosity enters solely through η0 in (4). Empirically,
a coefficient CA ≈ 7 was found to give the numerical factors of the Je-variations in the two relevant
subranges correct within 15%. This result is consistent with numerical [10] as well as laboratory
results [8]. The normalized expression Je/(D0R3

c ) based on (4) which will be used later is ill posed in
the limit of Rc → 0, with a diverging derivative there. This singularity has no physical consequences.
Even for relatively large radii, e.g., Rc = 10η, we have contributions from viscosity, emphasizing that
viscous effects can be more important than generally accepted for the present context. In Figure 4 we
show (4) for varying ε and Rc in physical units taking ranges relevant for our database. We choose to
normalize Je with D0R3

c and a time scale tm that will be defined later. This normalization is natural
here, but gives rise to a “hidden” dependence on R3

c .

Figure 4. Illustration of normalized encounter rate Jetm/(R3
c D0) as a function of ε and Rc as obtained

by (4). A blue line gives Rc = η0, showing the separation between encounters with Rc in the inertial
and viscous subranges, respectively. We took tm = 3 s here.
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The assumption of a spherical encounter surface is usually considered to be an oversimplification.
More realistic models take a conical surface [32–34] with some opening angle θ, where hemispherical
surfaces have often been assumed. There is empirical evidence that the results can be modified simply
by introducing a multiplier for Je in terms of a correction factor χ(θ) which has an empirical form [29]
where χ ≈ 1 for θ > 100◦ while

χ(θ) ≈ 0.31θ + 0.19θ2 − 0.06θ3 , (5)

with θ given in radians [29] for 0 ≤ θ < π/2. The difference between χ(θ) obtained for the viscous
and inertial subranges is moderate [10], but in principle the ranges should be considered separately
also in this respect.

The results quoted so far assumed both predators and prey to be passively following the turbulent
motions in the flow. Self-induced motion patterns can also be taken into account by phenomenological
models. For a simple cruising predator motion with prey passively following the flow, evidence was
found [12] for a simple encounter rate expression in the form

Je =

√
J2
0 +

(
D0πR2

c Vch(θ)
)2

, (6)

where Vc is the cruising velocity, assumed constant, while the factor accounting for the “clearing surface”
is h(θ) = sin2 θ for θ < 90◦ and h(θ) = 1 for θ > 90◦. The notation J0 indicates the turbulence-induced
encounter rate experienced by a predator at rest, with a seemingly universally useful approximation
given by (4). The cruising velocity is measured in the local fluid element, and the root-mean-square
(RMS) fluid velocity in the Eulerian frame of reference is not relevant for comparison; the Kolmogorov
velocity uK is more appropriate, see Table 1. It turns out that (6) can be used as an approximation for
other motion patterns as well [12]. We note the similarity of (6) with other earlier results [5,35]. Results
for travel-pause predators have been obtained also [12].

Table 1. Summary table of field data and some quantities derived from them.

Station 〈L�〉 [mm] 〈NH〉 D0 [l−1] 〈a〉 [μm] ε [m2s−3] η0 [mm] τK [s] uK [m s−1]

I 4.69 1.99 11.22 299 1.12 × 10−6 17.11 1.16 1.14 × 10−3

II 4.80 1.45 9.17 299 3.62 × 10−6 12.77 0.64 1.53 × 10−3

IIIA 4.72 2.09 19.74 245 5.44 × 10−5 6.49 0.17 3.01 × 10−3

IIIB 4.70 1.62 13.59 306 1.70 × 10−5 8.68 0.30 2.24 × 10−3

IV 4.22 3.34 7.90 214 4.25 × 10−8 38.80 5.94 5.03 × 10−4

V 4.69 1.26 3.25 263 2.46 × 10−6 14.06 0.78 1.39 × 10−3

The effects of a cruising velocity is illustrated in Figure 5a by showing (6) for Vc = 10−3 m s−1

with its value for Vc = 0 subtracted. Figure 5b shows similar results for a 5 times larger cruising
velocity. Evidently, the effects of self-induced cruising motions are strongest for small values of ε and
small Rc. With the given parameters we find self-induced motions to have some significance for parts
of the viscous subrange only.

Pioneering studies [5,6] discussed the encounter rate for ambush predators, but then included
also the effects of self-induced motions. Only the inertial subrange of turbulence was considered in
these early works. The capture success was assumed to be independent of the turbulence level.
The importance of also the viscous subrange was realized later [10,29], see also a review [30].
This subrange turns out to be the most important one for the present study.
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Figure 5. Illustration of the difference of the normalized encounter rate Jetm/(D0R3
c ) for the case with

and without a constant cruising velocity. We used Vc = 10−3 m s−1 in a) and Vc = 5 × 10−3 m s−1 in
(b). We took tm = 3 s and a hemispherical field of view, θ = π/2. A blue line indicates the separation
line for Rc being in the viscous or the inertial subrange, as in Figure 4. Note the restricted range of ε as
compared to Figure 4 and also the change in vertical scale in (a,b).

The analysis summarized in this section ignores intermittency effects in fluid turbulence.
These account for the inhomogeneous distribution of the turbulent energy dissipation (at times
called “the patchiness of turbulence”), for example manifested by spatially distributed interacting
vortices. For individual realizations these can be observed to have consequences for organisms present
in the flow [36–38]. The present study is concerned with phenomena occurring on the digestion
time-scale which is of the order of 30–60 min. The intermittency effects will be smoothed out over
these long times.

2.1.2. Capture Probability in Turbulent Environments

Several models can be found for the influence of turbulence on the capture rate of prey, given
an encounter. The models depend on the species, predators as well as prey, and conditions in the
surroundings, where turbulence is only one of the important parameters entering.

Reliable models for the encounter rates Je of predators and prey in a turbulent environment can be
found, at least for idealized models. We note, however, that the prey flux μ entering the gut is a more
complex process. It is found to be an advantage to separate μ into an encounter rate, or clearance rate,
Je, and a capture probability Pc, give the encounter. Assuming the two to be statistically independent
we have

μ = Je Pc. (7)

Given independence of encounter and capture, the capture probability can be discussed
independently of Je. Several studies [13,14,39] assumed that Pc depends primarily on the time available
for capture, other conditions considered constant. The simplest and often used model assumes capture
with certainty (Pc = 1) if the time τ available is more that some characteristic time tm, while Pc = 0
if the available time is τ < tm. To account for Pc we thus need the probability density Pτ(τ) of
times available for capture. This functional form has been determined empirically by numerical
simulations of a turbulent flow [39] and presented for selected values of θ obtained in a form of a
series approximation with tabulated coefficients. Other studies [13] used a simplified flow model
where the problem could be solved analytically. For given species the time constant tm depends on
many conditions in the environment, light conditions [40] etc., but in particular on the age of the
predators. By selecting a certain stage in development of fish larvae when establishing a database we
can minimize a variation in tm and assume it to be a constant. For the present study we selected cod
larvae in the start-feeding phase (stage 7 larvae [21]). At this stage, the larvae have not yet developed a
swim-bladder so any change in vertical motion apart from that induced by the initial and constant
buoyancy requires swimming.
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The main conclusion found by use of (7) can be summarized as: Turbulence is advantageous for
predators by increasing the contact rate with prey as accounted for by Je. Too large turbulence levels
can however enhance the relative motions between predator and prey to an extent where the capture
is strongly reduced because the time available for capture is too small [13,29,41–43]. This feature is
accounted for by Pc. Due to a competition between the enhanced encounter rate and the reduced
capture probability, there will be an optimum level of turbulence for predation. The prey capture rate
as a function of the turbulence level will have a “dome shape”, with a maximum at some intermediate
turbulence level [13]. The optimum will vary among species.

Taking Rc to be in the viscous subrange of the turbulence, a compact form for the flux into the gut
of ambush predators can be written [29] as

μ = CνD0R3
c

( ε

ν

)1/2
χ(θ) Pes

∫ ∞

tm
√

ε/ν
Pτ′(τ

′)dτ′. (8)

A similar expression can be found for the inertial subrange. The escape of prey by their
self-induced motion is assumed to be a statistically independent process and is here included by
an empirical multiplier 0 < Pes ≤ 1 which has to be determined in a laboratory, for instance. Individual
escape processes have been studied in detail [30]. Capture success rates in larval cod for quiet and
weakly turbulent conditions have been studied in particular [19]. The integral in (8) accounts for the
variation of the capture probability with the parameters of the problem. In (8) we recognize two length
scales, the range of interception Rc and the average prey separation D−1/3

0 , with the product D0R3
c

entering as a dimensionless parameter for the problem. We have μ being linearly proportional to the
prey concentration D0. The probability of two prey simultaneously entering the range of interception is
assumed negligible. This implies that a predator can focus on one sample of prey at a time. Analytical
approximations and tables of the probability density Pτ(τ) needed in (8) can be found in the literature
for various forms of the encounter and capture volumes [29]. The integral contribution to the results
in (8) are given in terms of a normalized or dimensionless time tm

√
ε/ν. Given the input parameters

D0 and ε with ν being a constant assumed to be known, we are thus in a position to give estimates for
the average gut content of fish larvae when the organisms are characterized by their capture range Rc

and opening angle θ for their field of view. An even more ambitious result is an estimate for the entire
probability density of prey in the gut.

It has been suggested [29,44] that enhanced turbulence levels can be seen as “noise” that will
make it difficult for a predator to discriminate signals from prey by disturbing the hydro-mechanical
signals detected by the predators [45]. As a “rule of thumb” supported by analysis [44] we argue that
if 10τK ≤ tm we can expect that the turbulence induced noise-signal experienced by a predator will
be disturbing and partially masking the flow disturbance induced by moving prey. For Station IIIB
(see Table 1 and Figure 6) this can marginally be the case, but for the other stations this effect will have
minor consequences and it is thus not included in the analysis.

2.1.3. Probability Density of Gut Content

Encountered and captured prey contributes to the gut content of the predator, and will remain
detectable until it is digested after some time (“gut clearance rate”), here denoted τd. A simple model
was proposed [18] for the gut content in form of a time series containing integers, N = 1, 2, . . . , Nm

where N is the number of prey in the gut with Nm being some maximum gut capacity. The maximum
gut capacity has only little consequence for the data presented in the following, but the general results
can be useful for other data. A relatively simple analysis [18] including a finite gut capacity gave
the result

Pd(N|Nm) =
exp(−μτd)Γ(2 + Nm)

(1 + Nm)Γ(1 + Nm; μτd)

Nm

∑
j=0

δj,N
(μτd)

j

j!
(9)
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for the normalized probability density in terms of the one-variable Γ(y)-function and the two-variables
incomplete Γ(y; z)-function [46]. We introduced the Kronecker δj,N which is unity if j = N, and zero
otherwise. We assume Nm to be given. The result has then no free adjustable parameters since the
product μτd consists of measurable quantities. In nature we often found guts to be nearly empty and
in such cases the finite gut capacity is of no consequence for the probability density. We can then use a
simpler expression

Pd(N) =
∞

∑
j=0

δj,N
(μτd)

j

j!
exp(−μτd). (10)

Figure 6. Site positions near Lofoten in Norway. The sites are marked by small filled red circles and
roman numbers. Sites I, II , III, and V are in the open waters, while Site IV is deep in the Austnesfjord.
At Site I the ocean depth is changing steeply from 20 m to 50 m, while Site III is positioned at a local
plateau at a depth of 21 m. Sites II and V are at nearly the same depth, with similar variations in the
surroundings, where Site II is closer to the shore. Additional details are reported elsewhere [18].

It is interesting to note that μ and τd appear in (9) as well as in (10), only as a product and not
individually. From simple dimensional arguments [47] this could have been seen from the outset. We
find this result to be important: if the distribution of gut content can be estimated and τd is known for
the predator, we can find μ for the given organisms and conditions in the environment. This value for
μ can then be compared to analytical results.

At first sight the arguments giving (9) and (10) seem to contain a flaw: it presumes Nm to be a
fixed deterministic number and thereby all prey to have the same size. In reality we can have many
small or a few large samples of prey in a full gut. This question was discussed elsewhere [18] with an
assumed probability density for prey sizes. The result indicated that if the number of prey in the gut is
large, some will be small, some large, so the actual net gut content would be close to the one obtained
by assigning all prey the same size. In addition we note that the distribution of captured prey lengths
(nauplii) had a distribution that was narrow compared to the average value, as demonstrated later.
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2.2. Field Data

Our observational data are based on samples collected at Lofoten, Norway in April–May
1995 [18,48]. During this campaign data were collected at 5 sites, labeled Station I, II, III, IV and V, all
located in shallow waters, see Figure 6. The conditions were strongly influenced by tidally-induced
turbulence and turbulence induced from long swells. At one of the sites (Station III) the turbulence
conditions changed during the day so we have two data-sets there, Station IIIA and Station IIIB. In the
beginning of May the sun rises around 04 and settles around 22 local time. Sample collection was
restricted to the time interval 06–22 in order to eliminate effects of reduced feeding/ingestion rates
during the dark part of the day. The varying light conditions during the day were similar for each
site [40].

The methodology of the plankton sampling and analysis, i.e. the vertical sampling of the cod
larvae and their naupliar prey and the analysis of the gut content of the cod larvae, was adopted from
previous studies [21,22]. The vertical concentration profile of fish larvae was determined by a fish
larvae pump with a capacity of approximately 0.5–0.7 m3s−1. A plankton net with 375 μm mesh size
was attached to the fish larvae pump. Samples were made at discrete depths from 5 m to 40 m. It was
anticipated that the pump may cause some damage to the collected fish larvae. The damage is known
to depend on the duration of the pumping times, in our case they varied from 15 s to 60 s. The quality
of these data has therefore to be verified by another collection methods which do not have such a
damaging effect. Fish larvae were also sampled by a vertically hauled plankton net. The opening of
the net was 0.5 m2 with a 375 μm mesh size. The net was hauled vertically from 50 m depth, or from
approximately 2 m above the seabed when the water was shallower than 50 m. From the collected fish
larvae those in the start-feeding phase (stage 7 larvae [21]) were selected and their lengths measured.
Their gut content was inspected by counting the number of prey carcasses in the gut of fish larvae.
The length distribution of cod larvae from a selected site is illustrated in Figure 7. Similar distributions
were obtained from the other sites as well.

Figure 7. Summary figure showing the observed length distribution of cod larvae collected at Site
IV using all data available for the site. The figure is thus based on 647 entries from the database.
The scatter in the lengths is small compared to the average value 〈L�〉 = 4.22 ± 0.35 due to the selection
of the larvae. These figures are representative also for the subset of data obtained by use of the fine
meshed net.

A measurement based on 299 cod larvae gave a distribution of the lengths a of the nauplii found
in the guts, see Figure 8. The most probable nauplii length was found to be approximately 200 μm.
The spread in the sizes is noticeably smaller than the average.

Figure 9 shows the vertical distribution of predators (here Gadus morhua L.) at Sites I to V. Data
were collected at times evenly distributed over the day, but the number of samples collected varied
from site to site. We find indications of a systematic variation with depth only at Site V and even here
it is not significant.
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Figure 8. Probability density estimate for the distribution of the size a of the nauplii in the guts of cod
larvae. The figure is based on the gut content of 299 cod larvae distributed over all 5 sites. The average
value is 〈a〉 = 0.251 ± 0.058. The figure is taken from [18].

Figure 10 shows the vertical distribution of prey (here nauplii) at Sites I to V, sampled with a
pump with plankton net mesh size 90 micrometers. Data were collected at times evenly distributed
over the day, but the number of samples collected varied from site to site. We find no systematic
variation of the density of nauplii with depth, and assume that the turbulent mixing is sufficient to
smooth out gradients in the nauplii distribution for the present shallow waters. We note that the
variability of measured nauplii concentration from one measurement to the other is the smallest for
the site with smallest turbulence intensity. In the lack of any systematic depth variation of the nauplii
distribution we assign each site as reference concentration the average over all depths for that site.

Figure 9. Vertical distribution of cod larvae at Sites I to V typically with 5 m resolution. In a few cases
also some intermediate depths were sampled. The present data were obtained by the fish larvae pump
as described elsewhere [18].
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Figure 10. Vertical distribution of nauplii at Sites I to V with 5 m resolution. The heavy black line shows
the average. Most often we find a small decrease in nauplii concentration with increasing depths.

Figure 11 shows scatter diagrams for the sizes of cod larvae and their gut contents. The correlations
are in general not sufficient to allow conclusions of substance. The scatter in larvae size is moderate
due to the pre-selection, and a high correlation between the size of cod larvae and their gut content
can not be supported by the present database. Mostly we find a reasonable result indicating that large
fish-larvae are most efficient in capturing prey.

The largest number of nauplii found in a gut was 12, and this number was observed only once.
A gut content of 10 and 11 was both seen 4 times, while 9 nauplii were observed frequently. In the
following we use Nm = 9 for all the fish larvae. Based on data obtained by the vertically hauled
plankton net we estimated the distributions of the gut contents as shown in Figure 12. The net gives the
least damage to the cod larvae, and the data for these are therefore analyzed separately. Filled circles
in each of the Figure 12 give results derived by the analytical model (9) by adjusting the parameter μτd
so that the average corresponds to the observed value of 〈N〉. The results were obtained for Nm = 9 as
mentioned. Taking Nm = 10 gave modification that were noticeable only for Site IV, with results shown
elsewhere [18]. In order to quantify the difference between the model results and the observations we
note that for small μτd, the model predicts (〈N2〉 − 〈N〉2)/〈N〉 = 1. When taken as an average for all
the datasets shown in Figure 12, the same quantity was found to be 1.18. We find this agreement to
be sufficiently convincing to allow the model (9) to be used also more generally. For completeness
we included with thin dashed lines in Figure 12 also the results found by using data collected via
the fish larvae pump. Implicit in the derivation is the assumption that the gut content PDF’s are
time stationary.
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Figure 11. Scatter diagram for the relation between the lengths of cod-larvae and their gut content.
The dashed lines are the best linear fits. The correlations are small, of the order of R ≈ 0.1. In two cases
the slope of the lines is negative but with a very small derivative. The largest correlation is found for
Site V. Only the data obtained by the slowly moving net were used for the present figures. A projection
of the figures on the vertical axis will give a result similar to the one shown in Figure 7.

Comparing the data found by the vertically hauled ichthyoplankton net and fish larvae pump
as shown in Figure 12 we note a systematic overpopulation of empty guts (best seen for Site IIIA) in
the data obtained by use of the pump. We take this as evidence that the pump is damaging plankton
by making a significant part of them regurgitate. Existing and future data obtained by pumps like
these should be interpreted with this possibility in mind. Because of the uncertainty associated with
the data collected by the pump, we use only results for the vertically hauled net for comparison with
analytical results. The depth resolution of the distribution of cod larvae and the corresponding gut
content is then lost. The depth distribution of the number of cod larvae as found by the pump remains
useful. Also earlier investigations [21,22] used the pump profiles to get an estimate of the vertical
distributions of the larvae, while the gut contents were examined from the more gentle sampling by
vertical net hauls.

Since the typical gut evacuation rates in first-feeding cod larvae are of the order of 1 h, it cannot
be expected that the ambient food concentration of the cod larvae is equal to the sampling depth.
Cod larvae are able to move vertically considerable distances during 1 h, up to 20 m. In addition,
stronger mixed-layer turbulence can move the larvae even more during this period of time. Referring
to Figure 10 we note that the vertical prey (nauplii) distribution was on average fairly uniform.
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Figure 12. Distributions of the number of nauplii in the gut of Gadus morhua L. where the larvae
were collected by a fine meshed net moved slowly from the seabed to the surface at Sites I through
V (a–f). Corresponding analytical results are given by filled circles assuming Nm = 9. We have
μτd = 1.99, 1.45, 2.09, 1.62, 3.34, and 1.26. Thin dashed lines give the results where the data were
collected by the pump “HUFSA”. Parts of the figure are adapted from [18].

For a given average value of the capture rate μ for a population, some cod larvae will have more,
some less than the number needed for survival. To give a convenient estimate for the gut contents
we take the cumulative distributions for the number of prey in the guts of fish larvae (9) as shown
in Figure 13 for the parameter values μτd = 1, 2, 3 and 4. Taking for instance the case with μτd = 2
(green curve) we find that a fraction 0.85 of the cod larvae have 3 nauplii or less in their gut, while for
μτd = 4 (red curve) this fraction is 0.45. When τd = 1 h the values for μ are also the number of nauplii
captured per hour. By the Figures 12 we found μτd = 1.99, 1.45, 2.09, 1.62, 3.34, and 1.26. Taking here
for illustration τd = 45 min, we consequently have μ = 2.65, 1.93, 2.79, 2.16, 4.45 and 1.68 captured
nauplii per hour on average. These numbers should be compared to 2–3 nauplii per hour needed by
cod larvae for survival.

In Table 1 we present a summary of averaged data as they are used for the comparison with
analytical results. The set of observations at a given site are considered as individual realizations
belonging to an ensemble with the given macroscopic parameters. The average number 〈NH〉 of
nauplii in gut is obtained by the reduced database found by using the fine meshed net moved slowly
from the sea-bottom to the surface. The cod larvae mean length is 〈L�〉, the concentration of nauplii
in the surroundings is given by D0, and the mean length of nauplii is 〈a〉. The specific turbulent
energy dissipation is ε, and the derived effective Kolmogorov length η0 is determined for each site as
discussed in the following Section 2.2.1. The Kolmogorov time scale is τK =

√
ν/ε.

Ambient temperatures ranged from 4.5◦ to 5.5 ◦C. The salinity ranged from 33.5 to 34,
corresponding to a kinematic viscosity of the water ν = 1.5 mm2s−1 [49,50].
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Figure 13. Cumulative distributions for the number of prey in the guts of fish larvae as determined
by (9), here shown for the parameter values μτd = 1, 2, 3 and 4 with grey, green, blue and red filled
circles. These numbers cover the range of observed values in Figure 12. We took Nm = 9.

2.2.1. Estimates of the Average Specific Turbulent Energy Dissipation Rate

As we have seen, the turbulent energy dissipation rate ε is an essential parameter for describing
turbulence in the inertial as well as the viscous subranges. When only a one-point measurement is
available, the almost universally adopted method for determining ε relies on the Taylor hypothesis,
or the frozen turbulence approximation [51–57]. It is there argued that a detected frequency spectrum
can be “translated” to a wavenumber spectrum by k ≈ ω/V where V is a constant average relative flow
velocity between the rest frame of the fluid and the detector. In effect, it is assumed that the Doppler
shift kV dominates the rest frame frequency ω′, i.e., ω = ω′ + kV ≈ kV. Local homogeneity and
isotropy of the turbulence is implicitly assumed when applying Taylor’s hypothesis for interpreting
turbulent power spectra. In case there is no average flow it will still be so that the small eddies in the
inertial subrange are advected by the larges energy containing eddies [53] and the hypothesis can be
applied also then, now with a suitably defined RMS fluid advection velocity. Details of the analysis
and procedures used in the present work are reported elsewhere [55].

Fluctuating flow velocity components were detected by three different high resolution acoustic
current meters (an Ocean ADV from NORTEK, a MINILAB and an UCM from SimTronix) were
mounted on a submarine tower 6.5 m above the seabed [18,48]. All instruments were facing upwards
in order to minimize possible effects of the construction on the observations. All data reported in the
present work are obtained by the UCM, which measures the 3 velocity components of the fluctuating
flow with a minimum resolvable wavelength of approximately 2 cm. In Figure 14 we show typical
values for average horizontal velocities found to be in the range 5–10 cm s−1. Most of the kinetic energy
in the fluid motion is associated with the largest non-universal eddy dynamics. Taylor’s hypothesis
gives most accurate results for large velocities [52], but there seems to be no universally accepted
reference velocity expressed in terms of the flow parameters.

Figure 14. The average flow velocities are measured at the submerged tower at 4 levels above bottom.
Full line gives data from Site I, long dashes for Site II, and shorter dashes for Sites IIIA and IIIB.
The smallest value of ε is found at Site IV where also the average velocity is smallest. The figure is
taken from [18].
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Results for the experimentally obtained spectra for the three fluctuating fluid velocity components
are shown in Figure 15. Due to the closeness of sea-bottom, the vertical component has a reduced
intensity at small frequencies (corresponding to long wavelengths) but the three spectra are close for
high frequencies (i.e., short wavelengths), where we argue that local isotropy and homogeneity
has been reached for the small scales. The observation that a frequency spectrum with the
Kolmogorov-Obukhov exponent at high frequencies, i.e., ω−5/3, is a good approximation can be
taken as a support for the applicability of Taylor’s hypothesis. The swells could be identified directly
in the raw data as large amplitude intermittent oscillatory “bursts”, and these contribute to the low
frequency non-universal parts of the spectra.
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Figure 15. Power spectra for the three velocity components as measured by the UCM are shown in (a),
with horizontal components in blue and black, vertical in red. In (b) we show the full power spectrum.
Dashed reference lines have a slope of −5/3 as appropriate for the Kolmogorov-Obukhov spectrum.
The raw spectral data have been smoothed by “binning” in the present representation. The figure is
based on data from [18].

Power spectra for the three components of velocity fluctuations were measured at each site.
The variations in the local flow velocity were sampled with a frequency of 2 Hz, using time
series of 20 min duration. The average turbulence energy dissipation rate ε was determined by
fitting experimentally obtained power spectra to the analytical Kolmogorov-Obukhov wave-number
spectrum CKOε2/3k−5/3 that contains ε. The universal Kolmogorov constant is CKO ≈ 0.5–1.5.
As mentioned before, the comparison between the experimental frequency spectra and the theoretical
wavenumber spectrum is made by reference to Taylor’s hypothesis [51–53,55,58]. The robustness of
the analysis giving ε is tested by using slightly different values of the exponent in the power-law,
e.g., ω−2.

Since the experimentally obtained spectral index agrees with the analytical −5/3-law, we have
the main uncertainty in the estimate of ε to be in the use of Taylor’s hypothesis and the uncertainty
of the translational velocity being used. The experimentally obtained values of ε vary over the time
series as can be seen in the relative variation (ε − 〈ε〉)/〈ε〉 at Site II, see Figure 16, where 〈ε〉 is here
the average value of ε for the given site. The Figure 16 is representative for the other sites as well [18].
Also the results for the turbulent energy dissipation ε are included in Table 1.

For conditions in the present study, the turbulence was dominated by tides and swells at
the observation sites, and thus different from earlier studies [21] and [22] where wind-induced
turbulence dominated.
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Figure 16. The relative scatter of ε over the different time-series as obtained at Site II.

2.2.2. Comparison of the Analytical Model for Capture Rates and the Field Data Results

We made a comparison between our theoretical model and data obtained by analyzing the field
observations. We found that under statistically time stationary conditions the average value of the gut
content gives an estimate of μτd. Given an estimate for the digestion time τd, which has to be found by
other means, in a laboratory for instance, we can then determine μ for the conditions specifying the
predator and its environment. Gut evacuation rates were reported in [59], for instance. These rates can
depend on temperature as well as other conditions [40]. These conditions can be assumed to be the
same at all sites for our data. With the given selection of cod larvae we can assume that all predators
are characterized by approximately the same parameters, so the differences are to be found in the
environment. We have these parameters determined by the turbulence conditions ε and availability
of prey D0, both parameters measured, while the viscosity ν is determined by the temperature and
salinity of the ambient water.

The comparison between the analysis and the present field data is shown in Figure 17. In previous
studies of the dataset [18] it was noted that all predator sizes were below η0 and thus in the viscous
subrange, see also Table 1. The capture range Rc can however be larger than the cod larvae and it is
then possible that the overlap region between viscous and inertial subranges have to be included in
a complete analysis. This has a price, however: even after normalizing the capture rate by D0R3

c it
is found that the complete analytical model depends explicitly on both ε and Rc, see for instance (4).
The viscous subrange taken alone is simpler in this respect. In Figure 17 we thus show a surface
spanned by the variables ε and Rc both in physical units. The variation of the capture rate is given
through a normalization as μtm/(D0R3

c ). We assumed the minimum time needed for capture to be
tm = 3 s as a representative value [13]. Because of the uncertainties associated with the gut-content data
obtained by the pump, we used only data from the vertically hauled plankton net for Figure 17. For the
digestion time we took τd = 45 min, although also longer times have been argued [59]. The analysis
is trivially remedied to account for other values of τd, see for instance [18]. For the capture range we
took Rc = 2L�, see Table 1. This gives Rc in the range of 8–9 mm to be measured from the “center of
mass” for the cod larvae. For the highest turbulence level, at Site IIIA, this value places Rc between the
viscous and inertial subranges. This observation demonstrates the need for a model that encompasses
both the inertial and the viscous subranges in describing the encounter and capture rates for predators
and prey.

As an alternative presentation we show in Figure 18 a projection of the data-points on a plane
that cuts the surface in Figure 17 at the position defined by the average of the 6 values of Rc’s used
there. The cut is shown by the blue line in Figure 18. Since the scatter in Rc-values as shown in Table 1
is moderate, we believe this figure also gives a useful illustration. A comparison with the analysis
given elsewhere [18] illustrates the importance of including the correction from the inertial subrange.
If this contribution is ignored, the dependence on Rc will as mentioned before only enter through the
normalization of the vertical axis. In that case a 2 dimensional presentation as in Figure 18 will be
adequate without the need of a projection. For Rc in the viscous subrange, the optimum capture value
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is found at tm
√

ε/ν ∼ 1 with μ ∼ D0R3
c /tm. The optimum thus obtained should be compared to the

value of 2–3 nauplii captured per hour generally assumed to be needed for survival of cod larvae at
the given stage. The digestion time τd does not enter here.

Figure 17. Comparison between analyzed field data (shown by small green spheres) and the theoretical
model including the effects of turbulence on the encounter and capture rates. We assumed a
hemispherical capture volume, θ = π/2. Note that two data points are below the surface. See also
results in [18]. The figure uses logarithmic scales on all axes. The variation in contact distances Rc is
limited due to the pre-selection of cod larvae. A blue line separates viscous and inertial subranges as
in Figure 4.
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Figure 18. Double logarithmic presentation of a comparison between analyzed field data (shown
by green filled circles) and the analytical model including the effects of turbulence on the encounter
and capture rates. We assumed a hemispherical capture volume, θ = π/2. See also results in [18].
The figure here is obtained by a projection on a plane that cuts the surface Figure 17 at the average of
the 6 values of Rc. The sequence of the datapoints follow that of ε, i.e., from left to right we have the
Sites IV, I, V, II, IIIB and IIIA.

The analysis and the present dataset supports, in particular, elements of a “dome shaped” capture
probability [13] in the sense that we find a decreasing trend in the average capture probability for
increasing large turbulence levels.

2.2.3. Consequences of Finite Sizes

As most other relates studies, also we described plankton as point-particles moving in the flow.
A generalization of the study can be based on the Basset-Boussinesq-Oseen (BBO) equation derived for
describing motions of finite size spherical particles in Stokes flows. A rigorous derivation [60] includes
the effects of nonuniform velocity fields. The result is an analytical expression describing the motion
of a spherical particle with given radius and mass, including the effects of gravitational acceleration.
Most relevant aquatic organisms have mass density close to that of water. We therefore believe the
finite size effects to be the most important, and will here briefly discuss some analytical models that
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can account for finite particle sizes [10,61]. These models represent a generalization of the Faxen
corrections. The Stokes drag will be ignored here, although this effect can be included as well [61].
Our basic assumption is that a body with fixed shape responds to the moving flow by averaging the
unperturbed space-time varying fluid velocity over its volume. This assumption seems reasonable and
has shown promise when analyzing finite size particles moving in inhomogeneous pipe flows [62].
The averaging is most easily carried out in a spectral representation by a filtering, where the filter
characteristics are determined by the particles (here plankton) in question [10,61]. For isotropic finite
size particles we write an effective velocity as υ(r, t) =

∫ ∞
−∞ F (k)u(k, t) exp(ik · r)dk where F (k) is

a filter function. The only basic requirements are F (k → 0) → 1 and F (k → ∞) → 0. For spherical
particles, the filtering is simple. Anisotropic particles have interesting flow properties [10,61], but these
are of limited relevance here and will not be discussed.

To illustrate the consequences of finite particle sizes for the modeling we consider here spherical
encounter surfaces with range R in the inertial subrange of turbulence, and will later discuss the
problems in generalizing these results to the viscous subrange. Apart form a numerical constant,
the relation (2) can be obtained by the longitudinal second order structure function

U2(r) ≡
〈(

u‖(ξ, t)− u‖(ξ + r, t)
)2

〉
,

written in one spatial dimension for simplicity, with more details given elsewhere [8]. We have the
reference predator to be at position ξ and prey to be at ξ + r. For homogeneous isotropic turbulence
conditions, we have U(r) to be independent of ξ and only the separation r enters. For the inertial
subrange we know that U2(r) ∼ (εr)2/3. Taking the flux to a reference point particle (the predator
in our case) through a spherical encounter surface with surface area πR2 we can use the encounter
estimate J ∼ D0U(R)R2, again apart from a numerical constant which is best determined empirically
by experiments. Use of the previous expression for U(R) in the inertial subrange gives J ∼ D0ε1/3R7/3

which is consistent with the result (2). With these results in mind we consider a finite size particle and
apply the appropriate filtering to get a more general second order structure function in the form

U2(r) =

〈(∫ ∞

−∞

(
F (k)u‖(k, t)− u‖(k, t) exp(ikr)

)
exp(ikξ)dk

)2
〉

, (11)

where we still consider prey as point particles, so that velocity is not filtered. After some manipulations
reported elsewhere [63,64] an expression is obtained in the form

U2(r) =
∫ ∞

−∞
E(k)

(
1 + |F (k)|2 − 2F (k) exp

(
−1

2
k2r2

))
dk, (12)

where the power spectrum for the fluctuating velocity is E(k) ≡ 〈u‖(k, t)u‖(−k, t)〉 = 〈|u‖(k)|2〉 for
time stationary conditions. At one place we approximated the average of a product by the product
of two averages to have E(k) appearing explicitly and used also 〈exp(ikr)〉 = exp

(−k2r2/2
)

as
for Gaussian processes. If we ignore intermittency corrections and take the Kolmogorov-Obukhov
spectrum as E(k) ∼ ε2/3k−5/3 in (12), together with the limiting form F (k) ≈ 1 for point particles we
recover J ∼ D0U(R)R2 ∼ D0ε1/3R7/3 analytically for r = R. The other limiting case where F (k) ≈ 0
corresponds to a predator at rest, i.e., a “tethered” predator, where J ∼ D0R2

√〈u2〉 � D0ε1/3R7/3

where 〈u2〉 =
∫ ∞
−∞ E(k)dk. This latter result has experimental support [8]. For the case where R is

much larger than the reference particle, we have exp
(−k2R2/2

) ≈ 0 while F (k) ≈ 1; in this limit the
finite size of the predator is immaterial, as also expected intuitively. The intermediate case with some
general form for the filter F (k) is more problematic and will depend on the shape modeled by F (k).
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For illustration we assume F (k) = exp(−k2S2) where S represents a characteristic size of the predator,
S < R. Using again the Kolmogorov-Obukhov spectrum for E(k) we have

J ∼ D0ε1/3R2
√
(R2 + 2S2)1/3 − S2/32−1/3 < D0ε1/3R7/3 for R > S. (13)

Within this model we find that the encounter rate is reduced compared to the results for plankton
moving like point particles, i.e., Je,I in (2). Taking R ≈ 2S as used in the foregoing analysis we have a
reduction of approximately 10% as compared to Je,I .

We have thus found a viable model for including finite size effects where some limiting cases
can be tested, provided we restrict the analysis to the inertial subrange of turbulence. This subrange
is, however, restricted to wavenumbers smaller than the Kolmogorov wavenumber. The problem
in generalizing the model to the viscous subrange is due to the lack of a universal spectral model
for this limit. The analysis of Heisenberg [65] predicted a E(k) ∼ k−7 power law spectral variation
for large k, but this result makes

∫ ∞
−∞ k2pE(k)dk diverge for sufficiently large p-values, and the same

can be argued for any power-law E(k) ∼ k−m. This divergence is considered to be unphysical [66]
and for the time being we have no generally accepted spectrum for the viscous subrange. For the
second order structure function we have no similar problems. Assuming that the trends found for the
inertial subrange apply to the viscous subrange as well, we argue that finite size effects give rise to a
reduction factor of 10% also here. The uncertainty introduced by this is comparable to or even less
than other uncertainties in the problem. Finite size effects are considered to have minor importance for
our analysis but might be relevant other studies.

3. Discussion

We took the digestion time τd to be constant. In principle it is possible for τd to depend on the gut
content. Our data give no support for such models [59]. Should that be the case, we would observe a
systematic overpopulation for small or for large gut contents as compared to our model. It is possible
that such a relation can be found by studies of populations where full guts are more frequent than in
our database.

In the presentations in Figure 17 we ignored the prey escape reactions by setting Pes = 1 in (8).
Since Pes accounts for the fraction of the prey density D0 that escapes capture, we can change the
normalization on the vertical axis in Figure 17 to μtm/(D0PesR3

c ) and the analytical part of the figure
will then apply more generally. The points for the observations (green spheres) will then have to be
moved upwards for Pes < 1.

The assumed value for the minimum time needed for capture, tm = 3 s, may appear to be large,
but it represents an average of the minimum time required for capture and the time needed for capture
with large probability [29]. With this in mind we find the value tm = 3 s to be reasonable. The most
sensitive parameter in the analytical model is Rc by entering to the power 3.

The largest deviation between the data and the analytical model is found for the smallest
turbulence level at Site IV at the head of the Austnesfjord. We have no verifiable explanation for this
deviation, but note that self-induced motions will have the strongest effects for small turbulence levels,
see (6) and Figure 5. The present analysis assumes that the cod larvae are ambush predators and
ignores self-induced motions entirely. This assumption need not be strictly fulfilled, and we see this as
a possible explanation for the noted disagreement. Self-induced motions will enhance the encounter
rate. Using (6) we find, however, that excessively large values of Vc need to be introduced in order to
make the analytical result close to observations. Based on our data, we find however one conclusion to
be inescapable: turbulence matters!

Possible sources for errors in the data analysis, be it systematic or random, have been discussed
elsewhere [18] and the comments there apply equally well to the present analysis. We believe that the
most significant uncertainty is associated with the estimates of ε, see also Figure 16.
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The conditions characterizing the present set of field data differs from other studies by the source
of the turbulence generation. With the exception of Site IV placed at the head of the Austnesfjord,
we find the dominant energy sources to be swells and tidal motions, in contrast to wind generated
turbulence [67]. Results for this latter case are usually presented in terms of an ocean surface wind
velocity W and a depth Z, referring to a an empirical relation

ε = 5.8 × 10−9 W3

Z
, (14)

expressing ε in units of m2s−3, W in m s−1 and Z in m. For such conditions a predator can change its
vertical position to obtain optimum conditions [68,69]. For our dataset the model (14) is not applicable.
Wind generated turbulence was the dominant source of turbulence in other studies [21,22].

The target species of the present study, i.e., first-feeding cod larvae preying on copepod nauplii,
and the biological sampling methods, as outlined above, were the same as those used in the earlier
field studies [21,22]. The study locations and the methods representing ambient turbulence for the
organisms, however, differed substantially. While the studies [21,22] were conducted above the
deep-water areas (bottom depths 80–150 m) of the Lofoten nursery grounds, where pelagic-layer
turbulence is mainly produced by wind mixing, the present study was conducted in the shallow-water
regions (bottom depths 17–30 m) where the turbulence is largely produced by near bottom tidal
current shears and also by swells. The two earlier studies [21,22] were conducted without measuring
mixed-layer turbulence, since the authors at that time did not have access to free-falling airfoil
probes [70] to profile turbulence through the upper layer. Therefore, an empirical relationship
established between winds and turbulent energy dissipation rates [23] was applied to estimate the
ambient turbulence of the organisms studied. The present study, on the other hand, was motivated
by how tidal-induced turbulence, generated from the bottom, might differ from wind-induced
turbulence of the mixed layer, generated from the surface of the ocean. The turbulence measurements
used here, were made with acoustic current meters on top of a 6.5 m high tower deployed on the
seabed. Differently from profiling airfoil probes, this allowed for generating time series of turbulence
measurements. On the other hand, measurements were here limited to one vertical position.

As outlined before, the biological sampling technique of measuring the stomach fullness of a
fish larvae predator, here quantified as the number of nauplii in the gut of the predator, reflects the
integrated encounters between predator and prey over a time period of about 1–2 h prior to sampling.
During this time span the predator can migrate and/or become transported vertically through the
mixed-layer. Moreover, the predators and the prey will typically become horizontally advected by
the currents at a distance of 0.5–2 km [71] over the same period of time. This justifies application of
vertically averaged prey concentrations when comparing the number of prey in the gut of the predator.
However, the two other major factors influencing predator-prey encounter rates, namely the turbulence
and light conditions can both change systematically through the pelagic layer. Firstly, the turbulent
energy dissipation rate generated from surface wind mixing is not vertically homogeneous through
the upper part of the mixing layer as suggested by [23] but decreases by some empirical function [13]
as for example in (14). Recent empirical studies based on the measurements from state-of-the-art
turbulence profiler show that the turbulent energy dissipation rate changes with depth as Z−1.15

over the mixing layer [72]. Secondly, there are indications of a certain variation in encounter rate
with light intensity [22]. Since this intensity changes with depth as e−κZ, where κ ∼ 0.14 m−1 for
coastal waters [16], it is also expected that the vertical position of the predator will affect the prey
encounter rate.

In summary, of the three factors influencing encounter rates for larval predators of the wind-mixed
layer, i.e., prey concentration, light intensity and turbulence, the two latter factors have the most
substantial (and systematic) decrease with depth. This implies that the exact vertical position within
the mixed layer will have large impacts on the encounter rates experienced by the predator in a wind
mixed layer.
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From field observations of spatial distributions of first-feeding cod larvae we know that their
vertical distributions vary considerably with light conditions and with the wind mixing [73,74].
Generally, first-feeding cod larvae are found at highest concentrations between 10 and 30 m depth,
but there are large short-time variations over a wider vertical range, typically from 5 to 40 m depth [73].
During stronger wind mixing, larvae are dispersed vertically deeper down to even 50 m depth
by vertical mixing/and or active migration [73]. This implies that the cod larvae by a change in
vertical position may be able to adjust their turbulence-induced encounter rates to the optimum [13]
and thereby avoid turbulence levels exceeding those for optimum encounter-capture rates. Over
the vertical range observed for cod larvae (i.e., surface layer to 50 m depth) the wind-generated
turbulent energy dissipation rate changes by two orders of magnitude [72]. The previous field
experiments [21,22] covered wind-induced turbulence for wind speeds up to 11 m s−1. Most of the
observations summarized there did not reach values of encounter rates for the larvae exceeding the
optimal local maximum illustrated in, for instance, Figure 18. One single observation site in the former
studies [22] was located in the same shallow-water and tidal-energetic region as for the present data.
The Greenberg relation for turbulent energy dissipation rates [75] applied for those conditions indicated
a turbulent energy dissipation rate ε of the order of 10−6 m2s−3. The observed larval encounter rate for
this situation was higher than for the highest wind-induced turbulent conditions (11 m s−1). The fish
larvae were not exposed to turbulence levels exceeding the optimum of the “dome shaped” capture
rate. Differently, in the present study of shallow-water depths of 17 to 30 m, the turbulent energy
dissipation rates reached levels up to 10−4 m2s−3. With no possibility for the larvae to escape to greater
depth, they became exposed to turbulence levels exceeding the optimum for encounters followed
by capture.

4. Conclusions

The available data demonstrate the importance of the viscous subrange for describing the effects
of turbulence on feeding conditions for plankton, but show also that a model is needed to account
for the transition between viscous and inertial subranges of fully developed turbulence. Some of our
data sampled in a shallow-water environment with high turbulence, demonstrate the reduction of
capture probabilities caused by strong turbulent motions. Some cases are near the optimum level
of the “dome shaped” capture rate. Only one case, from Site IV, falls in the range where turbulence
has a purely advantageous effect. This site is located deep in a fjord with a lower level of turbulence.
Within our database, the most advantageous site for the cod larvae is thus clearly in the Austnesfjord.
Future studies of this problem should bear in mind that the relevant turbulence range is determined
also by the contact range Rc of the predator, so a given turbulence level can appear strong for some
organisms, and weak for others.

The ideas advanced in the present study referred explicitly to aquatic organisms in a turbulent
environment. Elements of the models may, however, have wider applicability. In discussions with
one of the authors (HLP), Prof. Jukka Heikkinen draws attention to a different problem concerning
burning of charcoal dust. This process is relevant, for instance, for disposing of charcoal in filters.
The burning is accelerated by dispersing the charcoal dust in a very hot air (i.e., flames). In this case
we can associate the charcoal particles (until they burn out) with the predators, while their prey is the
Oxygen in the surrounding. The flames constitute the turbulent environment giving the enhanced
mixing. In this case we can also assume the turbulence conditions to be well described by the inertial
range of the Kolmogorov-Obukhov law and also include the universal dissipation range. We anticipate
that the analysis of the present study can be generalized to account also for elements in the problem
outlined here being aware, though, that very different effects are also at play there, such as radiative
and thermal effects, and the fact the dust particles may adhere to each other.
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