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Ecological motivations

Ecology of phytoplankton
- plankton patchiness over many scales
- (toxic) algal blooms and “thin layers”
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Outline

Understand how the combined effect of swimming and
turbulence generates patchiness in plankton distribution

Models of gyrotactic swimmers (with refinements)
Experimental verification

Direct Numerical Simulations of turbulent flows

moderate turbulence intense turbulence
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Phytoplankton: living in a flow

B . - : A 4 -’ S - 4
) ‘ : e 5/ N .o
( ! i W ‘ -~
- 7 v
\o' \J

unicellular organlsms ‘of many forms and sizes. betweﬂeﬁ*lﬂa rd 100 um

.f..\\'\
about 5000 Sp€Cfé§ e 2

-~
\

about 50% of pjaotosynthehc acl'|V|ty on Earth & f

atthe basis, of the marine food web i
_——
harmful algal blooms from toxic speues/

many speC|es are able tQ swim p

patchifiess at dlﬁgrent scales
e 2 ;/" A

Turbulence mediates many processes crucial to the ecology of phytoplankton,
including motility, nutrient uptake, and cell-cell encounters.




Swimming algae

The genus Chlamydomonas, unicellular flagellate,
a model organism for molecular biology.

Flagella

Basal bodies
Contractile vacuoles

Nucleus

10 microns Eye spot

Chloroplast
Cell wall

Pyrenoid
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Both sexual and asexual reproduction

Eyespot: light receptor for phototactic
(and photophobic) behaviors
(cell rotates at about 2 Hz to detect direction)

Good swimmers: about 10 body-length per second

Slightly heavy, unbalanced weight (bottom heavy
due to chloroplast distribution): they naturally
swim against gravity (gyrotaxis)




Gyrotactic model for bottom-heavy cells
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Gyrotactic focusing in (laminar) pipe flows

JO Kessler, Nature 313, 218 (1985)




Acceleration in turbulence

3/2.,—1/2

(a?) = ape’ v

withag ~ 5 — 6 and vg,0 =~ 10~ °m?s~

Kinetic energy dissipation in the oceanic
mixing layer € < 10~ 4m?s3

which means

Urms =~ 0.1ms 2 < g

Experimental and numerical data show
that local acceleration in turbulence is

extremely intermittent with PDF with very wide tails
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Laboratory experiments
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Biferale et al, Phys. Rev. Lett. 93, 064502 (2004)

Even if a, . < g, locally fluid acceleration can locally exceed gravity




Origin of extreme accelerations: o
turbulent vortices |

Trapping of particles in small scale vortices
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The effects of fluid accelerations: a toy model for a vortex

dx (x.1) +
o = ulx, VsP
dp 1 1
- A — (A . - A=g—a(x,t
o 2%[ (A-p)p]+ jwxp g —a(x,1)
Cylinder in solid body rotation 04
\|/
_T_
u(x) = (—Qy,Qz,0)  w=(0,0,2Q) a(x) = (=Q%z, —Q%y,0)
_— o . dp
equilibrium swimming direction (stationary) o 0
lindrical coordi ero ol v=0%/g :
cylindrical coordinates p. = /T =22
gives the trajectory 7 (¢) = r(0)e” 7"’ cells concentrate around the axis

and p aligns asymptotically in the direction z



A toy model for a vortex

Simple experiment using solid body Laser sheet
rotation as a proxy for a vortex. Laser AB<
As cells swim along local acceleration,

they are expected to concentrate along
the axis of rotation.

Lens

Rotating plate

r=2cm, f=5Hz,a=2g

numerical

t=30s

t=120s

t=180s

t=240 s

t=270s
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yes! but ... in real turbulence ?



Simulations of turbulence

Simulation of the complete set of equations

Three dimensionless numbers

Rey — UrmsA\  controls the weight of
€N = Y turbulent acceleration

Vg . .

b == swimming number
Uk
w v -

 — mso stability number

Arms

Gyrotactic swimmers as
a dissipative system

Z aXi+api __d—l( faop)
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as p orients in the direction of local
acceleration, swimming cells
concentrate on a (fractal) subset
of the phase space
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Turbulence at small Reynolds numbers (a, << g)

Typical conditions in the ocean mixing layer ¢ = 10~" m? 3

n=/e)'/* ~2mm
Us

e = (v/e)l/? ~3s Uk

up = (ve)/* ~ 0.5mm/s q

n > 2(n) How clustering depends on parameters ? 106 cells
Where do cells cluster ?



Fractal clustering

Correlation dimension
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How clustering depends on W

E:u(xat)_‘_@p
dp 1 1
E—ﬁ[k—(k'P)P]Jrgwxp

For small 'V, at first order we have

p = (Yw,, —Vw,,1)
passive tracers in an effective velocity field

v=u-+ Pp

with divergence

V-v=0V.p=-UdViy,

Fractal codimension 3 — D o (V - v)?

and therefore D =3— a(qnp)?
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with

tracers cluster on a fractal set with )
codimension givenby d — Dy >~ 0

G Falkovich, A Fouxon, MG Stepanov,

Nature 419, 151-154 (2002).
kFouxon, Phys. Rev. Lett. 108, 134502 (2012y




How clustering depends on W
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Where do cells cluster ?

Swimmers as tracers transported by a weakly compressible flow
200

150 | | | | DNS;jata ‘o
b
V.-v=0V.p=-UdV?y, ) 100 |-,
n 50t
M uiN O r
concentrate on regions where VZ2u, > 0 w50 |
Y 00 |
-150 |
. . -200 : : : : :
In homogeneous, isotropic turbulence 4 2 0 2 4
u
_ 2\ __ 2
e =v{(Vu)*) = =3v{u,Vu,)
2 <u,>
and therefore V°u, >0 means u, <0 S

Swimming cells
accumulate in
downwelling
regions,
whereu, <0




Clustering at increasing Reynolds numbers
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Turbulent accelerations enhance cell clustering

At small ¥ the swimming direction aligns towards
strong acceleration regions which are not uniform

What is the role of fluid acceleration ?




Clustering in the limit g=0

To understand the role of acceleration we
consider the case a,_ >>g and take g=0

3 L

clustering increases with cell stability
i.e when W<<1

2.5
clustering increases with swimming A o |
speed i.e with @

1.5
weak (if any) dependence on Re,

what is driving clustering? where do cells go?



Predictions for small ¥ " h
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V -a <0 corresponds to large vorticity regions

Swimmers concentrate in vortices (like light particles)

average at swimmer positions



Swimmers concentrate in vortices
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A prediction for D,

Clustering is more efficient for faster swimmers
How does D, depends on ® ?

Effective velocity for swimmers
v~u-+ ®a

with V- -vx ®V-a
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Conclusions

Combination of swimming and turbulence generates small scale patchiness in plankton distribution

Small Reynolds numbers (ocean) Large Reynolds numbers (laboratory)

accumulation in downwelling regions accumulation in high vorticity regions

Effects of clustering on nutrient uptake and predator feeding



