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Overview of the talk

I What is plankton, why do we care?

I Near-field feeding current and particle sensing in copepods

I Statistical mechanics of Daphnia behavior

I Olfaction in a viscous environment

I Outlook and future research
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Before we start, a bit about myself

PhD in Mathematics, Vanderbilt University (2007)

Research interests

I dynamical systems, differential equations, stochastic processes
I applications in biomathematics

I targeted drug delivery, in particular to the brain
I microtubule assembly
I aquatic behavioral ecology (today’s topic)
I tumor growth, angiogenesis, optimization of treatment

If you think I can be of help in your research . . .

My mind is open.
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Plankton (Victor Hensen, 1887)

πλαγκτός - “wanderer”, “drifter” - follow water currents on the
kilometer scale, but some are able to swim hundreds of meters on
their own daily. They inhabit every freshwater and marine habitat
on earth.

Two subgroups:

I phytoplankton - carries out ≈ 70% of all photosynthesis on
earth

I zooplankton - heterotrophic, provide crucial link in the marine
food web
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Zooplankton diversity

I Zooplankters have sizes between 1µm and 200mm.

I They come from a large number of phyla: cnidarians
(e.g. jellyfish), rotifera, arthropoda (e.g. crustaceans),
chordata (e.g. fish larvae).
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Copepod diversity and abundance

I 13,000 species of copepods have been described (Boxshall &
Defaye, 2008), this number is growing.

I 1037 C -atoms are fixed in copepods, possibly the largest
amount of biomass in any animal group (Buitenhuis et al.,
2006).

I There may be 3.2× 1021 copepods in the global ocean and
other water bodies.
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Plankton ecology and emerging dangers

I Anthropogenic global climate change results in shifts of
biogeographic boundaries, leading to changes in species
distributions.

I Ocean acidification changes growth rates of key
phytoplankton species.

I Invasive species compete with native species and are less
palatable to higher trophic levels.

Cercopagis pengoi, Bythotrephes longimanus; Daphnia lumholtzi
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Mathematical modeling approaches

Typically, but not exclusively

I population dynamics to study nutrient cycles, food web
dynamics, parasite infestations

I size and age-structured models (i.e. PDEs)

I individual-based models, simulations

I computational fluid dynamics of individual swimmers,
colonies and swarms

I fractal analysis of recorded swimming paths
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Part I: Near-field feeding currents

Movie

Freely swimming Leptodiaptomus sicilis; from the Strickler lab.
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Part I: Summary of the film

The oscillation of the appendage (left) and selected traces of
immersed algal particle fitted with cubic polynomials (right).
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Part I: Fourier spectra
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The averaged Fourier spectra of 15 particle trajectories (left) and
smoothened particle oscillations (blue) and the oscillations of the
appendage (red) (right). The frequency peak is located at
f = 35Hz .
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Part I: Phase shift between fluid and immersed particles

Fluid velocity and immersed particle velocity are given by

uf (t) = 2πfA cos(2πft),

up(t) = 2πfAη cos(2πft + β).

where η and β are the amplitude ratio and phase shift,
respectively. Fluid-mechanical calculations lead to β = −0.286◦.
The key is that algal particles are about 10% denser than water.

R. Clift et al., Bubbles, Drops and Particles, Academic Press, 1978
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Part I: Maximum relative velocity

The maximum relative velocity between the algal particle and the
local water motion is

max(uR) := max (up(t)− uf (t))

= 2πfA
√
η2 − 2η cosβ + 1 = 160µm s−1.

Is that small? Yes, but we are talking about extremely good “ears”.

Setae can react to velocities above 20µm s−1.
J. Yen et al. J. Plankton Res. 14, 1992
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Part I: Chemoreception

A feeding copepod Diaptomus minutus and an ink droplet (top
left) that is quickly dispersed.
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Part I: Animal mechanoreception

Known to occur in spiders, insects, fish, amphibians, mammals etc.
If the animal itself is responsible for originating the signal, we
speak of echolocation.

In the copepod, echolocation and chemoreception complement
each other in search for edible particles.

P. Hinow, H. Jiang, J. R. Strickler. Near-field feeding current and particle
sensing in calanoid copepods. In preparation, 2016
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Intermezzo: Life at low Reynolds number (E. Purcell, 1977)

Re =
initial forces

viscous forces
=

vL

ν
,

where v is the characteristic velocity, L is the characteristic length,
and ν is the kinematic viscosity of the fluid.

Of course, they’ve been around for a while.
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Part II: Swimming behavior of Daphnia pulicaria

Nihongi et al. observed Daphnia pulicaria under possible
infestation with Vibrio cholerae and light and dark conditions.

To determine differences in behavior, power spectra of velocity
fluctuations and fractal dimensions of paths were used.

Daphnia Pulicaria Hijacked by Vibrio Cholera 7

Table 1. Mean swimming speed (± standard deviation) of Daphnia pulicaria in all the 
conditions tested in the experiments 

 
Experimental Condition Swimming Speed (mm/s) 

(mean ± standard deviation) 
UL 2.70 ± 0.51 
UD 3.58 ± 0.35 
IL 3.66 ± 1.10 
ID 3.33 ± 1.10 

UL: uninfected D. pulicaria, light conditions; UD: uninfected D. pulicaria, dark conditions; IL: 
infected D. pulicaria, light conditions; ID: infected D. pulicaria, dark conditions. 
 
Figure 3 shows velocity power spectra for the four tested conditions: in particular, Figure 

3a displays power spectra relative to infected and uninfected organism velocities for dark 
conditions and Figure 3b the same in dark conditions. As for the comparison between dark 
and light conditions, remarkable differences can be seen in the range of low frequencies of 
motion: in light conditions that portion of the spectrum was well populated, while in the dark 
slower motion was evidently less active. 

 

 

Figure 3. power spectrum density of swimming velocities in light (a) and dark (b) conditions. The 
dashed lines indicate the average power spectrum density of uninfected D. pulicaria and the solid lines 
indicate the average power spectrum density of infected D. pulicaria. Shading is 95% confidence A. Nihongi et al., 2011

These characteristics are difficult to define and lack obvious
ecological interpretation.
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Part II: Statistical mechanics

Ludwig Boltzmann (1872): the temperature T of an ideal gas and
the average kinetic energy of its particles are related by

1

2
m〈v2〉 =

3

2
kBT ,

where kB is Boltzmann’s constant.
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Part II: “Ecological temperature” of D. pulicaria

We use the particle analogy to define the “ecological temperature”
of the swimmers.

The cumulative distribution functions of ten infested (red)
respectively nine uninfested (blue) D. pulicaria in presence of light.
Statistical testing shows that the differenence is significant.
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Part II: “Ecological temperature” of D. pulicaria

Similar results in warm and cold water.

The ecological temperature is a good discriminator of behavioral
differences.
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Part II: Why these changes?

V. cholerae adheres to the chitin exoskeleton of zooplanktons.
Behavioral changes may result in

I increased detection by visual predators such as fish,

I parasite enters the aquatic food chain and so improves its
dispersal,

I infested D. pulicaria are eliminated from the population and
so reduce the chance of other individuals becoming infested.

Behavioral changes due to infections with pathogens are
well-documented in many species.

P. Hinow, A. Nihongi, J. R. Strickler. Statistical mechanics of zooplankton.
PLoS One 10:e0135258, 2015
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Part III: Sex in the deep sea

Jurine 1820 

L. Jurine, Histoire de Monocles, Geneva, 1820

It is dark, the dimensions are three, the mate is hundreds of body
lengths away.
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Part III: Mate tracking in Temora longicornis
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Schlieren photography to visualizes trails of females and males.
“Fat” trail = female, “thin” trail = male; red and brown colors
indicate higher swimming speeds.

M. Doall et al. Phil. Trans. R. Soc. Lond. B 353, 1998; J. Yen et al. (2003)
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Part III: Olfaction in (semi-)turbulent environments

lengths or make directional changes only so many times
every second; each species of moth has a maximum sus-
tainable flight speed, etc. Of course, there will be variation
among individuals, but each organism has an upper limit.
These behavioral effects are not independent of delays
caused by the transduction and processing events mentioned
above but are inclusive of them; together they can be
considered as a behavioral latency. Taken together, these
biological constraints influence the speed with which organ-
isms perceive and react to changes in the chemical environ-
ment. Our own ability to notice such changes is constrained
by our ability to resolve differences in the behavioral output
of organisms. Marked changes can be readily observed, but
more subtle variations in behavior may reflect important
fine-tuning of locomotory activity that might easily be over-
looked with observational techniques that do not sample the
behavior at a sufficiently fast frequency.

Mechanisms of Navigation in Odor Plumes

One cannot help but notice that dissimilar organisms tend
to have similar paths in solving odor-orientation problems
(Fig. 1). Crabs and lobsters pursue somewhat meandering
upstream paths when stimulated by appropriate odors (Fig.
1A, B). A male moth orienting to a calling female or a
synthetic sex-pheromone source (Fig. 1C), a procellariiform
bird homing in on a potential source of food, and a salmon
orienting to its native stream all must move against the
mean direction of fluid flow, and all make turns during their
upstream progress (the latter two examples are illustrated in
fig. 1 from Arbas et al., 1993). This observation is based
upon the similarity of the tracks that the animals follow
through space as they navigate toward an odor source,
although we must bear in mind the important distinction
between those creatures that fly or swim freely through their
fluid surroundings (moth, fish, bird) and those that orient
while in contact with the substrate (crab, lobster). Even for
animals in similar situations, we cannot assume that the
behavioral mechanisms that underlie the production of their
tracks are the same, even though this assumption is a
tempting one. Instead each organism must be viewed within
the context of the particular conditions under which the
behavior occurs naturally, because these are likely to rep-
resent the pressures that have shaped the behavioral and
transduction/processing mechanisms over evolutionary
time-scales.
Nevertheless, in each of the examples above it seems

possible that the fluid environment provides either visual or
mechanical stimuli that might be integrated with odor in-
formation to provide some measure of the direction of flow.
The upwind flight of male moths under the olfactory influ-
ence of female-emitted pheromone has been particularly
well-studied and extensively reviewed recently (Baker and
Vickers, 1997; Cardé and Mafra-Neto, 1997; Kaissling,

1997; Willis and Arbas, 1997; Vickers, 1999). Thus an
extensive review of olfactory-mediated flight in moths
seems unnecessary here. Only relatively specific comments
will be made, while integrating the moth system with those
of other animals that orient with respect to turbulent, inter-

Figure 1. Different organisms frequently have similar paths through
space during odor-mediated orientation. However, the similarity in trajec-
tories does not necessarily mean that each animal is employing the same
orientation mechanism. (A) A crab, Callinectes sapidus, orienting toward
an odor source created by a clam in a tidal creek. Flow velocity is 10 cm/s,
and the crab’s position is marked at 1-s intervals (from Zimmer-Faust et
al., 1995, with permission). The boundaries of the plume as visualized by
fluorescein dye are indicated by the shaded area. The crab is thought to use
a combination of rheotactic and chemotactic orientation mechanisms. (B)
The lobster, Homarus americanus, orienting to an odor source of homog-
enized mussel in an experimental flume. Flow velocity was approximately
1 cm/s, and the lobster’s position is marked at 1-s intervals (from Moore et
al., 1991b, with permission). The results of this study suggested that
lobsters used a chemotropotactic orientation mechanism. (C) Flight track of
a male moth, Heliothis virescens, responding to a point-source of female
sex-pheromone. The wind speed was 60 cm/s. Note that the position of the
moth is marked every 1/30th s, as compared to the crab and lobster tracks.
Male moths have been shown to use a visually guided mechanism to
compensate for wind-induced drift and steer upwind (optomotor anemo-
taxis). The reversals from one side of the wind line to the other that occur
along the track are the result of a second program of internally generated
turns known as counterturning. Both anemotactic and counterturning
mechanisms are modulated by contact with odor. In all three situations, the
direction of fluid flow is from left to right (as indicated in A). Note that the
scales for A and B are the same, whereas C is enlarged. In A and B, the
odor source was located at the graph origin (X 5 0, Y 5 0), whereas in C
the pheromone source was located about 30 cm further upwind, to the left,
of the graph origin.
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N. J. Vickers, Biol. Bull. 198, 2000

Chemical sensing is used by animals to find food and mates, to
escape dangers, to form colonies etc.
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Part III: Pheromones

φέρω - “to bear”, όρμή - “impetus”

A. Butenandt et al. H-S. Z. Physiol. Chem. 324, 1959

Sex pheromones in copepods have been proposed by Katona in
1973, but so far none haven been identified chemically.
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Part III: Evidence of backtracking

If the male initially picks the wrong direction for pursuit, it is able
to correct that and to follow the trail in the correct direction. Thus
the trail is not a mere “curve” but a “vector field”.

Gas chromatography with aroma extract dilution analysis 
Gassenmeier K, Givaudan, pers comm; Grab 2004

W. Grab, Givaudan S.A., Switzerland

Fresh cookies smell differently (mostly better!) than stale ones.
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Part III: Building the trail

The female is moving with constant velocity U, and produces
compounds at rate Q that have diffusion and decay rates D and
ki , respectively (same production and diffusion rates). Then the
concentration of compound i along the trail is given by (to good
approximation)

ui (x) =
Q

4πDx
exp (−4kix) .

U

Red and blue: concentrations of compounds which is � 1; black:
their ratio which is O(1).
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Part III: Following the trail

The male can only detect the “signal” at its present location, v0,
and remember the signal at one immediately past location, v−1. If

v0 − v−1 < −δ

then the walker changes its direction where δ > 0 is the minimum
detectable change.

The signal is recorded on average every µ steps, which is a
Poisson-distributed random variable.
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Part III: Number of pheromone components

Either we have only a single compound,

u(x) =
1

10x
exp

(
− x

20

)
,

or we have two,

u1(x) =
1

10x
exp

(
− x

20

)
, u2(x) =

1

10x
exp

(
− x

10

)
.

and the male can detect the ratio

v(x) =
u2(x)

u1(x)
= exp

(
− x

20

)
.

The initial direction of the male is always set to “wrong”.
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Part III: Increased success rate for ratio detection

Successful (blue) and unsuccessful (red) searches with single
compound, δ = 2 · 10−3 (left), and with ratio detection,
δ = 6 · 10−3 (right).

P. Hinow, J. Yen, J. R. Strickler. Olfaction in a viscous environment: Calanoid
copepods as models. In preparation, 2016
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Part III: Other reasons for “blended” pheromones

Individuals detect conspecifics from the composition of the
pheromone blend.

2015     March–April     119www.americanscientist.org © 2015 Sigma Xi, The Scientific Research Society. Reproduction 
with permission only. Contact perms@amsci.org.

volatile smells wafting from the urine 
marks attract females to come close 
to the scent mark, where they sniff 
up a nonvolatile protein pheromone, 
darcin. A message sent to the female’s 
brain prompts her to remember the in-
dividual smell of the male who left the 
mark and also remember its location. 
She will return to the spot and mate 
with the territory owner, recognized 
by his individual smell. 

All vertebrates have a main olfac-
tory system, the nose. Frogs, salaman-
ders, snakes, and many mammals—
but not humans and other higher 
primates—also have a second nose, 
the vomeronasal olfactory system. For 
a while it was thought in error that 
vertebrate pheromones were exclu-
sively perceived via the vomeronasal 
system. It is now clear that vertebrate 
pheromones can be detected by either 
or both olfactory systems, depending 
on the species. For example the rabbit 
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Most pheromones do not simply include one molecule, but rather are a specific recipe of molecules. 
Closely related species may share some of the same molecules in their pheromones, but they can 
evolve species specificity for their signals through differences in the quantities and mix of compo-
nents. For example, in the moths of the genus Ostrinia, six molecules are present, but each species 
uses its own unique recipe. (Adapted from J.-M. Lassance, et al., Proceedings of the National Acad-
emy of Sciences of the U.S.A. 110:3967–3972)

Putting Pheromones to Use

Entomologists have long realized that moth pheromones 
could be used to control pest moths, with the added 

advantage that natural enemies, like spiders, are left un-
harmed. In a technique called pheromone mating disruption, 
synthetic female pheromone is released in crops or orchards 
in sufficient quantity that male moths cannot find the real 
females. This technique is being used on more than 10 mil-
lion hectares around the world. It’s especially effective when 
all local farmers use it, as the apple growers of Washington 
State have done to combat the codling moth Cydia pomonella. 

As is often the case, farmers 
turned to using pheromones 
when the moth became resis-
tant to pesticides. 

While the use of pheromones 
has been well established 
against insect pests, they could 
also be used to control verte-
brate pests and human diseas-
es. For example, invading sea 
lampreys (Petromyzon marinus), 
a parasitic jawless fish, have 
devastated the fisheries of the 
Great Lakes in North America. 
Research is ongoing to see if 
traps baited with the lampreys’ 
pheromones could replace the 
toxic chemicals currently being 
used. Pheromones could also be 

used to tackle human diseases such as those caused by para-
sitic nematode worms that use pheromones at crucial stages 
in their life cycle. One target species is the human parasitic 
nematode Strongyloides stercoralis, a cause of extensive mor-
bidity in the developing world. 

The species specificity of pheromones is one of their big 
advantages, because using them for pest control has fewer 
environmental impacts than broad-spectrum pesticides. 
However, the specificity  is a disadvantage for commercial 
development, because each pest species must be studied 
individually to identify its pheromones. Unlike the devel-
opment of broad-spectrum insecticides, the research costs 
are not spread over many pests. The organizations best 
placed to work on pheromones are universities and gov-
ernment research laboratories, but these are among those 
scientific institutions most threatened by spending cuts in 
many nations. Although it is less profitable for corpora-
tions, pheromone-based pest control can be highly cost-
effective compared with pesticides and has major benefits 
to the environment, farmers, and consumers. 

Because sea lamprey males use pheromones to draw females up-
stream to breed, traps baited with pheromones are being explored as 
a potential control. (Image courtesy of www.epa.gov.)

Invasive, parasitic sea lam-
preys have decimated fisher-
ies of the Great Lakes. (Im-
age courtesy of Great Lakes 
Fishery Commission.)

2015     March–April     119www.americanscientist.org © 2015 Sigma Xi, The Scientific Research Society. Reproduction 
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Different compounds in pheromones of Ostrinia moths.

J.-M. Lassance et al., Proc. Natl. Acad. Sci. USA 110, 2013
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Ongoing and future work: the role of turbulence

The Kolmogorov length scale is given by η =

(
ν3

ε

) 1
4

, where ν is

the kinematic viscosity and ε is the average rate of dissipation of
kinetic energy per unit mass. Below this length the viscosity
dominates and energy is dissipated into heat.

The problem is, a wide range of energy dissipation rates have been
reported (calm and stormy days, ocean reliefs, tidal currents etc.).
Laboratory experiments are, of course, all done in water at
complete rest.

If the trails are torn apart mildly, are they still useful for
following?
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Ongoing and future work: the implementation of ratio
detection

In moths, the neuroanatomy of the olfactory system is well
understood. There are groups of “generalist” and “specialist”
neurons that receive input from the olfactory receptor neurons.
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(Left) The topology of the macroglomerular complex following
Zavada et al. PLoS 1, 2011. Pointed arrows are excitatory
relationships while blunt arrows are inhibitory. (Right) The
schematic output function of the network for a target ratio of 1 : 1
of compounds a and b.
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Ongoing and future work: putting the sciences together

Future research needs to elucidate

1. the structure of the copepod brain as well as differences and
similarities with other arthropods (neuroanatomy),

2. the chemical structure and properties of the odorants in the
pheromone blend (analytical chemistry), and

3. the integration of the pheromone ratio and other signals,
e.g. hydromechanical signals, resulting in mate tracking
behavior (computational neuroscience).
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