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Ecological	
  mo3va3ons	
  

106	
  -­‐	
  107	
  m	
  

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

101	
  -­‐	
  102	
  m	
  

Thin	
  layers	
  of	
  Heterosigma	
  akashiwo	
  near	
  Shannon	
  Point	
  (WA)	
  

Mo3le	
  phytoplankton	
  is	
  found	
  to	
  be	
  
more	
  patchy	
  than	
  non-­‐mo3le	
  one	
  

102	
  -­‐	
  103	
  m	
  

10-­‐3	
  –	
  10-­‐2	
  m	
  

Red	
  9de	
  of	
  harmful	
  algae	
  



Understand	
  how	
  the	
  combined	
  effect	
  of	
  swimming	
  and	
  	
  
turbulence	
  generates	
  patchiness	
  in	
  plankton	
  distribu3on	
  

Models	
  of	
  gyrotac?c	
  swimmers	
  (with	
  refinements)	
  
Experimental	
  verifica?on	
  

Direct	
  Numerical	
  Simula?ons	
  of	
  turbulent	
  flows	
  

Outline	
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Phytoplankton:	
  living	
  in	
  a	
  flow	
  

•  unicellular	
  organisms	
  of	
  many	
  forms	
  and	
  sizes	
  between	
  1	
  and	
  100	
  μm	
  
•  about	
  5000	
  species	
  
•  about	
  50%	
  of	
  photosynthe3c	
  ac3vity	
  on	
  Earth	
  
•  at	
  the	
  basis	
  of	
  the	
  marine	
  food	
  web	
  
•  harmful	
  algal	
  blooms	
  from	
  toxic	
  species	
  
•  many	
  species	
  are	
  able	
  to	
  swim	
  
•  patchiness	
  at	
  different	
  scales	
  

Turbulence	
  mediates	
  many	
  processes	
  crucial	
  to	
  the	
  ecology	
  of	
  phytoplankton,	
  
including	
  mo3lity,	
  nutrient	
  uptake,	
  and	
  cell-­‐cell	
  encounters.	
  



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

Both	
  sexual	
  and	
  asexual	
  reproduc3on	
  
	
  
Eyespot:	
  light	
  receptor	
  for	
  phototac3c	
  
(and	
  photophobic)	
  behaviors	
  
(cell	
  rotates	
  at	
  about	
  2	
  Hz	
  to	
  detect	
  direc3on)	
  
	
  
Good	
  swimmers:	
  about	
  10	
  body-­‐length	
  per	
  second	
  
	
  
Slightly	
  heavy,	
  unbalanced	
  weight	
  (bogom	
  heavy	
  
due	
  to	
  chloroplast	
  distribu3on):	
  they	
  naturally	
  
swim	
  against	
  gravity	
  (gyrotaxis)	
  



Gyrotac3c	
  model	
  for	
  bogom-­‐heavy	
  cells	
  

JO	
  Kessler,	
  Nature	
  313,	
  218	
  (1985)	
  
T.J.	
  Pedley,	
  J.O.	
  Kessler,	
  Proc.	
  Roy	
  Soc.	
  B	
  231	
  (1987)	
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o

[A� (A · p)p] + 1

2
! ⇥ p

A = g � a(x, t)

When	
   A = g

v0
g

⌘ B = O(1) s

v0 =
3⌫

h
= O(10)ms�1



Gyrotac3c	
  focusing	
  in	
  (laminar)	
  pipe	
  flows	
  

JO	
  Kessler,	
  Nature	
  313,	
  218	
  (1985)	
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= � 1

2v
o

[g � (g · p)p] + 1

2
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Accelera3on	
  in	
  turbulence	
  

from	
  Voth	
  et	
  al,	
  JFM	
  469,	
  121	
  (2002)	
  

ha2i = a0�
3/2⇥�1/2

with	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  	
  �H2O ' 10�6m2s�1a0 ' 5� 6

Kine3c	
  energy	
  dissipa3on	
  in	
  the	
  oceanic	
  
mixing	
  layer	
  
which	
  means	
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Experimental	
  and	
  numerical	
  data	
  show	
  
that	
  local	
  accelera3on	
  in	
  turbulence	
  is	
  
extremely	
  intermigent	
  with	
  PDF	
  with	
  very	
  wide	
  tails	
  

La	
  Porta	
  et	
  al,	
  Nature	
  409,	
  1017	
  (2001)	
  
Biferale	
  et	
  al,	
  Phys.	
  Rev.	
  Leg.	
  93,	
  064502	
  (2004)	
  

Even	
  if	
  arms	
  <	
  g,	
  locally	
  fluid	
  accelera3on	
  can	
  locally	
  exceed	
  gravity	
  

Laboratory	
  experiments	
  



Origin	
  of	
  extreme	
  accelera3ons:	
  
turbulent	
  vor3ces	
  

Biferale,	
  Boffega,	
  Celani,	
  Devenish,	
  Lanoge,	
  Toschi	
  
Phys.	
  Rev.	
  Leg.	
  93,	
  064502	
  (2004)	
  

Trapping	
  of	
  par3cles	
  in	
  small	
  scale	
  vor3ces	
  

Frequency	
  in	
  vortex	
  
Trapping	
  3me	
  	
  10� 20⌧⌘

' ⌧�1
⌘



Cylinder	
  in	
  solid	
  body	
  rota3on	
  

� = (0, 0, 2�)

equilibrium	
  swimming	
  direc3on	
  (sta3onary)	
  

pr = ��r

gives	
  the	
  trajectory	
  
	
  
and	
  p	
  aligns	
  asympto3cally	
  in	
  the	
  direc3on	
  z 

r(t) = r(0)e��vst

� = �2/g

u(x) = (�⌦y,⌦x, 0)

cylindrical	
  coordinates	
  

dp

dt
= 0

a(x) = (�⌦2
x,�⌦2

y, 0)

pz =
p

1� �2r2

cells	
  concentrate	
  around	
  the	
  axis	
  

Ω	
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The	
  effects	
  of	
  fluid	
  accelera3ons:	
  a	
  toy	
  model	
  for	
  a	
  vortex	
  

dx

dt
= u(x, t) + vsp

dp

dt
= � 1

2v
o

[A� (A · p)p] + 1

2
! ⇥ p A = g � a(x, t)



A	
  toy	
  model	
  for	
  a	
  vortex	
  

Simple	
  experiment	
  using	
  solid	
  body	
  
rota3on	
  as	
  a	
  proxy	
  for	
  a	
  vortex.	
  
As	
  cells	
  swim	
  along	
  local	
  accelera3on,	
  
they	
  are	
  expected	
  to	
  concentrate	
  along	
  
the	
  axis	
  of	
  rota3on.	
  

t=30	
  s	
  

t=120	
  s	
  

t=180	
  s	
  

t=240	
  s	
  

t=270	
  s	
  

alive	
   dead	
  

r=2	
  cm,	
  f=5	
  Hz,	
  ac≈2	
  g	
  

yes!	
  but	
  …	
  in	
  real	
  turbulence	
  ?	
  

numerical	
  



Simula3ons	
  of	
  turbulence	
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Gyrotac3c	
  swimmers	
  as	
  
a	
  dissipa3ve	
  system	
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as	
  p	
  orients	
  in	
  the	
  direc3on	
  of	
  local	
  
accelera3on,	
  swimming	
  cells	
  

concentrate	
  on	
  a	
  (fractal)	
  subset	
  
of	
  the	
  phase	
  space	
  

� =
vs
vk

controls	
  the	
  weight	
  of	
  
turbulent	
  accelera3on	
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Turbulence	
  at	
  small	
  Reynolds	
  numbers	
  (arms	
  <<	
  g)	
  	
  

Typical	
  condi3ons	
  in	
  the	
  ocean	
  mixing	
  layer	
  

Re� = 65

106	
  cells	
  

✏ = 10�7 m2 s�3

⌘ = (⌫3/✏)1/4 ' 2mm

⌧k = (⌫/✏)1/2 ' 3 s

uk = (⌫✏)1/4 ' 0.5mm/s

� =
vs
vk

' 0.4

 =
!
rms

v
o

g
' 0.3

How	
  clustering	
  depends	
  on	
  parameters	
  ?	
  
Where	
  do	
  cells	
  cluster	
  ?	
  

arms = (✏3/⌫)1/4 ' 0.2mm/s2

n > 2hni
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Clustering	
  is	
  maximum	
  (D	
  minimum)	
  for	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  increases	
  with	
   ' 1 �

Homogeneous	
  distribu3on	
  in	
  both	
  
limits	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (uniform	
  ver3cal	
  swimming)	
  
and	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (swimming	
  in	
  random	
  direc3ons)	
   ! 1
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For	
  small	
  Ψ,	
  at	
  first	
  order	
  we	
  have	
  

dp

dt
=

1

2 
[k� (k · p)p] + 1

2
! ⇥ p

dx

dt
= u(x, t) + �p

p = ( !
y

,� !
x

, 1)

passive	
  tracers	
  in	
  an	
  effec3ve	
  velocity	
  field	
  

v = u+ �p

with	
  divergence	
  

r · v = �r · p = � �r2uz

Fractal	
  codimension	
  
	
  
and	
  therefore	
  	
  	
  

3�D / (r · v)2

A	
  weakly	
  compressible	
  velocity	
  field	
  
	
  
	
  
with	
  
	
  
tracers	
  cluster	
  on	
  a	
  fractal	
  set	
  with	
  
codimension	
  given	
  by	
  

v = u + �w

� · u = 0 ⇥ · w �= 0

d�D2 ' �2

G	
  Falkovich,	
  A	
  Fouxon,	
  	
  MG	
  Stepanov,	
  
Nature	
  419,	
  151-­‐154	
  (2002).	
  
I	
  Fouxon,	
  Phys.	
  Rev.	
  Le2.	
  108,	
  134502	
  (2012).	
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How	
  clustering	
  depends	
  on	
  Ψ 
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How	
  clustering	
  depends	
  on	
  Ψ 

For	
  small	
  Ψ,	
  at	
  first	
  order	
  we	
  have	
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1
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2
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p = ( !
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, 1)

passive	
  tracers	
  in	
  an	
  effec3ve	
  velocity	
  field	
  

v = u+ �p

with	
  divergence	
  

r · v = �r · p = � �r2uz

Fractal	
  codimension	
  
	
  
and	
  therefore	
  	
  	
  

3�D / (r · v)2

D = 3� a(� )2

A	
  weakly	
  compressible	
  velocity	
  field	
  
	
  
	
  
with	
  
	
  
tracers	
  cluster	
  on	
  a	
  fractal	
  set	
  with	
  
codimension	
  given	
  by	
  

v = u + �w

� · u = 0 ⇥ · w �= 0

d�D2 ' �2

G	
  Falkovich,	
  A	
  Fouxon,	
  	
  MG	
  Stepanov,	
  
Nature	
  419,	
  151-­‐154	
  (2002).	
  
I	
  Fouxon,	
  Phys.	
  Rev.	
  Le2.	
  108,	
  134502	
  (2012).	
  	
  



Where	
  do	
  cells	
  cluster	
  ?	
  

In	
  homogeneous,	
  isotropic	
  turbulence	
  

r · v = �r · p = � �r2uz

Swimmers	
  as	
  tracers	
  transported	
  by	
  a	
  weakly	
  compressible	
  flow	
  

concentrate	
  on	
  regions	
  where	
  	
  

✏ = ⌫h(ru)2i = �3⌫huzr2uzi

r2uz > 0and	
  therefore	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  means	
  	
  	
  uz < 0
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Swimming	
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Clustering	
  at	
  increasing	
  Reynolds	
  numbers	
   � = 1/3

•  Clustering	
  increases	
  with	
  Reynolds	
  
•  Minimum	
  of	
  D	
  disappears	
  for	
  large	
  Re	
  
	
  	
  	
  	
  	
  	
  (when	
  α≈1)	
  

At	
  small	
  	
  Ψ	
  	
  the	
  swimming	
  direc3on	
  aligns	
  towards	
  
strong	
  accelera3on	
  regions	
  which	
  are	
  not	
  uniform	
  

	
  
What	
  is	
  the	
  role	
  of	
  fluid	
  accelera3on	
  ?	
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Clustering	
  in	
  the	
  limit	
  g=0	
   dx

dt
= u(x, t) + �p

dp

dt
=

1

2 
[a� (a · p)p] + 1

2
! ⇥ p

 1
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A=-­‐a	
  clustering	
  increases	
  with	
  cell	
  stability	
  
i.e	
  when	
  Ψ<<	
  1	
  	
  	
  
	
  
	
  
clustering	
  increases	
  with	
  swimming	
  
speed	
  i.e	
  with	
  Φ 
 
 
weak	
  (if	
  any)	
  dependence	
  on	
  Reλ 

To	
  understand	
  the	
  role	
  of	
  accelera3on	
  we	
  	
  
consider	
  the	
  case	
  arms>>g	
  and	
  take	
  g=0 

what	
  is	
  driving	
  clustering?	
  where	
  do	
  cells	
  go?	
  	
  



Predic3ons	
  for	
  small	
  Ψ 

Effec3ve	
  velocity	
  for	
  swimmers	
  

dx

dt
= u(x, t) + �p

dp

dt
=

1

2 
[a� (a · p)p] + 1

2
! ⇥ p

a	
  compressible	
  field	
  with	
  

v ' u+ �â

⇥ · v � �⇥ · â

 ⌧ 1

Clearly	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  however	
  their	
  sign	
  is	
  
strongly	
  correlated.	
  Swimmers	
  accumulate	
  
where	
  

r · â 6/ r · a

r · a =
X

ij

(Ŝ2
ij � ⌦̂2

ij)

Ŝij =
@jui + @iuj

2
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h...is average	
  at	
  swimmer	
  posi3ons	
  
Swimmers	
  concentrate	
  in	
  vor?ces	
  (like	
  light	
  par3cles)	
  

� = 1/3 � = 1

Re� = 62

Re� = 36

r · a < 0 corresponds	
  to	
  large	
  vor3city	
  regions	
  

,	
  p	
  is	
  mainly	
  aligned	
  with	
  a.	
  

r · a < 0
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A	
  predic3on	
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Clustering	
  is	
  more	
  efficient	
  for	
  faster	
  swimmers	
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  velocity	
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Conclusions	
  
Combina3on	
  of	
  swimming	
  and	
  turbulence	
  generates	
  small	
  scale	
  patchiness	
  in	
  plankton	
  distribu3on	
  

Small	
  Reynolds	
  numbers	
  (ocean)	
   Large	
  Reynolds	
  numbers	
  (laboratory)	
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accumula3on	
  in	
  downwelling	
  regions	
   accumula3on	
  in	
  high	
  vor3city	
  regions	
  

Effects	
  of	
  clustering	
  on	
  nutrient	
  uptake	
  and	
  predator	
  feeding	
  


