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Physical and chemical propert ies o f  the oceans

To the physical s c ie n t i s t  the waters o f  the sea are a d i l u t e  e lec t ro ly te  
so lu t ion  moving w i th in  a th in  she l l  on the ro ta t i n g ,  g ra v i t a t in g ,  spherical 
earth.  The physical oceanographer studies the physical state and proper­
t i e s  o f  the oceans, t h e i r  currents and motions, and the t rans fe r  and mixing 
processes. T_he marine, prnlnm'st. has t.n contend with  the complirat. ion that. 

the environment is  moving and t r ansporting various propert ies and b io ta .  
These n a tu ra l l y  occur r ing ,  geophysical motions cover an enormous range of  
scales:  from the c a p i l l a r y  waves on wind-r ipp led water to the major cur ­

rents l i k e  the Gulf Stream. The c o n t ro l l i n g  mechanisms and the in te rac ­
t ions  between the various scales are extremely complex.

■# The planet earth is turn ing around i t s  axis in one day and around the 
sun in one year.  The a i r  in the atmosphere and the waters in the oceans 
are always moving. While they are moving they are submitted to f r i c t i o n .  
The energy tha t  dr ives th is  c i r c u la t i o n  is  in l a s t  instance derived from 

the sun. Solar rad ia t ion  is captured in the atmosphere and on the surface 
o f  the ear th ,  la rge ly  absorbed and returned to space as thermal rad ia t ion .  

The earth receives less energy at  the poles than at  the equator and th is  
d i f f e r e n t i a l  heating is responsable f o r  the movements o f  the atmosphere 
and the ocean, movements that  t ranspor t  heat towards the poles. This mo­
vement is modif ied by the ro ta t ion  of  the ear th .

^  Radiation

The energy l ibera ted by the nuclear react ions inside the sun is rad ia ­
ted as l i g h t  in to  space.
1.1. Energy: uni ts

The u n i t  o f  energy is the Joule : i t  is the energy equivalent to the work 
produced by a force of  1 Newton applied dur ing a displacement of  1 m in the 

d i rec t ion  of  the force . The newton is the force which gives an object  of

mass 1 kg an accelerat ion o f  1 m.sec . Other un i ts  s t i l l  widely used are
the c a lo ry , the heat necessary to increase the temperature of  1 g of  water 

by 1 °C (1 cal = 4.185 J) ; the dyne, equivalent to  10~5 N (c .g .s .  system)

and the erg = 1 dyne.cm = 10~7 J.

1.2. Energy-transport
With the exception of nuclear energy, a l l  energy in the ocean-at-

mosphere system is under the form of heat or the res u l t  of heat -exchange. 
The t rans fe r  o f  energy can be under three forms ^molecu lar  conductio on- 
vection and advection and rad ia t ion .  Molecular conduction is the t ranspor t

Ô



by molecular a g i ta t i o n  wi thout  movement o f  m a te r ia l .  I t  i s  the least im­
portant  process. Convection and advection is  the t ranspor t  o f  heat by 
a v e r t i c a l l y  or h o r i z o n ta l l y  moving f l u i d .  Radiat ion does not imply mat­
t e r :  heat is  par t  o f  the electro-magnet ic spectrum.
1.3. Radiation

Being par t  o f  the electro-magnet ic spectrum, heat can be transported 
8 -1at the speed o f  3.10 m.sec . Every mass wi th  a temperature over 0 °K 

emits rad ia t ion  and the cha rac te r is t ics  o f  t h is  r ad ia t ion  are described by 
the rad ia t ion  law o f  Planck:

Z_
Ah

\ ' 5 Cl
11

E = energy emitted per un i t  time and surface 
A k ,  a u n i t  o f  wavelength 
T = temperature 

Cj and Í2  = constants

When temperature increases, tu ta l  energy (the surface unuer the curve) increase 
and the wavelength o f  maximum emission decreases. To determine them i t  su f f i ces  

to f ind  the f i r s t  de r iva t i ve  and equalize to zero:

d( E/AK) / d \  = 0

On obtains the displacement law of  Wien:

A = 2897/T with A in 10 6m and T in °K. max tnax

To obtain the t o ta l  energy emitted per un i t  t ime and surface we have to 
in tegra te :

_ y (E /A X )d \=  E = CT4

This is the law of  Stefan-Boltzmann with the constant o f  Stefan-Boltzmann 
CT- 1.36.10'8 7 a l . m '2 .deg"4 .sec_1.

1.4. Solar rad ia t ion
The sun radiates 4.10 J in a l l  d i rec t ions  o f  space every second. The

-1 - 2f rac t io n  of  that  rad ia t ion  tha t  reaches the earth is  1330 J .sec .m . 
Since the earth is not a disk but a sphere, wi th a surface areafour times 
that  of  a c i r c l e  wi th the same diameter, the average amount of  radia t ion
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- 2  -1received w i l l  be less ,  j  .m .sec . This quant i ty  diminishes from 
the equator to the poles.  To ca lcu la te  t h i s ,  imagine f i r s t  that  the r o ta ­
t i o n  axis o f  the earth is  perpendicular on the t e r r e s t r i a l  o r b i t  (perpen­
d ic u la r  on a l i n e  going from the earth to  the sun).  At the poles the sun 
w i l l  be a t  the hor izon. At a ce r ta in  l a t i t u d e  d the surface of  a zone
of  1 m breadth as seen from the sun w i l l  be 2Rcos0 ( length)  times eos 0

-2 -1(breadth) .  This zone w i l l  receive 138Qcos 0. 2R eos 0 J .m .sec .
oThis energy must heat the to ta l  surface o f  the zone, 2fR eos 0 m and the

2
average so la r  rad ia t ion  per m over a day w i l l  be:

1ouU eos 0 2R eos 0 = h40 eos 0 J .m .sec - 1
2HR eos 0

and w i l l  thus vary from h4L J a t  the equator to 0 J at  the poles.

Since however the axis of  the earth is  in c l ined  with  an angle of  23.5 ° 
the l a t i t u d e  a t  which the sun is perpendicular to the earth w i l l  vary from 
23.5 °N to 23.5 °S ( t ro p ic  of  Cancer on 21 June and t rop ic  of  Capricorn 

on 21 December). This in c l i n a t io n  of  the ro ta t io n  axis causes tne 
seasons.

Moreover, the distance between the earth and the sun is not constant, 
the sun being closest to the earth on |3~ January) and fa r thes t  away on [5 J u l ÿ . 

For these reasons the la t i t u d in a l  va r ia t ions  in rad ia t ion  received from 

the sun are more complex than represented here.
clcxliy

Vo*

real c-VOn, £yc-a.rly avc-rayt.)

O)

■ Ly  j t t ' r t f m v m  ■,5o 4>
The d i f fe rence is largest at  the poles. Note also that the minimum and 

maximum quan t i t ies  received per day are not symmetrical around the equator, 

The maximum da i ly  rad ia t ion  is received by the earth on the south pole 

on 21 December.
The temperature at  the surface o f  the sun is 6000 °K. The maximum 

in te n s i t y  o f  sun l igh t  is  thus s i tua ted a t  a wavelength o f  500 nm. Since 
the earth has an average temperature of  only 300 °K, i t  radiates at a 

wavelength o f  10 pm, in the in f ra  red.

/ V
j \ 0  k mA

P. VÍZ



o

o
The movement o f  f l u i d s

?.1.  In troduc t ion

The d i f f e r e n t i a l  heating o f  the surface o f  the earth produces movement 
o f  i t s  f l u i d  envelope, the oceans and the atmosphere. This movement not 
only t ranspor ts  enormous quan t i t i es  o f  ocean water and a i r  but  is  also the 

basis o f  the cont inual  erosion o f  the t e r r e s t r i a l  environment.

The basic laws governing the movement o f  a l l  masses are the laws of  
Newton. Newton's f i r s t  law says tha t  an ob ject  tha t  is  not influenced by 

an external  force w i l l  not change i t s  cond i t ions o f  movement or  res t .  At 

res t  i t  w i l l  remain at  res t .  In movement, i t  w i l l  be t ransported with a 

constact v e lo c i t y  v = a. I f  a force acts on the body, i t s  s ta te  of  mo­
vement w i l l  change according to Newton's second law: th is  states tha t  a 

force exercpri on a body w i l l  accelerate i t  and the magnitude o f  th is  ac­
ce le ra t ion  is equal to the product o f  the force and the inverse of  the
mass of  the body: a = f /m or f  = m.a. The acce lerat ion is expressed

-2  -2 in m.sec , the force in kg.m.sec = N.

2.2. Pressure
Pressure is  a force act ing on a surface o f  1 m . When a force is ap­

p l ied  to a so l id  body i t  acts in the d i re c t io n  o f  a pp l i ca t ion ;  on a l i q u i d  
body i t  acts in a l l  d i rec t ions .

When we imagine a system with three dimensions and appl ie a force to

i t ,  t h is  pressure w i l l  have a c e r ta in  value in each po in t .  The forces on
2

a cube with 1 m side are the s ix  pressures act ing on the walls of  the 
cube. Moreover, the cube w i l l  be submitted to g rav i ty  along the z -ax is .  

This force is equal to the mass o f  the cuoe times the accelerat ion due

to g rav i ty  9.BÍ m.sec_ t . A cube with length 1 dm has a mass equal to
i t s  densi ty (mass per un i t  volume). The s pec i f i c  weigth (the weight 
per u n i t  volume) is equal to the densi ty  times g. When the f l u i d  is  

sea water, i t s  density is 1.027 kg/1 and the weight of  a 1 1 (1 dm ) 
cube is  1.027 x 9.81 kg.m/dm3 .sec^=.01006 N ( th i s  is also i t s  we ight) .
The s p e c i f i c  g rav i ty  is  the dens i ty  o f  the f l u i d  divided by the densi ty 
o f  the same volume of  pure water a t  4 °C.

Apart from the force due to g r a v i t y ,  the other ve r t i c a l  forces wor­
king on the cube are a force working upwards on the lower plane and 
a force working downwards on the upper plane, equal to the pressures 

at z = 1 en z = 0 respect ive ly .  The t o ta l  downward force on the cube w i l l  

be: a^ x^  + P2=g - and th is  force must be zero. The pressure
increase w i l l  therefore be P = a xP m’  ̂ .

g J



In seawater, the pressure increase w i th  depth w i l l  be about 0.01 N per
3 -?m , equal to about 1 bar per 10m (1 bar = 0.1 N.cm ) or  hPa per 10m.

The normal atmospheric pressure is 1.013 bar (or  76 mm Hg, the pressure
exerced by a mercury column of  76 cm h igh) .

The hor izonta l  forces on the cube are the forces appl ied to the four
w a l ls .  I f  the pressures on these wal ls are equal there w i l l  be no 

net hor izon ta l  force working on the cube. I f  a force b works in a ce r ­
ta in  d i re c t io n  there w i l l  be an acce lera t ion  in tha t  d i re c t io n  equal to

b/p m.sec . I f  there is  a pressure d i f fe rence ,  f l u i d s  w i l l  be displaced

from high to low pressures.
2.3.  The C o r io l i s  force

Oncea f l u i d  is  in motion,  accelerated by pressure d i f fe rences ,  an add i­

t io n a l  fo rce enters the aame: the C o r io l i s  fo rce ,  caused by the ro ta t ion  
o f  the earth ar.d de f le c t ing  moving objects to the r i g h t  in the northern 

hemisphere and to the l e f t  in the southern hemisphere.
To understand the C o r io l i s  fo rce ,  consider the fo l low ing  example. At 

the north pole,  the l i n e a r  speed of  the surface caused by the ro ta t ion  

o f  the earth is zero. At the equator i t  is 466 m/sec (40.000 km/24x60x60 
sec). Imagine a disk a t  the equator and a gun at  the north pole.  When 
a shot is  f i r e d ,  the b u l l e t  w i l l  f l y  wi th a v e lo c i t y  o f  say 1 km/sec.

I t  reaches the equator,  a t  10.000 km, a f t e r  10.000 sec. During that 
t ime the disk has already moved over 4660 km to the east.  For the 
observer f i r i n g  the gun i t  seems as i f  a force act ing on the b u l le t  

.ias .iiovtu i t  to the west,  to the r ig h t  of  i t s  d i rec t io n  of  movement.
The d isk ,  f o r  the observer,  has apparent ly not moved since they are both 
on the same ro ta t ing  surface.

The C o r io l i s  force is  a funct ion o f  the ve loc i ty  o f  the object  and 
of  the v e r t i c a l  component o f  the ro ta t ion  ve loc i ty  of  the earth on the

place where the ob ject  i s :  C = 2Cl v sin d
-4 -2C = 1 . 5 x 1 0  sin d. v cm/sec

The acce lera t ion  due to the Co r io l i s  force is thus smal l .  I t  is of
- 2  -2the order o f  0.1 cm.sec f o r  the wind and o f  0.005 cm.sec f o r  the

oceanic cur rents .  However, f r i c t i o n ,  which is very important a t  small 

scales,  becomes neg l ig ib le  on the very large scales a t  which oceanic 
phenomena occur: at  those scales the small pressure di f fe rences and 
the C o r io l i s  force become predominating.

2.4.  The inf luence of  densi ty
Movements o f  the f l u i d  envelope of  the earth are the consequence of  

pressure di f ferences and the C o r io l i s - f o r c e . Horizontal  pressure d i f -



ferences are causedby hor izonta l  var iatons in dens i t y ,  as well  in  the atmos 
phere as in  the oceans. The e f fe c ts  of  densi ty va r ia t ions  can be best un 
derstood in  terms o f  po ten t ia l  energy. I f  we consider a mass o f  A kg o f  wa
te r  a t  a height of  h m, we can ca lcu la te  the force necessary to br ing the 

mass at  tha t  heigth as A x a^ x h. The potent ia l  energy o f  tha t  mass is  
increased by t h i s  amount. I f  we do not support t h is  body o f  water,  i t  
w i l l  f a l l  towards the ea r th ,  since e^ery ob ject  has a tendency towards mi­
nimum po ten t ia l  energy.

3I f  a dm of water is descended over 1 m, i t s  po ten t ia l  energy is reduced 
-2

by 9.81 x 1 x 1 m.sec .kg.m -  9.81 N.m = 9.81 J.  I f  t h i s  mass of water 

is replaced by a i r ,  we may neolect  the pa ra l le l  increase in po ten t ia l  ener­
gy o f  the a i r ,  since the dens i ty  o f  a i r  is only 1/860 the densi ty of  
water. This is not the case i f  one body o f  water is  replaced by another 
body o f  water. Let us take the example of  o i l  (dens i ty  0.8 kg.dm ) 

and water (1 kg.dm ^ ) ,  Let  us take 10 g of  water and 10 g o f  o i l ,  thus 
10 ml of  water and 12 ml of  o i l .  I f  the o i l  is on top o f  the water in
a tube o f  1 cni surface, the po ten t ia l  energy is 10 x a^ x 5 + 10 x x 16

= 210 x ag erg ( J ) .  I f  the water is on top , the po ten t ia l  energy

is 10 x a x 6 + 10 x a x 17 = 230 x a erg { J ) .  The system with
J J hr

water on top has a higher po ten t ia l  energy and w i l l  not be s tab le :  a f t e r  
a perturbat ion the equ i l ib r ium  (which is possible in a narrow tube) w i l l  
be destroyed.

This simple re la t io nsh ip  between densi ty and potent ia l  energy is only 

v a l id  f o r  incompressible f l u i d s .  We have ignored the changes in  densi ty 
rela ted to pressure. This is not va l id  fo r  a i r ,  where we have to  take 
in to  account the compressi b á l i t y  and in te rna l  energy. Changes in i n t e r ­

nal energy res u l t  from the work done during compression and decompression 
of  f l u i d s .

Horizontal  var ia t ions  in dens i ty  w i l l  also cause movements. Less 
dense water w i l l  tend to f low towards the poles but the C o r io l i s - fo rce  
w i l l  de f le c t  th is  f low to the r i g h t  in the northern hemisphere, thus to 

the east.  Without ro ta t ion  the warmer, less dense waters would cover the 

oceans and reduce even more the var ia t ions  in  temperature.

< y x  Geostrophic currents
Often steady state condi t ions are found in nature.  When the v e loc i t y  

of  a movement is constant, the d i f f e r e n t  forces acting on i t  are in equ i­
l ib r ium .  An important type of  non-accelerated current  is the^geostrophic 
cu r ren t ,  a movement along a s t ra ig h t  l i n e  which ex is ts i f  a l l  forces other
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thanthe pressure grad ien t  P and the Cor io l i s  fo rce C are negl igable and 

when P = C. Imagine th a t  a pressure d i f fe rence  makes the current
f low down the g rad ien t ;  once in movement the C o r io l i s  force w i l l  de f lec t  
i t  to the r i g h t  as a func t ion  of  i t s  speed. At the s t a r t  there w i l l  be
a d isequ i l i b r ium  and the current  w i l l  tu rn .  Since the C o r io l i s  force

is always perpendicu lar ,  i t  w i l l  turn as w e l l .  At e q u i l ib r ium ,  the 
cur rent  w i l l  no longer f low downward (towards the region o f  low pressure) 
but along the slope. The d i rec t ion  of the geostrophic cur rent  is  pa ra l le l  

to the isobars ( l in e s  o f  equal pressure).

2.6. Gradient currents and f r i c t i o n  currents

When the geostrophic cur rent  f lows along the slope, one has to take 
in to  account c en t r i f uga l  fo rces,  given by S = v / r ,  w i th  v the ve loc i ty  
and r  the radius o f  the movement. I f  pressure, C o r io l i s  force and 
cen t r i fuga l  force are the only important forces,  the re s u l t in g  movement 

is ca l led  a grad ient  cu r ren t .  As in the case o f  the geostrophic current 
the movement is p a ra l le l  to the isobars.

When one then introduces f r i c t i o n ,  always di rected in  a sense opposite 

to the movement and func t ion  of  the ve loc i ty ,  the v e lo c i t y  w i l l  decrease. 
The d i re c t io n  w i l l  a lso change and also the magnitude o f  the Co r io l i s  f o r ­
ce and the cur rent  w i l l  tu rn  more the l e f t .  The r e s u l t  w i l l  be a slower 

current to the l e f t  of  the geostrophic cur rent .

A region o f  low pressure is a region of  convergence, since the f l u i d  
w i l l  f low to the cen t re ;  a region of  high pressure is a zone of  divergence.

F * -
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3. The atmospheric c i r c u la t io n

To understand the atmospheric c i r c u l a t i o n ,  we consider f i r s t  a f ixed 

immobile earth w i th  a uni form surface. The intense heat received a t  the 
equator w i l l  make the a i r  r ise  there.  The vacuum created by that  r i s in g  
a i r  w i l l  be f i l l e d  in  by a i r  coming over the surface from the poles.

To see what happens to the r i s in g  a i r ,  consider Boyle's law:

-3 -1 -1with R the gaz constant ,  equal to 83 bars.cm .deg .mol

n the number o f  moles (mass divided by molecular weight)
Since the molecular weight o f  a i r  is 28.8 g,  1 g o f  a i r  has a spec i f ic  

volume o f  83 x T/28.8 P; fo r  a pressure of  1 bar and T = 300 °K (30 °C) 
the s p e c i f i c  volume of  a i r  is 83x300/28.8x1 = 870 cm^/g. The densi ty 
of  a i r  is  thus 1/870 = 0.00115 g/cm at P = 1 bar. In general , the 

densi ty  o f  a i r  is
P „  , „ - 3  

7 3 9 “ T 9 ' crn

and the pressure v a r ia t io n ,  equal to the product o f  densi ty and the
acce le ra t ion o f  g r a v i t y ,  is

dP ag P  ̂ -3
W  = O T T  d* ne cm

_ (a /2.89T).h 
h 9

Temperature does not remain constant dur ing the r i s in g  of  the a i r .
Since the pressure decreases, the volume of  a i r  increases. The a i r  thus

de l ive rs  work which is equal to the product o f  pressure and the change
3 -1in volume: 86 bar.cm 2 ca l .g  . I f  t h i s  heat i s  not provided from 

outs ide,  the a i r  must get colder .  I f  dur ing a mechanical process 
work is  done without  adding or subst ract ing heat,  the process is cal led 

a d ia b a t i c .
The ancient theory o f  Hadley predicts  three convection ce l ls  in the 

atmosphere. The a i r  r i s in g  a t  the equator descends again at  30 c.

This is a region of  high pressure and dry a i r  (desert  region).  This 
descending a i r  then f lows over the earth towards the equator or towards 
the poles.  When i t  f lows towards the poles i t  meets the very cold 
a i r  from thfe poles at  about 60 0 and converges with i t ,  r is ing  again 

and producing the two other convection c e l l s .
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Applying the C o r io l i s  fo rce to t h is  movement, on obtains the main d i r e c ­

t i o n  o f  the winds. The region between the equator and 30 ° is  c h a ra c te r i ­
zed by the t rade winds, from south-west.  The equato r ia l  region i t s e l f  
is the region o f  the doldrums, very weak winds. The high pressure zone 
at  30 ° is  ca l led  the horse la t i t u d e s .

The t r i c e l l u l a r  theory has become impopular recent ly  and has been re ­

placed by the eddy theory ,  based upon the p r in c ip le  o f  conservation o f  angular 
moment instead o f  on convection (product o f  mass, v e lo c i t y  and radius of  
the movement). When the earth tu rns ,  i t s  atmosphere turns wi th i t  and 
stays immobile r e la t i v e  to i t .  Every parcel of  a i r  has i t s  own angular 
moment tha t  is  conserved. Every change in v e lo c i t y  must en t ra in  a change 
in angular moment. When one compares a parcel o f  a i r  at  the equator,  wi th 

a v e lo c i t y  o f  around 1800 km/h to a parcel o f  a i r  in the region of  the 
t rade winds, there w i l l  be a d e f i c i t  in angular moment between the equator 

and 30 ° and t h i s  moment has been transferred elsewhere. This is done
by tu rbu len t  systems of  high and low pressure.

iI
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4 .The oceanic c i r c u la t io n

The major oceanic cur rent  systems move water masses over enormous distances 

over the surface o f  the oceans. This movement is  due to inequal heating but
the e f f e c t  is  considerably modif ied by the wind and the f a c t  tha t  oceans are
contained in basins.

When the wind blows over the ocean i t  produces waves t h i  t rave l  in the 
d i re c t io n  o f  the wind. I f  the earth would be competely covered by water the 

c i r c u l a t i o n  of  the ocean water would be s im i la r  to tha t  of  the atmosphere.
How the two major oceans, the A t la n t i c  and P a c i f ic  Oceans are l im i te d  a t  

t h e i r  eastern and western s ides. The movement in these basins is  caused by
o the qeneral c i r c u la t i o n  o f  the a i r .  The movement o f  the water w i l l  be from

‘v - ‘
east to west a t  the poles,  from west to east in the region of  the wes te r l i es ,
from east to  west in the region of  the t rade winds. The margins of  the

i  > '■

k?sin w i l l  de f le c t  the currents and produce a ser ies  of  gyres.

< The most important gyre is the subtropical  gyre. Towards the poles one 
f inds subpolar gyres and at both sides of  the equator,  the equator ia l gyres. 
This simple model predicts s ix  gyres, three a t  each side of  the equator.

The actual  s i t u a t io n  is  d i f f e r e n t :  subtropical  gyres are indeed present in 

each ocean and the equator ia l  gyres are found back p r in c ip a l l y  as the 
equator ia l  coun te r -cur ren ts . The subpolar gyres consis t  of several gyres 
in the north and enc i rc le  the An ta rc t ic  cont inent in the south. In the 
Indian ocean the s i t u a t io n  is complicated due to i t s  l im i ted  extension to 

the North.  The inf luence of  the wind is d i f f e r e n t  in summmer, when i t  blows 
from the ocean to the cont inents ,  and in w in te r ,  when a cold and dry wind 

blows from Asia towards the ocean and reverses i t s  c i r c u la t i o n .
The simple model gives a symmetrical cu r ren t .  Actua l ly  the currents are 

much stronger at  t h e i r  western border in the northern hemisphere. This is 

due to the C o r io l i s  force which increases when a current goes to the north 

in the western par t  of  the bassin.
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Surface ocean c ir c u la t io n

The c i r c u la t i o n  a t  the surface o f  the oceans is c lose ly  l inked to 
the atmospheric c i r c u l a t i o n .  When the wind blows across an open ocean 
f a r  from any boundaries, the re s u l t in g  movement of  the water w i l l  be 
greates t  a t  the surface and decrease in magnitude with depth. Because 
of  the ro ta t io n  of  the earth a d e f le c t ion  w i l l  occur to the r i g h t  in 

the northern hemisphere: the water w i l l  move at  45 0 to the wind d i r e c ­

t i o n ,  t h i s  angle increasing gradual ly  and the current v e lo c i t y  decrea­
sing with depth. At a depth ca l led  the Ekman depth the current  is oppo­

s i t e  to tha t  on the surface and is very small . The sp i ra l  o f  cur rent  
beneath the wind is ca l led  the Ekman s p i ra l .w i t h  the property tha t  the 

depth in tegrated transpor t  of  water is a t  r i g h t  angles to the wind d i ­
re c t io n .  Only when the movement of  water is res t r ic ted  by land 
the d i re c t io n  of  the current  w i l l  be tha t  o f  the wind.

Due to the wind system the water acquires a clockwise ro ta t io n  ten ­

dency in the northern hemisphere. The C o r io l i s  force increases th is  
tendency, depending on l a t i t u d e .  A balance is acmeved by f r i c t i o n ,  

which is proport ional  to the square of  the ve loc i ty .  Currents are 

much stronger on t h e i r  western boundary. Where the warmer central  
port ions of  the gyres meet the eastward f lowing limbs at  30-40 9 

l a t i t u d e ,  the Subtropical Convergences are formed. The Subpolar 
Convergences, where the warmer water meets the colder polar waters 
are general ly  well def ined.
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The Gulf  Stream

T l n ' '  filllf Ç\ + r ' n * " '  ^  r̂nm i ho ^ W - i H a  r , . r r a n t  a n  t h o  f l n t - i t l , , , -

Current whcuch ¿p 'n n f  twr  = The landward side

o f  the Gulf  Stream is  well  def ined both in terms of  temperature and 
s a l i n i t y .  There is  l i t t l e  d i f fe rence  between the Gulf  Stream and 

the oceanic water to the east .  The Gulf Stream only extends to a 
few hundred meters depth and is  not a continuous stream in a f ixed  
path.  The current meanders over a wide area, occupying a t  any time 

only one t h i r d  of  a 150 km wide zone. The meanders sometimes 
become detached and large masses o f  cold water become surrounded 
by warmer sub- t rop ica l  water.  These st ructures are known as cold-  

co re - r ings .  They have a cyc lon ic ,  ant i -c lockwise ro ta t ion  and 
wander s lowly south-westwards a t  about 2 km per day, remaining recog­

nizable f o r  up to 2 years.  They are 150 to 300 km in diameter,  have 
peak tangent ia l  ve lo c i t ie s  of  1 m/sec and reach depths of  3000 m. 
Consequently they ra ise the thermocl ine by 500 m or so and have con­
siderable potent ia l  and k in e t i c  energy. The r ings have a biomass 

considerably higher than tha t  in the surrounding sea. An t icyc lon ic  
or warm core rings also form on the coastal side of  the Gulf Stream. 

Upwel1 ing

When the current and the winds are in the same d i re c t io n ,  pa ra l le l  
to a coast on the le f t -hand side in the northern hemisphere and the 

r ight-hand side on the southern hemisphere, upwel l ing of  deeper water 

may occur. An example is the Canaries Current. I t  f lows southward 
in the area of  the North-east Trade Winds, wi th the Afr ican coast on 
the le f t -hand  side. The Co r io l i s  force associated with t h is  current 

balances the e f fe c t  o f  the sea surface slope and the densi ty gradients 
The e f fe c t  of  the Ekman t ranspor t  beneath the wind is to move the sur­

face water towards the r i g h t .  Because of  the presence o f  the coast 
th is  water is  then replaced by water occurring at  100 - 200 m depth 

f u r th e r  o f fshore ,  by a slow over turn ing. These waters are r e la t i v e l y  
n u t r i e n t - r i c h  and h igh ly  productive when coming in to  the euphotic zone 
Upwell ing areas support some of  the wor ld 's most important f i s h e r ie s .  

The water is also r e la t i v e l y  cold.
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The cha rac te r is t i c s  o f  water

L i f e ,  as we know i t ,  would be impossible wi thout water. Nevertheless, 
water has some pecu l iar  c h a ra c te r i s t i c s .  I t  has the highest surface ten ­
sion o f  a l l  l i q u id s ,  except mercury. I f  we compare water to molecules 
wi th a s im i la r  composition we expect i t  to bo i l  at  -80 °C and to freeze 

a t  -95 °C. The reason f o r  i t s  exceptional  behaviour is  the s t ruc ture  of 
the water molecule. The two hydrogen atoms form an angle of  105 0 wi th 
the oxygen atom. This gives the water molecule a p o la r i t y ,  an o r ie n ta ­
t i o n  o f  i t s  e le c t r i c  charges. Other, adjacent molecules are a t t rac ted ,  

and form groups of  several molecules held together by hydrogen br idges.
Water molecules are dipoles and subject  to polymerisat ion.

As a l l  matter, water ex is ts  in three phases. Temperature and pressure 
determine in which phase i t  w i l l  be. The phase diagram gives the b o i l i ng  
curve, the f reezing curve and the subl imat ion curve which meet in the t r i p l e  
po in t .

/ » V

-  Vo

o . o o o  i

TP

o

To pass from one phase to another one has to add heat. I f  we add one
“ 1 -1ca lo ry  per minute, we obtain a curve as drawn above. We need 0.5 cal .g .deg

- 1  - 1  - 1  - 1  f o r  ice ,  1 c a l .g .deg fo r  l i q u i d  water and 0.44 cal .g .deg fo r  vapour.
This is the heat capac i ty.  To melt 1 g of  ice,  we need 80 c a l ,  to vaporize 
1 g of l i q u i d  water we need 540 c a l .  These are the heats of  phase t rans ­
format ion.  The heat capaci ty  of  water is  the la rges t  known fo r  a l l  sol ids  

and l iq u id s  except NH-j. For t h is  reason water has been chosen as the r e fe ­
rence o f  the spec i f i c  heat (number of  ca lor ies  necessary to increase tempe­
rature of  1 g of substance with 1 °C). The spec i f i c  heat o f  water is  thus 

1 c a l .g ' ldeg ^ .
Also the la ten t  vapor isat ion heat o f  water is the la rgest  of  a l l  sub­

stances known. This is of  extreme importance since i t  permits the exchan­
ge of  enormous quant i t ies  of  heat at  the earth surface. Every gram of

water tha t  changes phase takes up th is  quant i ty  of  heat.
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5.2.  The dens i ty o f  water

Water is  also unique in the fac t  tha t  i t  is more dense as a l i q u id  than

as a s o l i d .  This impl ies tha t  ice restson top o f  l i q u i d  water,  wi th evident
consequences f o r  l i f e  on ear th .  The erosion o f  rocks is another consequen­
ce o f  t h i s ,  since the s p e c i f i c  volume of  ice is greater  than o f  water.

Pure water has i t s  greates t  densi ty  at  4 DC, i t s  s p e c i f i c  volume is
3

then equal to 1 cm /g and i t s  spec i f i c  g ra v i t y  is  one. In sea-water the 
presence of  s a l t  makes tha t  the maximum densi ty is  reached a t  0 PC,

Every increase of  1 %0 of  s a l t  increases densi ty with 

0.8 %0, Seawater wi th a s a l i n i t y  of  35 g/1 has a dens i ty  o f  1.028 
a t  0 °C. This is usua l l y  expressed as Tj=  28.

4 0 ÍO 3aVo

The inf luence o f  temperature on densi ty of  seawater is  somewhat " ' ' 

more complex. Density decreases when temperature increases. The 
combined e f fe c t  of  temperature and s a l i n i t y  on dens i ty  are shown in

the f igu re :

■ Sí07
■ ss

ÍO

5.3. S a l in i t y
I f  the to ta l  mass of  sa l ts  in the sea can change considerably from 

place to place, the r e la t i v e  proport ion of  the p r inc ipa l  s a l ts  remains 
constant. Most s a l ts  are present as ions. Eight ions form the 
great major i ty  of  dissolved sa l ts :
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Cl" 55.0 %

sor 7.7 %

HCD" 0.4 I

Br" 0 .2 %

Na+ 30.6 %

Mg++ co %

Ca++ 1.2 %

K+ 1.1 %

Al l  other  substances are present as t races on ly ,  but  on the other hand sea­
water contains near ly a l l  known elements.

D e f i n i t i o n
S a l i n i t y  is  the to ta l  amount of  sa l ts  dissolved in 1 kg of sea-water.

Because the r e la t i v e  proport ion of  the ions is  constant,  one can determine

only one o f  them. The chlor ide ion is  ea s i ly  determinable.  One defines
c h l o r i n i t y  as the mass in grams of  halogens contained in 1 kg of  sea-water.
The re la t io n s h ip  between s a l i n i t y  and c h l o r i n i t y  is

S = 1.80655 Cl.

The d i s t r i b u t i o n  of  s a l i n i t y  in the oceans

The s a l i n i t y  of  the surface waters in the oceans is  a funct ion of  eva­
poration and p re c ip i t a t io n  which concentrate or d i l u t e  the surface waters, 

and of mixing between supe r f ic ia l  and deeper waters.  Fluvial  t ransport  
may in f luence coastal regions and the melt ing of  ice plays a role in the 

polar regions.
The s a l i n i t y  is minimal in cer ta in  zones such as equator ia l  regions 

with very high p re c ip i t a t io n  (Gulf of  Guinea, Gulf  o f  Bengalen, South- 

East As ia ) ,  zones inf luenced by large r ive rs  ( r i o  de la Plata,  Amazone 

Saint Laurence, Ba l t i c  Sea, Black Sea) and the A rc t i c  Ocean. Maximum 
s a l i n i t i e s  are reached in the Mediterranean, the Red Sea and subtropical 

parts of  the Indian Ocean and A t la n t i c .  The surface waters of  the Paci­
f i c  have a lower s a l i n i t y .  S a l in i t y  va r ia t ions  are smal l ,  usually lower 

than 0.5 %0 . Diurnal var ia t ions are neg l igable:  even during heavy p rec i ­
p i t a t i o n  the normal values are restored a f te r  a few hours.
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5.4.  Temperature

Temperature is  wi th s a l i n i t y  the most important cha rac te r is t i c  o f  ocean 
water. I t  is a conservative property ,  since i t  can only be changed by 
mixing a f t e r  the waters have l e f t  the surface. Indeed: temperature is 
a func t ion  o f  solar  rad ia t ion ,  thermal exchange between ocean and atmos­
phere and mixing between d i f f e r e n t  oceanic water layers.

Water absorbs so la r  rad ia t ion  w i th in  the f i r s t  few meters. At l a t i ­
tudes lower than 20 0 the oceans accumulate heat,  a t  higher la t i tudes  
they render i t .  The surface isotherms are zonal ,  wi th a maximum of 

about 28 °C s l i g h t l y  north of  the equator and a minimum of -2 °C in 

the polar regions. The annual va r ia t ions  in temperature fo l low the 
seasonal var ia t ions  in so la r  rad ia t ion ,  but also depend on currents and 

dominant winds. In the northern hemisphere, the annual var ia t ions are 

much la rge r  than in the southern hemisphere. Diurnal var ia t ions are ge­
n e ra l ly  very smal l ,  in the order of  0.2 to 0.4 °C.

The v e r t i c a l  d i s t r i b u t i o n  of  temperature is profoundly influenced by 

di f ferences in rad ia t ion  and thermal exchange with the atmosphere. The 
oceanic c i r c u la t i o n  patterns govern the ve r t i ca l  p r o f i l e  of  temperature, 

except in the surface layers.  At la t i tudes  lower than 50 0 one can d i s ­
t ingu ish  three layers:  a) a th in  sup e r f i c ia l  l a y e r , wi th a depth of  less 
than^Q j)m,  under the d i re c t  inf luence of  solar  rad ia t ion  wi th exchange 

with the atmosphere and mixing due to the wind. This layer is  more or 
less homogeneous in win ter  and has a seasonal thermocl ine in summer;
b) a t r a n s i t i o n  layer  where temperature decreases rap id ly  from more 

than 20 °C to about 5 °C. This is the permanent thermocl ine.  In the 

equator ia l  regions the maximum value o f  the v e r t i c a l  gradient may be 
more than 0.4 °C per meter. A higher la t i tudes  the value may drop to
0.05 CC per meter and the depth of the layer is betweenÇ00-200 m\ At 

50 0 l a t i t u d e  the permanent thermocline reaches the surface: c) a deep 

layer ,  wi th temperatures decreasing from about 5 °C to less than 2 °C. 

These deep waters, o r ig ina t in g  from the polar regions, cons t i tu te  the 
major par t  of  the oceans.
The seasonal thermocli ne

The estaol isnment of  a thermocline in summer is of  great importance 
to understand b io log ica l  processes in the supe r f ic ia l  layers.  The 
slope o f  the thermocl ine is  larger when the heating of  the water is 
more rapid and when the sea is calmer. The supe r f ic ia l  layers become
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less dense and a stable s t r a t i f i c a t i o n  is es tab l ished.  During summer t h i s  
cont inues and the s t a b i l i t y  of  the s t r a t i f i c a t i o n  is  increased by more hea­
t i n g .  Mixing with deeper layers is  reduced, t i l l  a t  the end of  the summer 

the thermocl ine is  a real b a r r ie r  which e f f e c t i v e l y  stops a l l  exchange.

5.5.  Temperature, s a l i n i t y  and densi ty

Var ia t ions  in densi ty o f  oceanic water are mostly dic ta ted by tempera­

ture changes, espec ia l ly  in the v e r t i c a l  d i r e c t io n .  Thermoclines are the­
re fore also pycnoclines, zones where densi ty changes rap id ly  wi th depth.

Since temperature and s a l i n i t y  are in p r in c ip le  two comptetely indepen­
dent parameters: each one of  them can change without the o ther .  In the 
oceans t h i s  independence in r e a l i t y  does not e x i s t  and i f  a diagram is 

made with  both parameters, a T-S diagram, one has a tool  to d is t ingu ish  

d i f f e r e n t  water masses. Since temperature and s a l i n i t y  are conservative 
p rope r t ie s ,  they r e f l e c t  the o r ig i n  and the age o f  ocean waters once they 
have l e f t  the surface as well as the mixing tha t  has occurred since.

Since temperature and s a l i n i t y  determine dens i ty (a t  atmospheric pres­
sure) isopycnes may be drawn in the T-S diagram, which gives an idea of  
the s t a b i l i t y  of  the ve r t i ca l  d i s t r i b u t i o n  of  the water masses. S tab i­

l i t y  is maximum when the T-S curve is  perpendicular to the isopycne.
5.6.  Deep c i r c u la t i o n

One d is t ingu ishes several deep water masses: a) the central  water, be­
tween the subtropical  convergence at  the surface to the permanent t h e r ­
mocline ; b) intermediary water, d i r e c t l y  underneath the central  water 

and formed in the regions of the a r c t i c  and an ta rc t i c  convergencies.

Several intermediary waters e x i s t :  the N o r th -A t lan t ic  (3-5 °C, 34.7-34.9) ,  

A n ta rc t ic  (2-7 °C, <rr  = 34 . 1 - 34.7) ,  North Pac i f ic  (6-10 34.0-34.1.
c) the deep water: o r ig ina t ing  from the Labrador- Irminger area, wi th 

a temperature of  3 °C and a i Ç : 34.9. d) the bottom water, orginat ing 

from the An ta rc t ic .



-  2 0  -

The Chemical Environment

1. The geochemical balance of  the oceans

The actual composition o f  sea water resu l ts  from an equ i l ib r ium  between 
the rate  at  which dissolved matter enters the oceans from land or the a t ­

mosphere and the rate, a t  which matter disappears in to  the sediments or  the 
atmosphere.

When one compares the composition o f  sea water wi th the f resh water in 

r i v e rs  important di f ferences are seen ( in  meq.kg"^):

Sea Water River water Cycl ic sa l ts

Na + 468 0.27 0.19
K+ 10 0.06 0 .00

Mg++ 107 0.34 0.04
++Ca 20 0.75 0.01

c l " 546.5 0.22 0 .22

HCO3 2.3 0.96 0 .00

SQ- 56.2 0.24 0 .02

ia water is not simply concentrated r i v e r  water. Fresh water is
mostly a solution of  calcium bicarbonate,  whereas the p r inc ipa l  s a l t  in 

the sea is  sodium ch lor ide .  There are mechanisms tha t  change the r e l a ­

t i v e  proport ion of  sa l ts .
Evaporating sea water is  not purely H^O, Important quan t i t ies  o f  s a l t  

c r i s t a l s  are brought in to  the atmosphere and transported by the windi  a- 
round these c r i s ta ls  water condensates. When ra in  is formed, these (cy­
c l i c )  sa l ts  are brought back to ear th .  Substract ion of  the quant i ty  of

cy c l i c  sa l ts ,  calculated by supposing tha t  a l l  chlor ide is  c y c l i c ,  shows

the con t r ibu t ion  of erosion of  rocks to the s a l t  concentrat ion in r i v e r s .
21The oceans contain about 1.4 x 10 kg o f  water and the r ive rs  add to

9 4th is  about 10 kg per second. I t  takes thus 4.4x10 years to add to the
oceans t h e i r  own volume. This is the residence time of  water, the ave­

rage time during which an element is in the ocean. Rivers contain about
- 1  - 11.2 meq.kg of  non-cycl ic s a l ts ,  the sea about 600 meq.kg . The r e s i ­

dence time of sa l t  is  thus 2.2 x 10^ years (600/1.2 x 4.4 x 10^).

In general, i f  A is the concentrat ion of  the substance and dA/dt  the 
rate o f  import, the residence time is given by:



x  = _ A _
dA/dt

For the ind iv idua l  substances, the values are ( in  1C6 years)

Water; 0.044 

HCO": 0.11

Ca : 1.2
K+: 7.5

S0‘ " : 11
Mg : 16
Na+ : 260

C l " :  cu

The residence time of  most substances is  much smaller than the age of  

the oceans. The oceans are not simple accumulators o f  sa l ts  put in to  
them by the r iv e rs .  The concentrat ion of  major and many minor elements 
are regulated by e q u i l i b r i a  between dissolved cat ions and aluminum s i l i ­
cates e i th e r  in suspension or in the sediments. Clay minerals are 

important to maintain an equ i l ib r ium  because they are ion exchangers 
and recons t i tu te  degraded minerals by incorporat ing K and Mg. For 

t race minerals the geochemical balance is maintained by autogenic 
mineral absorbtion or by b io log ica l  processes.

For anions the mechanisms impl ied in the geochemical balance are qui te  

d i f f e r e n t .  Chlor id and bromid are ine r t  but important quan t i t i es  of  s u l ­
phate reach the sea due to erosion on land of  rocks containing sulphide. 
The geochemical balance is probably maintained by deposi t ion o f  sulphides 
and sulphur in the sediment due to bac ter ia l  reduct ion.

The residence time of  metals such as Fe, AÍ,  Cr, T i ,  Be are in the 

order o f  only 100 to 1000 years. These ions are rap id ly  hydrolysed at 
the pH o f  sea water and incorporated in autogenic minera ls,  such as 

manganese nodules. The r e la t i v e l y  short residence times o f  Cu, Ni ,  Co 
and Mn (7000-50000 years) are ind ica t ive  of  the e f f i c ie n c y  wi th which 
they are incorporated in manganese nodules.

2. The dissoc ia t ion o f  water

Pure water contains some dissociated molecules: H~0 5^  H+ + OH .
-14 2 - 2The d issoc ia t ion  constant is 10 mol kg , and the concentrat ions 

o f  H+ and OH’  are equal to 10* 7 mol.kg 1 (pH : - log H+ = 7).
Most ions in sea water do not react wi th H+. The most important 

which does is C02< This gaz thus plays an important ro le  in the regu-
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l a t i o n  of  the a c i d i t y  o f  sea water.

Var ia t ions in temperature and pression change the pH of  sea water 
because of  t h e i r  inf luence on the d issoc ia t ion  constant o f  carbonic 

acid.  An increase in  temperature o f  1 °C decreases pH wi th  0.01. pH 
decreases near ly proport ional  to pression, the p r o p o r t i o n a l i t y  varying 
from -0.035 f o r  an i n i t i a l  pH o f  7.5 to 0.020 f o r  an i n i t i a l  pH of  8.3.

In surface waters the pH w i l l  normally vary between 8.0 and 8.3.  Hig­

her values may be found when photosynthesis is  st rong. Below the eupho- 
t i c  zone, pH evolves somewhat l i k e  oxygen. When oxygen is consumed, 
pH w i l l  decrease to 7.5.

3. The CO^-system and a l c a l i n i t y

When carbon dioxide dissolves in water, i t  w i l l  combine with a water 
molecule and form carbonic acid:

co2 + h2o ^  h2co3

The carbon atom contains s ix  elect rons. In the C02 molecule, the ca r ­

bon atom shares two electrons w i th  each o f  the oxygen atoms. When C02 

combines with water, the oxygen of  the water molecule w i l l  also share 
two electrons with the carbon atom. The resu l t  is tha t  H+ is only 
weakly bound to H2C03 . When an ion H+ is l o s t ,  bicarbonate is formed:

H2C03 s *  H+ + HC0'

The bicarbonate ion can also lose a proton H and form the carbonate ion:

HC03 5=± H+ + co3 '

When carbonate and bicarbonate ions are formed, they w i l l  a t t r a c t  hydro­

gen ions to reduce t h e i r  charge. There w i l l  thus be a continuous exchan­
ge of  hydrogen ions between the d i f f e re n t  forms of  carbonate and the solu­

t ion  and the re la t i v e  concentrat ion of  the d i f f e r e n t  species w i l l  depend 
on

4oe> 

fo  

o

Besides the ions o f  the carbonate system, there are other ions that  
can react wi th H+: OH and H2B03 . The to ta l  charge o f  a l l  ions reac­
t ing  wi th H+ is the a l c a l i n i t y ,  expressed in meq/kg. In sea water the
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a l c a l i n i t y  is  due p r i n c i p a l l y  to HCO^, but small qua n t i t i e s  o f  carbonate 
and d i f f e r e n t  forms o f  bor ic  acid are also present.

The Deffeyes diagram shows the to ta l  concentrat ion o f  CÔ  as a funct ion 
o f  a l c a l i n i t y .  I f  we consider a mass o f  sea-water wi th an a l c a l i n i t y  A 

and we add CO,,, the concentra t ion of  CG2 w i l l  increase but a l c a l i n i t y  w i l l  
remain the same since C02 is not charged. In the diagram the point  w i l l  
go to the r i g h t .  I f  we add 1 mmole of  HC03 to 1 kg o f  sea water the to ta l
concentrat ion o f  C0 2 and a l c a l i n i t y  w i l l  increase by 1 : the po in t  w i l l

move over an angle o f  45 ° wi th the hor izontal  ax is .  F i n a l l y ,  i f  we add
carbonate at  the rate of 1 mmole/kg, the concentrat ion o f  C0 2 w i l l  increase

with one and a l c a l i n i t y  w i th two, and the point  w i l l  be displace a t  an 
angle c

Consider now the in f l u x  o f  f resh water. Since water evaporates,  the 

net e f fe c t  w i l l  be an increase o f  HCC^. In the diagramme, the composi­
t ion  w i l l  change. The process which counters t h is  is  the p re c ip i t a t io n  

of  calcium carbonate by organisms. However, the cycle can not be comple­

ted since a l c a l i n i t y  decreases with a 2:1 rate.  When the i n i t i a l  a lca- 
1i n i t y  is reached, there w i l l  be an excess of  CO^. To complete the cycle 

th is  excess of  CÔ  has to be returned to the atmosphere, where i t  d i s s o l ­
ves in ra in  water, wi thout a l c a l i n i t y  change. When t h i s  ra in  f a l l s  on 
earth,  the CO^-charged water w i l l  react  wi th rocks forming bicarbonates

[ a ]  = [HC0 ~]  + 2 I c o | " 3  + [h2BO'3+ (oh- )  - [h +]

A

CO,, + Ĥ O ^2^3

H2C03 + CaC03 wfc. Ca2+ + 2HC0"
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Under the surface o f  the sea and fa r  from land,  there is no in f l u x  
of  b icarbonate from r iv e rs  and no exchange o f  C0 2 w i th  the atmosphere, 

( ^ i a r i n e  organisms in te ra c t  wi th the carbonate system in two ways: plants 
u t i l i z e  C02 f o r  the synthesis of  organic matter and animals respi re  o r ­
ganic mat ter to  form CO^. Respirat ion cont inues at  a l l  depths and w i l l  
increase the C02 concentrat ion.  CaC03 p re c ip i ta te s  in the c e l l s  and ske­

letons o f  marine organisms.
Sea water contains about 20 meq/kg o f  Ca++ and 2.3 meq/kg o f  HCÔ  .

In deep water,  there is a l i m i t  below which CaCÔ  disappears. This l i m i t  
is  the snow l i n e ,  because at  t h is  depth (4.2 km in the Pac i f ic  and 4.7 km 

in the A t l a n t i c )  the skeletons of  marine organisms no longer cover the 
sediments. Because of  higher C02-concentrat ions in  deeper water, due 
to animal r e s p i r a t i o n ,  pH is  lower, and higher pressure and lower tem­

perature increase the s o l u b i l i t y  o f  calcium carbonate as w e l l .

4. The redox po ten t ia l

Besides the concentrat ions and nature o f  the p r inc ipa l  ions and 

the a c i d i t y  o f  sea water, the redox potent ia l  is  also a fundamental 

c h a ra c te r i s t i c  of  the chemical state of  the oceans.
A l l  chemical reactions implying change in the oxydat ion-reduct ion 

state o f  an element can be considered as the re s u l t  o f  two h a l f - reac ­
t ions .  As an example:

'2  Fe° + 3/2 02 Fe203

Oxydation: 2 Fe0 —» 2 Fe^+ + 6e 

Reduction: 3/2 02 + 6e —» 3 0^

Since every oxydat ion-reduct ion react ion impl ies the t ransport  of  e lec ­

t rons,  one can imagine that  the react ion creates an e l e c t r i c  tension

(a po ten t ia l  d i f fe rence ) :

In general one can w r i te :

Ox + ne a *  Red 

K = CRed]
[ 0x ] [ne ]

log K = log [Red] - log [0x ]+  npE 

pt = i  log K .  i  log
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This quan t i ty  is re la ted to the redox potent ia l  as:

pE = — ^ --------  at  25 °C ( ,  / ¡¡T/r )
0.05915 ¿ -* Kl/h

The redox-potent ia l  f o r  sea-water is  determined by the concentrat ion of  
oxygen. The h a l f - reac t ion  to consider i s :

02 + 4 H+ + 4e~ 2 H20

with log K = 83.1

A l l  react ions in  sea-water tha t  involve á t ranspor t  o f  e lectrons 
are con t ro l led  by th is  h a l f - c e l l  and the Eh (or pE) is  f ixed  since 
the conentrat ions of  oxygen and the pH are determined:

log K = 2 log £h20 ] -  log Pq - 4 log[H+J -  4 log [e ]

83.1 = - .0.01 X 2 + 0.69 + 8.1 x 4 + 4 pE
pE = 12.5

Sea-water is a very oxydizing so lu t ion  and many elements e x i s t  in sea­
water in t h e i r  maximum oxydation s ta te .  In anoxic basins or in sediments

the Eh may decrease however.



V e rt ica l zonation in  the ocean

j j g n t j s  absorbed in the f i r s t  few to at  most several hundred meters 
o f  the water column. The r e s t r i c t i o n  of  photosynthet ic processes to 
the t h in  surface layer  of  the ocean and the subsequent deplet ion of  t h is  
layer in nu t r ien ts  create a f i r s t  important v e r t i c a l  zonation.  Al l  l i f e  

beneath the euphotic zone is  heterotrophic and depends on organic matter 
fonned in the surface layer  (wi th the exception o f  l i f e  depending on 

chemosynthesic primary product ion) .  The input o f  organic matter in dee­
per parts o f  the ocean c le a r l y  depends on surface p ro d u c t i v i t y  and on 
depth since the organic mater ia l  is constant ly being used as i t  rains 
down.

Another important gradient  is  that  o f  temperature¿ An upper layer 
o f  warm water f lo a ts  on a cold ocean. Water wi th a temperature above 
10 ‘'C occupies only 10 % of  the to ta l  ocean volume. The mean tempe­
r a t u r e  o f - thp  p n t . i r p  nr.ean is 3.5 ° f  ( t h e  average s a l i n i t y  i s (34 .7 

Typical temperature p ro f i l e s  f o r  low, mid and high la t i tudes  are shown 

below:
4 0lo

See

•«
In the t rop ics  there is an isothermal surface layer  ranging from 10 

to 200 m in thickness. Temperature in t h is  zone ranges between 15 
and 30 -C depending on season ana la t i tu d e .  In a zone below th is
extending between 300 and 1000 m depth, temperatures f a l l  rap id ly  
to values near 5 °C, then in the rest  of  the water column the tem­

perature decreases slowly to levels between 1 and 2 CC at 4000 m 

depth, the mean depth of  the oceans.
The surface layer which is  mixed by the wind becomes th ic k e r  in 

w in te r ,  espec ia l ly  in middle la t i tu d e s .  The mixed layer  is  separa­

ted from cooler waters by the seasonal thermocl ine,  which may pers is t  
through most of  the year in subtropical  regions. The zone between 300 

and 1000 m is  knowns as the permanent thermocl ine. In temperate waters 
the thermocl ine beneath the mixed layer develops only in summer. In
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the polar regions there is no longer development o f  thermocl ines and there 
is l i t t l e  change in temperature from top to bottom.

$  Density o f  sea water depends on pressure,  s a l i n i t y  and temperature.
The pressure increases with about 1 atm per 10 m (see p. ) but since 
marine animals have near ly the same compressibi1 i t y  as the sea they 

w i l l  change in densi ty a t  the same rate as the sea. Gases are highly 
compressible and animals tha t  depend on a g a s - f i l l e d  f l o a t  f o r  neutral 

buoyancy have evolved means o f  regulat ing t h e i r  densi ty  against  changes 
of pressure. Changes in pressure have e f fe c ts  on the a c t i v i t i e s  and 

enzymes systems of  marine organisms and some deep-sea organisms appear 

to  be sens i t i ve  to pressure changes because o f  t h i s .

Di f ferences in s a l i n i t y ,  temperature and densi ty  character ize d i f f e ­
rent water masses occupying cha rac te r is t i c  depth zones in the oceans.

*  The deepest water is  formed in the A n ta rc t ic .  During the winter the 
surface waters around Antarc t ica  become colder and s a l t i e r ;  over the 

she l f  o f  the Weddell Sea the temperature may go down to -1.9 °C 
and the format ion o f  sea ice leads to a r e l a t i v e l y  high s a l i n i t y  of  

34.6 %0. This water has a high densi ty of  1.D279 and, a f t e r  mixing 
with c i rcumpolar water,  i t  sinks down the cont inenta l  slope and flows 

away form Antarc t ica  over deeper reaches o f  the ocean f l o o r .  This is 
the An ta rc t ic  Bottom Water and i t  moves northward and eastward into the 
basins of  the three oceans. In the A t la n t i c  t h is  water has been traced 
as fa r  north as 40 CN, about the la t i tu d e  o f  Spain.

Surface waters o f f  An ta rc t ica  are dr iven clockwise round the c o n t i ­

nent as a broad west wind d r i f t .  Due to the c o r i o l i s  fo rce th is  wa­
te r  is  de f lec ted to the nor th.  Over souther ly reaches the propert ies 

o f  An ta rc t ic  Surface Water, which has a thickness of  100 to 250 m, vary 
wi th the seasons, but during t h e i r  d r i f t  north these waters absorb sum­

mer heat and at la t i tudes  between 60 0 and 50 °S temperatures are close 

to 2 °C and s a l i n i t i e s  below 34 %0S. Between these la t i tud es  and along 
a narrow circumpolar f ro n t  ca l led  the An ta rc t ic  Convergence, Antarct ic 
Surface Water meets Subantarctic water of  higher temperature and begins 
to s ink.  On the way down i t  mixes strongly wi th deeper and warmer waters 

that  are r i s in g  above An ta rc t ic  Bottom Water, and, a f t e r  f ind ing  i t s  
level  at  about 1000 m, continues north as An ta rc t ic  Intermediate Water.

In the A t la n t i c  t h is  water mass crosses the equator in the west. North 
o f  the equator a smal ler  intermediate water mass is  formed by the sinking 
o f  Mediterranean water to 1000 m or more as i t  f lows in to  the A t la n t i c .
The warm deep water is not formed in the Southern Ocean but fa r  to the 

north in the surface waters of  the North A t la n t i c ,  South o f  Greenland
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a t  about 60 °N r e l a t i v e l y  sal ine waters tha t  are c h i l l e d  in winter  sink 
and the f low south between 1500 and 4000 m as the very voluminous North 
A t la n t i c  Deep Water Mass.

o
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North o f  the An ta rc t ic  Convergence at  about 40 °S there is a second 
circumpolar f r o n t ,  the Subtropical Convergence, where cool Subantarctic 
Water meets a warmer mass o f  water. Over a broad f ro n t  water sinks to 

levels between An ta rc t ic  Intermediate Water and the surface mixed layer 
to form South A t la n t i c  Central Water. North A t la n t i c  Central Water is 

forped along another broad f ron t  at  about 40 °N in the northwestern 

A t la n t i c .  These A t la n t i c  Central Waters, which extend to depths of  300m 

on e i th e r  side o f  the equator and deepen to 600-900 m at m id - la t i tudes  
have temperatures between 17 and 7 DC and s a l i n i t i e s  from 36.5 to 34.5 %0.

The Southern Subtropical  Convergence is also the southern boundary of  

the A t l a n t i c ,  Indian and Pac i f ic  Oceans. The rest  o f  the ocean is formed 
of  seas. An ta rc t ic  Bottom Water and An tarc t ic  Intermediate Water also 

penetrate in to  the P a c i f ic  and Indian Oceans. In the northwestern Indian 
Ocean there is an intermediate water that  f lows out o f  the Red Sea. There 
are also two deep-water masses formed in the Indian Ocean: North Indian 
Deep Water forms in the Arabian Sea from Red Sea water; a f t e r  mixing with 

An ta rc t ic  Intermediate Water and Bottom Water i t  is  transformed into 

South Indian Deep Water. The Central Water Masses o f  the South Paci f ic  

and South Indian Ocean a r ise  at  the Southern Subtropical Convergence. Be­
tween the Central Water Masses of  the Pac i f ic  and north o f  the Central 
Water of  the Indian Ocean there is a vast Equatorial Water Mass which has 

no counterpart  in the A t la n t i c  Ocean.
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With the d i f f e r e n t  water masses pelagic organisms are disposed in horizon 
ta i  s t ra ta  in the ocean. Pe lag ic  organ isms may range in size from bacter ia 

to the la rges t  whales. Plankton consists o f  d iverse organisms tha t  are 
non-mot i le or have l im i te d  powers of  movement and d r i f t  wi th the sea. Bac- 
te r iop lank ton  and phytoplankton are microscopic forms, whereas the Zooplank­
ton may range from the m i l l im e t re - long  icopepods to large je l l y f i s h e s  over 
a metre in diameter. The most ubiqui tous forms are copepod crustaceans: 

other important groups are cnidar ians,  ostracod crustaceans, pteropod mol­
luscs,  arrow worms and pelagic tun ica tes .

Members o f  the ^jek to^  have s u f f i c i e n t  powers o f  locomotion to make t h e i r  

way against  cur ren ts .  Cetaceans, seals,  t u r t l e s ,  f ishes and squid are 
c lass ic  forms o f  nektonic animals. There is  o f  course some overlap wi th 
the plankton: the commonest deep-sea f ishes belong to  the genus Cyclotho­

ne and the smal lest  species range from 25 mm to 50 mm in length.  Several 
species o f  euphausiid shrimps f a l l  w i th in  t h is  size range or even exceed 

i t ,  yet  they are considered planktonic animals.
Animals tha t  move or f l o a t  on the sea surface have the c o l le c t i v e  name 

of pleuston. The movers are water s t r i d e r s  (Halobates) of the insect 
order Hemiptera. The f lo a te rs  have some kind o f  g a s - f i l l e d  buoyancy cham­

ber and include cnidar ians ( Physa!ia, V e le l l a , P o rp i ta ) and nudibranch mol- 
lusks (Glaucus) . Organisms that l i v e  in the uppermost few centimeters 
of  the sea form the neuston. There are bac te r ia ,  t i n y  species of  phytoplank 

ton (nanoplankton) and diverse planktonic animals.  in subtropical  and 
t rop ica l  regions many members of the neuston are suf fused with blue or pur ­

ple pigments.
The uppermost waters of  the open ocean are known as the epipelagic zone, 

which extends to about 150m depth, and is  roughly equal to the euphotic zone 
In very c lear  ocean water blue-green rays may penetrate to 1200 m depth 

and th is  l i m i t s  the mesopelagic zone (or d isphot ic  ione) .  In subtropical  
and t rop ic a l  waters the mesopelagic zone zone contains the main thermocline 
but everywhere below th is  zone temperatures at  a given level are v i r t u a l l y  

uni form and range between 5 CC and negative values. The bathypelagic zone 
is thus uni formly  cold and dark (except fo r  bioluminescence).  At depths 

below 1000 m there is a d i s t i n c t  bathypelagic fauna of  calanoid copepods. 
Lan te rn - f i shes, most o f  which migrate da i ly  between dayt ime-levels and 

the surface a t  n igh t ,  are c lass is  mesopelagic f ishes .  The mesopelagic 
zone is  f u l l  of  luminous animals. Below 1000 m bioluminescence is much 
less f requent and the d i v e r s i t y  and biomass of  pelagic l i f e  are much redu­

ced in the bathypelagic compared to the mesopelagic zone.
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In the deeper parts of  the bathypelagic zone, below 4000 m, there seems 
to be a d i s t i n c t  abyssopelagic fauna, wi th members of the copepod fam i ly  
Spinocalanidae. Species of  t h i s  fam i ly  also l i v e  near the sea-bottom 
as pa r t  of  a bentho-pelagic fauna (hyperbenthos).

About 98 % o f  a l l  marine species are benthic.  The benthic domain 
is also s t r a t i f i e d  according to  depth and zones may be d is t inguished 
according to the t yp ica l  features of  the ocean f l o o r .  Benthos may be 
d is t ingu ished in to  the infauna, animals l i v i n g  in  the sediments, and 

the epi fauna, cons is t ing  of  animals l i v i n g  and moving on the sediments 
or hard substrates o f  the sea bottom.
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Primary Production in the Sea

1. Autotrophic  processes

In the open ocean there are algae and some bacter ia which can synthe­
size high-energy organic compounds from low-energy inorganic compounds 

such as water and carbon d iox ide.  The source o f  energy f o r  these organisms 

is  e i t h e r  l i g h t  or chemical energy der ived from the ox ida t ion  of  inorganic 
compounds. Such organisms are cal led au to t roph ic ,  since they do not requ i ­

re organic mater ia l  as a source o f  energy.
Besides algae and bac te r ia ,  vascular plants may be important producers 

o f  organic mater ial  in coastal areas (sea grasses, mangroves).

The amount of  organic mater ia l  produced by these organisms is ca l led  
primary product ion;  primary production per u n i t  t ime and u n i t  volume (or 

surface) is ca l led  primary p ro d u c t i v i t y .

1.1. Photosynthesis

The fundamental re la t ionsh ip  governing the photosynthet ic process can be 
summarized in the fo l lowing equation;

C02 + 2 H?A — ► CH20 + 2 A + H2Q

Reduced compounds such as H20, H^, H^S, and some organic compounds
may be used as the H-donor in H^A, but only l i g h t  is  used as an energy source.

¿'he photosynthetic process can fu r th e r  be described by three d i f f e r e n t  
steps; 1 ) captur ing l i g h t  energy and t rans fe r r ing  the energy in to  chemical 

forms; 2 ) changing the chemical forms in to  another su i tab le  chemical form 
fo r  biochemical react ions (ATP and NADPH); 3) f i x in g  C02 using ATP and 
NADPH produced in the former steps.

Photosynthetic algae require Ĥ O as the H-donor and the previous equa­
t ion  can be rewr i t ten  as;

co2 + 2 h2o —  ch2o + o2 + h2o

This process requires ca. 112 kcal per mole o f  carbohydrate formed. The 
energy is  derived through the absorption o f  l i g h t  by photosynthet ic p ig ­
ments, which absorb the l i g h t  mainly in the v i s i b l e  region from 300 to
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720 nm, Each photosynthet ic pigment has a d i s t i n c t i v e  photon or quanta 
absorpt ion c h a ra c te r i s t i c  depending on t h e i r  molecular s t ruc tu re .  Each 

group o f  organisms contain ch lorophyl l  a and several accessory pigments 
in the thy lako id  membranes in  the ch loroplasts  in the c e l l .  In bacte­
r i a ,  including the cyanobacteria or blue-green algae, there are no i n t r a ­
c e l l u l a r  organelletand thy lako id  membranes are suspended d i r e c t l y  in the 

c e l l .  The 1ight-absorpt ion  spectra are d i f f e r e n t  f o r  each algal  group 
depending on the pigment systems present.

Two separate photocheuical react ions occur wi th ch lorophy l l  abased 
on l i g h t  absorption at  two wavelengths, 670 and 680 nm. The energy ab­
sorbed at  the longer wavelength is  used d i r e c t l y  f o r  photochemical reac­

t ions  or emitted as f luorescence (a t  730 nm). Energy absorbed a t  the 
shor ter wavelength is  t rans fe r red  by the accessory pigments to chlorophyl l  
a before being used or emit ted as f luorescence (a t  684 and 695 nm). The 

energy accepted by both types o f  chlorophyl l  a is used f o r  photochemical 

react ions in two photosynthet ic systems, I and I I ,  These two systems 
are conjugated by a ser ies o f  e lec tron t rans fe rs ,  invo lv ing quinone and 
cytochrome. System I is mainly involved in elec tron t rans fe rs .  The 
photosynthet ical react ion catalysed by pigment system I I  1 ibera tes oxy­

gen from water and t ransfe rs  electrons to plastoquinone. The energy 
t ransfe r red  for the two photochemical react ions is  used fo r  the reduct ion 

of  NADP and the photophosphorylation of  ADP. These reactions are ca r ­
r ied out in the l i g h t  and they are referred to as the l i g h t  reac t ion .

The reducing power of  NADPH and the energy of ATP promote the reduct ion 

of  CC>2 and produce carbohydrate as well  as synthesizing proteins and f a ts .  
These reactions are car r ied  out in the dark and are referred to c o l l e c t i v e ­

ly  as the dark react ion .  The metabol ic processes o f  the dark react.inn 

are known as the Ta lOlfl-tjjnso'n eye l e . In t h is  cycle the f i r s t  product of  
CÔ  ass imi la t ion is the three-carbon compound 3-phosphoglyceric acid. 

Recently another pathway has been found, the Hatch-Slack pathway, in which 

the f i r s t  product o f  CO^-assimi lat ion is the four-carbon compound oxaloace­
t i c  acid.  Plants wi th the Hatck-STad< pathway are cal led C4-plants,  

p lants w i th  the Calvin-Benson pathwayvOj-plants.

The basic photochemical react ion of  photosynthesis is  car r ied  out by
photons: four photons (quantum energy) are required to produce one mole
of ATP and NADPH. Since the quantum energy E is a funct ion of  the wave

-34length (E = hv = h c / \  wi th h = 6.63.10 J/sec,  v = frequency and X -  
wavelength) the shorter wavelength photon has more energy. The actual

o
energy requirements w i l l  be much greater in the react ion wi th the short 

°)  o f  a react ion requ i r ing  four  photons
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wavelength than w i th  long wavelength l i g h t .  The e f f i c ie n c y  o f  quantum energy 
t ran s fe r  from pigments to photosynthet ic systems is  not always the same. The 
t ran s fe r  e f f i c ie n c y  can be est imated from the quantum y i e l d :  the number of  
moles o f  COj f i xed  by one photon o f  l i g h t  absorbed by the pigments.

The actual  l i g h t  u t i l i z a t i o n  spectra of  algae can be obtained by combi­

ning the l i g h t  absorpt ion o f  i n ta c t  c e l ls  w i th the quantum y ie ld :  one then 

obtains the act ion  spectrum. The act ion spectrum is  considered to show the 
photosynthet ic l i g h t  u t i l i z a t i o n  e f f i c ie n c y  o f  a c e l l  and is  one o f  the im­

portan t c h a ra c te r is t i c s  o f  a species since i t  determines the a b i l i t y  of  phy­
toplankton to adapt to  d i f f e r e n t  l i g h t  regimes in  the ocean.

Marine algal  groups have been c la s s i f ie d  in to  three pigment types:

1 ) ch lo rophyl l  a and b type f o r  green and euglenoid algae; 2 ) chlorophy l l  
a, c and carotenoid type f o r  diatoms, d in o f la g e l1 ates and brown algae 

and 3) ch lo rophyl l  a and phycobi l in  type fo r  red algae and cyanobacteria.
The r e la t i v e  ac t ion spectra o f  the three types are shown below:

nm

-.The chlorophyl l  a , b type shows ac t ive  photosynthesis around 435 and 765 nm.
-The chlorophy l l  a,c and carotenoid type has a s im i la r  act ion spectrum but 

the minimum occurs around 580 nm instead of  550 nm. The chlorophyl l  a, 

phycobi l in type has a ra ther  low photosynthet ic ra te  in blue and red l i g h t  
and three d i s t i n c t i v e  peaks between 500 and 560 nm due to the phycobi l ins .

The f i n a l  product of  photosynthesis is carbohydrate.  This means that  
the photosynthet ic quo t ien t  expressed as the r a t i o  o f  evolved 0^ to absor­
bed CÔi is close to un i ty ,  ( f o r  proteins i t  is 1.25 and fo r  l i p i d s  1.43). 

Photosynthetic products are p a r t l y  consumed by basic resp i ra t ion  in the 
mitochondria.  Respirat ion takes place both in the l i g h t  and in the dark 
but can only be detected in the dark. Measurement o f  phytoplankton res­

p i ra t io n  in the open ocean is  p r a c t i c a l l y  impossible.  An average f igure 
fo r  resp i ra t ion  w i l l  be around 10 % o f  maximum photosynthesis Pmax- When 
f la g e l l a te s  are abundant, somewhat higher f igures have been found in c u l ­

tu res ,  between 35 and 60 % o f  Pmax
Respirat ion increases in l i g h t  due to add i t iona l  basic resp i ra t ion
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in  the mitochondria and to pho to resp ira t ion ,  which is  the l ight-dependent 
O^-uptake tha t  occurs in photosynthet ic c e l l s .  Oxygen competes wi th 

CÔ  to combine with r ibu lose  biphosphate. When th is  succeeds, the r i -  

bulose biphosphate s p l i t s  to  form one molecule o f  phosphoglyceric acid 
and one o f  a two carbon compound, phosphoglycol l ic  acid ( g l y c o l l a t e ) . 
G lyco l la te  can be broken down to form CÔ  again,  and some g lyco l la te  
produced is l o s t  from c e l l s  by exudation.  In most cases g lyco l la te  

is  the major photosynthet ic product exudated by marine algae and i t  is 
also the major source o f  pro te in  synthesis.  High 02 concentrations 
and temperature,  pH and l i g h t  in te n s i t y  favour increased photorespira­
t i o n .

1.2. The l i g h t  environment in the oceans

The quan t i ty  and q u a l i t y  of  l i g h t  in the sea f lu c tu a te s ,  sometimes 

g rea t ly ,  depending on t ime, space, weather cond i t ions ,  angular d i s t r i ­

but ion.  The v i s i b l e  l i g h t ,  between 300 and 760 nm wavelength, is the 
most important f r a c t io n  f o r  many b io log ica l  aspects.of  the sunl ight  

reaching the ear th .  The energy required by algae is  r e s t r i c te d  be­
tween 300 and 720 nm. The to ta l  rad ia t ion  a t  th is  wavelength is  c a l ­

led photosyntnet ical ly ava i lab le  rad ia t ion (PAR).
The q u a n t i ta t i v e  assessment of  l i g h t  is done by in te n s i t y  measure­

ments in three d i f f e r e n t  ways: 1) i l lu m ina t ion ,  2) energy and 3) quanta. 
I l lu m ina t ion  is  the in d ica to r  o f  brightness which only includes the v i ­
s ib le  por t ion of  the energy spectrum.and is  defined as f l u x  per un i t  

area. The basic u n i t  is the candle, which is  the in te n s i t y  of  a stan­

dard l i g h t  detected by a standard observer who has a d i s t i n c t i v e  sensi­
t i v i t y  f o r  d i f f e r e n t  wavelength luminosi ty fac to rs ;  highest s e n s i t i v i t y  
is at  555 nm and becomes less sens i t i ve  towards the longer and shorter 
wavelengths, over the to ta l  spectrum. The luminous f lu x  per un i t  

area is defined fo r  i l lu m in a t io n  as 1 in te rna t iona l  candle on 1 m2 is 
1 lux .  The i l lu m ina t ion  measure is  a convenient measure f o r  biological  

problems in the sea, but one should remember tha t  precise comparison of  

i l lu m in a t io n  un i ts  is only va l id  f o r  the same type o f  l i g h t  source used.

Energy un i ts  f o r  1i g h t - i n t e n s i t y  measurements apply f o r  the whole ener­
gy spectrum, including UV and IR, and are expressed by un i ts  such as 

watts.sec or Joule (1 J = 4.185 cal = 4.185 wa t t .sec ) .  The energy f lux  
wi th dimensions of  un i ts  time and area is most useful  f o r  b io logical  
purposes { cal /cm2= lang ley) .  The measurement o f  l i g h t  is en t i re ly  
dependent on the q u a l i t y  (spectral  d i f fe rences) .  When an energy un i t  
is  used fo r  b io log ica l  events,  the l i g h t  source should always be speci­



f i e d  as well  as environmental cond i t ions,  such as the thickness o f  the 
water.  Only a rough conversion from an i l lu m in a t io n  u n i t  to  an energy 
u n i t  can be made: 1 lux is  approximately 6 . 1 0  6 ly /min f o r  the sun l igh t  
a t  the sea sur face,  approximately 8 6 . 10~8 ly /m in fo r  a tungsten lamp 
and approximately 5.10 8 l y /m in  fo r  a white f luorescent  lamp.

The measurement o f  l i g h t  in quanta measures the number o f  photons

o f  a p a r t i c u l a r  energy which is  related to the wavelength: 1 cal =
15 ° -Q ° 92.11.10 .A quanta = 3.50 x 10 A einsteins wi th A the wavelength

“ 10 °  in 10 m. In the range o f  v i s i b l e  l i g h t ,  between 4000 and 7500 A,
the average energy o f  each photon a t  the average wavelength o f  v i s i ­
ble l i g h t ,  5500 A, is 1 e in s te in  = (2.86 x 108 )/550D = 52 .1D3 ca l .

Changes o f  the incoming l i g h t  in the atmosphere have already been 
described (see r a d ia t i o n ) .  Some solar energy is  lo s t  by t rue r e f l e c ­
t ion  and by sca t te r ing  from p a r t i c le s  ( includ ing foam) a t  the sea 

surface. The actual  value f o r  surface varies considerably wi th con­
d i t i o n s  o f  sea surface and sun angle: on a f ine  day in  the sunmer, wi th 

a sun angle o f  30 the surface loss would be only a few percent un­
der cond i t ions o f  complete calm. This value increases to 5-17 % wi th 
l i g h t  winds and to over 30 % f o r  moderate to strong winds. As the sun 

angle decreases to 10 %, r e f l e c t i o n  increases rap id ly  to 30 % and more.
A mean value o f  15 % f o r  t o t a l  surface losses may be used.

L igh t  penetrat ing the water is  reduced by se lec t ive  absorption and 
sca t te r ing  due to the seawater i t s e l f  and dissolved and suspended matter 

in the water. The reduct ion o f  l i g h t  in the water column can be ex­

pressed in  terms o f  the v e r t i c a l  ex t inc t ion  c o e f f i c ie n t  k (also ca l led
» . t m ■ -  — ------ « .U H  '

at tenuat ion c o e f f i c ie n t )  g iven/by 1^ = I Qe with i Q the incoming l i g h t  

in te n s i t y  and 1^ the l i g h t  in te n s i t y  at  depth d. The value o f  k 
var ies wi th the wavelength being large fo r  u l t r a v i o l e t  and in fra red 

l i g h t  (0.033 m '' at  425 nm, 0.018 m  ̂ at  475 nm and 0.288 m  ̂ at  650 
nm fo r  pure water) .  In c lear  oceanic water blue-green l i g h t  (maximum 
around 480 nm) can only penetrate to any appreciable depth. However, 
under tu rb id  condi t ions due to pa r t icu la te  m a te r ia l ,  blue l i g h t  is 
s e le c t i v e l y  scattered and the spectral  peak of  t ransmit ted l i g h t  is 

moved towards the red (maximum a t  ca. 550 nm).
The e x t in c t io n  c o e f f i c i e n t  in the water column can be defined as 

k = + + wh^ re the are possible d i f fu s io n  and scatte r ingW p b
due to suspended p a r t i c l e s ,  water and dissolved matter.  For b io log ica l  
purposes the average e x t in c t io n  c o e f f i c ie n t  k ‘ in the wavelength of  
PAR is probably the most p r a c t i c a l .
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A summary of  the condi t ions o f  l i g t h  in the sea and i t s  c r i t i c a l  l im i t i n g  
e f fe c ts  i s  given in the p ic tu re :

Terms used in  deep bodies o f  water f o r  zones based on the l i g h t  fac to r  
are: the euphot ic zone, where s u f f i c i e n t  l i g h t  f o r  photosynthesis occurs; 
the d ispho t ic  zone, wi th i n s u f f i c i e n t  l i g h t  f o r  photosynthesis but s u f f i ­

c ien t  l i g h t  f o r  animal responses and the aphotic zone with no l i g h t  of  

b io lo g ic a l  s ign i f icance  from the surface. The actual  depth l im i t s  of  
these zones vary widely according to t ransparency.

Measurement o f  solar  rad ia t ion  a t  the sea surface is  done with 
d i f f e r e n t  instruments ( pyranometers, photometers). Instruments to 

determine underwater rad ia t ion  also e x i s t .  A very ear ly but s t i l l  

widely used method is the Secchi d isk reading, which is related to 

e x t in c t io n  as k l = 1 -7/D£ , wi th D$ the depth at  which the Secchi disk 
becomes i n v i s i b l e .

1.3. The e f fec ts  o f  l i g h t  on photosynthesis

L igh t  in te n s i t y  st rongly  a f fec ts  the rate of  photosynthesis (usual ly
expressed as mg C/mg Chi a /h ) .  Methods f o r  measurement e i the r  involve
measurement o f  the carbon dioxide taken up or  the oxygen produced per 

14u n i t  t ime. The C-method is usual ly used f o r  the measurement of CÔ
uptake but some doubts ex is t  as to i t s  in te rp re ta t io n .  I f  the loss

14of dissolved organic carbon is smal l ,  the C-method w i l l  approach 

net photosynthesis. Production estimates based on 0^ production can 
be made with an oxygen electrode or the Winkler t i t r a t i o n  technique.

The photosynthesis versus 1ig h t - i n t e n s i t y  curve is usually of  the 
fo l low ing  form:

> is mnor > c
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?

X
Photosynthesis increases with increasing l i g h t  in te n s i t y  up to some 

asymptotic value Pm=v where the system becomes l i g h t  saturated. The two
IN G A

most important propert ies are the slope U P /ù I )  and P (also ca l led  themâ x
ass im i la t io n  number). The i n i t i a l  slope is  a funct ion o f  the l i g h t  reac­
t i o n  and not usual ly af fected by other f a c to rs .  I t  has been def ined as 

the quantum y ie ld :  the number o f  moles of  oxygen evolved (or  carbon in co r ­

porated) per un i t  l i g h t  in te n s i t y  ( in  e ins te ins ) .  The maximum value fo r  
the quantum y ie ld  is about 0.125 mole oxygen per eins te in  absorbed. The 

minimum quantum requirement in order to produce 1 mole of  oxygen is 8 e i n ­
s te ins .  Considering 112 kcal per mole of organic carbon and 570 kcal of  

8 e ins te ins  at  400 nm, the e f f i c ie n c y  o f  photosynthesis is about 20 %.

The quantum y ie ld  in nature w i l l  be usual ly  lower because accessory p ig ­
ments sens i t i ze  photosynthesis less e f f i c i e n t l y  than chlorophy l l  and 

because the quantum y ie ld  depends on the physiological  and growth stage 

o f  the p lan t .  A y ie ld  of  0.06 mole CÔ  per e ins te in  has been suggested 
f o r  natural healthy populations,

P i s a  funct ion o f  the dark react ion .provided no environmental fac -
iïlû X

to rs  are causing photosynthet ic i n h i b i t i o n .  I f  other environmental f a c ­

tors are operative Pm=u becomes a funct ion  of  the i n h ib i t o r .  As a com-
lu a  X

binat ion of  the i n i t i a l  slope and P we can use I. , the l i g h t  in te n s i t y
ina x k

of an extension form the i n i t i a l  slope and Pv max
The f igu re  above also shows the d i f fe rence between to ta l  or  gross pho­

tosynthesis  P^ and net photosynthesis Pn , equal to minus resp i ra t ion .
An approximate Pn can be estimated d i r e c t l y  by the oxygen method because 

oxygen is  consumed by resp i ra t ion  a t  the same time as i t  is produced through 
photosynthesis.  When = R, = 0 and the system is at  the compensation 
po in t ,  w i th  l i g h t  in te n s i t y  equal to the compensation l i g h t  in te n s i t y  I c . 
The compensation point  is best determined on a 24 h basis and is in the 
range of  0.002 to 0.009 ly/min over 24h.
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In f i e l d  work the compensation depth can be approximated from the depth 
o f  1 % o f  surface ra d ia t i o n ,  which can i t s e l f  be approximated as three 
times the depth of  Secchi d isc v i s i b i l i t y .  Compensation depths may vary 

from a few meters in tu rb id  coastal waters to over 150m in t rop ic a l  areas.
Algal  resp i ra t ion  can be expressed as R = where r  is  a p ropo r t io ­

n a l i t y  fa c to r  cal led the loss f a c to r ,  which is around 0.1 f o r  phytoplank­
ton.

I f  l i g h t  in te n s i t y  increases above the point  where sa tura t ion  occurs, 
the P-I curve may show a depression in  photosynthet ic ra te .  This pheno­
menon is  ca l led  l i g h t  i n h ib i t i o n  or pho to inh ib i t ion .

Values of  the i n i t i a l  slope vary between 0.33 and 2.2 mgC/mg Chi a / l  y 
in cu l tu res  and between 0.14 and 2.2 (average 1.1) mg C/mg Chi a / l y  in 
natural  populations.  Some species are adapted to high and other to 

low i n te n s i t i e s .  Values o f  range from between 1.1 to 6.2 mgC/mg 

Chi a/h f o r  cul tu res  and 0.1 to 6.0 mgC/mgChla/h in natural  populat ions.

1.4. Nu tr ien t  and temperature e f fec ts

According to L ieb ig 's  law of  the minimum, the rate of  photosynthesis 
is determined by a s ingle l im i t i n g  fa c to r ,  the one of  which supply is 

m in imal. The p r in c ip le  is  shown in the f igu re  below:

Algae require C,H,0,N,Si,P,Mg,K and Ca in large amounts (macro-nutr ients)  

and Fe, Mn, Cu, Zn, B, Na, Mo, Cl ,  V and Co in small amounts (m ic ro -nu t r ien ts ) .  
Ni trogen and phosphorus may of ten l i m i t  p lant  growth during the summer or 
throughout the year in t rop ica l  and subtropical  waters. The uptake of  

carbon, ni t rogen and phosphorus by marine phytoplankton is general ly  found 
to be in the ra t i o  106:16:1, the Redfield number.

In the oceans, ni t rogen ex is ts  mainly as molecular ni t rogen and as 
inorganic sa l ts  n i t r a t e ,  n i t r i t e  and ammonia, and some organic ni trogen 
in amino acids and urea. The usual range of  concentrat ion of  these com­

pounds i s  0.01-50 pgat/1 f o r  n i t r a t e ,  0.01-5 pgat/1 f o r  n i t r i t e  and 0.1 
-5 pgat/1 f o r  ammonia, 0.2-2 pgat N/l f o r  amino acids and 0.1-5.0 pgat N/l 

f o r  urea. Saturation concentrat ions of dissolved ni t rogen gas are in the



range of  370-800 pga t /1 , depending upon s a l i n i t y .  Molecular ni t rogen 
is  f i xed  by cyanobacter ia,  espec ia l l y  Trichodesmium spp. in t rop ica l  wa­
te rs ,  and by bac te r ia ,  but most algae have no a b i l i t y  to f i x  i t  and must 
u t i l i z e  inorganic ni t rogen sa l ts  and organic forms. Algae general ly 
p re fe r  ammonia over n i t r a t e  or urea.

The processes involved in the uptake o f  n i t r a t e  by phytoplankton 

involve two steps. The ac t ive  uptake of  NOj from the water and the 
t rans loca t ion  across the c e l l  membrane is done by a f i r s t  enzyme sys­

tem. Within the c e l l ,  n i t r a t e  is reduced to n i t r i t e  by n i t r a t e  reduc­
tase.and to ammonium by n i t r i t e  reductase. Ammonium is incorporated 

in to  the amino acid pool via glutamate synthetase from glutamate.
Phosphorus occurs in sea water in three p r inc ipa l  phases: d i s s o l ­

ved inorganic phosphorus, dissolved organic phosphorus and p a r t ic u la te  

phosphorus. Phytoplankton normal ly s a t i s f y  t h e i r  requirement by d i re c t  
ass im i la t ion  of  dissolved inorganic phosphorus (orthophosphate ion) and 

sometimes by using dissolved organic phosphorus. Some coastal algae 

may use polyphosphates in presence o f  excess n i t r a t e .  Phosphorus absor­
bed in to  a ce l l  becomes par t  o f  the s t ruc tu ra l  component o f  a c e l l  (e.g.  
in poly-P-RNA) and is  in part  con t inua l ly  turned over in  the energet ic 

processes of  organisms e.g.  as ATP.
Diatoms and d ino f lage l la tes  take up a great amount o f  dissolved s i l  icon 

and deposi t  i t  as hydrated s i l i c a  to form t h e i r  valves.  The concentra­
t ions of  dissolved s i l i c o n  are general ly high in coastal and deep pelagic 

waters and low in surface waters away from estuar ies .
Nu tr ien t  uptake can genera l ly  be described by Michael i s -Menten k ine t ics

in which V is the rate  of  n u t r ie n t  uptake, V„ is the maximum rate of nu-m
t r i e n t  uptake, is the substrate concentrat ion at  which v = V̂ / 2  and

S is  the nu t r ien t  concentra t ion.  By p lo t t in g  S/v versus S a s t ra igh t
l i ne  is  obtained with an in te rcep t  on the abcissa equal to -K . The 

constant K re f le c ts  the a b i l i t y  o f  a species to  take up low concentra­
t ions  o f  a n u t r ie n t .  Ks-values are temperature dependent. Since

K$ is  also s trongly  dependent on Vm, the ra t i o  of  Vm/Ks is  used as 

an ind ica to r  o f  uptake e f f i c ie n c y .
In the case o f  s i l i c o n  the Si uptake does not s t a r t  from zero con­

cent rat ions  and the equation has to be modif ied to:

V  =  Vtn (S - S„)
Ks * (S - S0)



Under condi t ions o f  no n u t r ie n t  st ress,  n u t r ie n t  uptake rate shows a 
hyperbol ic r e la t io n  w i th  l i g h t  in te n s i t y ,  s im i la r  to the response common­

l y  observed in pho tosyn thes is / l igh t  re la t io ns .  N u t r i e n t / l i g h t  re la t ions  
can also be described by Michaelis-Menten k ine t ics  but qu i te  of ten there 
is a pos i t i ve  value f o r  n u t r ie n t  uptake even a t  zero l i g h t  in te n s i t y  
because some nu t r ien ts  are taken up in the dark,  and n u t r ie n t  uptake 
may be depressed at  b r ig h t  l i g h t  in te n s i t ie s .

Nutr ien t  uptake can take place without c e l l  d i v i s io n  but there are 
ind ica t ions  tha t  the h a l f - s a tu ra t io n  constants f o r  n i t r a t e  uptake and 

fo r  growth are very s im i l a r .  Growth then be w r i t t e n  as:
b

u -  ^max K + S
S

1.5. Chemosynthesis

Some micro-organisms can s a t i s f y  t h e i r  primary energy requirements 

by u t i l i z i n g  simple inorganic compounds, such as ammonia, n i t r i t e  or 
methane, or elements such as ferrous  i ron ,  hydrogen gas or even water- 
inso lub le  amorphous s u l f u r .  Since th is  process, chemosynthesis, 

usual ly involves carbon dioxide f i x a t io n  and the primary format ion 
o f  new pa r t ic u la te  m a te r ia l ,  i t  may be considered as a special form 
of primary production.

In general terms the chemosynthetic process can be expressed in three 

stages: 1) as the re s u l t  o f  dehydrogenation, high reducing power is pro­

duced as fo l lows :
dehydrogenase

AH? + H„0 -----*• AO + 4(H +e")
reducing power

2 ) a proport ion o f  the reducing power is  u t i l i z e d  f o r  energy 

production (ATP) by being t ransfe r red through the cytochrome system

to molecular oxygen. A second part  of the reducing power is  t ransferred 

to NAD to reduce i t  to NADH^.

4(H++e") + ADP + P + 02 ---- ► 2H20 + ATP

2(H++e~) + NAD — NADH2

3) the ATP and NADH2 are then used fo r  the ass im i la t ion  of  car ­

bon dioxide:

12 NADH2 + 18 ATP + 6 C02 —  C5H1206 + 6 H20 + 18 ADP + 18 P

+ 12 NAD.



The d i f f e r e n t  inorganic substances used by chemosynthetic bacteria 
are the sole source o f  energy and o f  reducing power.

Depending on the d i f f e r e n t  inorganic substrates chemosynthetic bac­
te r i a  are c la s s i f i e d  in to  several groups such as n i t r i f y i n g ,  s u l fu r ,  hy­
drogen, methane, i ron and carbon monoxide bac te r ia .  Most require f ree 
oxygen as the elec tron acceptor but f a c u l t a t i v e  or ob l iga te  anaerobes 

can use bound oxygen derived from su l fa te  or n i t r a t e .  Among the in o r ­

ganic substrates ava i lab le ,  ni t rogen and s u l fu r  compounds are r e l a t i v e ­
ly  abundant and widely d is t r ib u te d  in the pelagic environment. Reduced 

s u l fu r  compounds are present at  levels from 0 to 100 pgat /1 ( th iosulpha-  
te and po ly th ion a te s ) . Sulphides are usua l l y  not detectable in the 
open ocean but abundant in sediments.

Reduced inorganic substances are mainly produced through anaerobic 

metabol ic processes. Anaerobic environments, such as sediments, f jo rds  
and es tuar ies ,  create favourable hab i tats  f o r  chemosynthetical bacter ia .  
Chemosynthetic a c t i v i t y  in the open ocean can be estimated from carbon 

dioxide uptake in the dark.



pr imary production and depth

Since l i g h t  is rap id ly  at tenuated in the sea, production over the world

ocean is  due mostly to the phytoplankton populations inhab i t ing  the surface 
and near-surface layer .  Phytoplankton c e l l s  are mixed above and below the 
compensation depth (where product ion is  equal to resp i ra t io n )  , and exper ien­
ce an average l i g h t  in te n s i t y .  The depth a t  which the average l i g h t  in te n ­

s i t y  f o r  the water column equals the compensation l i g h t  in te n s i t y  is ca l led  
the c r i t i c a l  depth, i . e .  the depth at  which photosynthesis f o r  the water coli 
equals resp i ra t ion  f o r  the water column.

I f  the c r i t i c a l  depth is  less than the depth of  mixing, no net production 
can take place. Phytoplankton growth in a s t r a t i f i e d  water column is 

shown diagrammatical ly below:

Oust a f t e r  mixing, phytoplankton is  d is t r ibu te d  homogeneously in the 

water column, but the photosynthesis per u n i t  biomass is  d i f f e r e n t  a t  
each depth, wi th a subsurface maximum. As the biomass increases the 
e x t inc t ion  c o e f f i c ie n t  w i l l  increase and sel f -shading w i l l  occur. The 

compensation depth and the growth maximum w i l l  become shallower and 
a bloom at the surface w i l l  occur. Then as nu t r ien t  become exhausted

P ' iI f t  f



the depth o f  the maxima in phytoplankton biomass w i l l  deepen.

In very shal low areas s u f f i c i e n t  l i g h t  f o r  photosynthesis may reach the 
bottom and also plants in  i n t e r t i d a l  areas may cont r ibu te  to product ion.
On muddy shores the s a l t  marsh type of  environment may add s ig n i f i c a n t l y  
to marine product ion and in t rop ica l  regions the mangrove swamps are 
very extensive and high ly  product ive.

The more seaward areas of  mud f l a t s  have f lower ing plants r e s t r i c te d  

to a few genera which l i v e  completely submerged in shallow waters. These 
include Zostera , Ruppia, Posidonia, Cymodocea and Thalassia . Though 
t i d a l  f l a t s  and shal low water appear to be dominated by eel and t u r t l e  
grasses, c e r ta in  algal species may be present in  considerable abundance. 

Green algae and cyanobacteria are of ten abundant. Other major c o n t r i ­

butors to product ion in shal low water areas are microbenthic algae, most­
l y  diatoms.

Coastal shal low areas character ized by a hard substratum may have an 
extensive f l o r a  of  macroscopic seaweeds, which reach t h e i r  maximum abun­
dance in temperate and boreal regions of  the world. They can also be 

p l e n t i f u l  in associat ion wi th coral ree fs ,  espec ia l ly  the calcareous 
red algae. Many species of  red and green algae may be found, but the 
most obvious are brown algae. The vast m a jo r i ty  o f  seaweeds are f ixed  
to a substratum, but Sargassum may be found f l o a t i n g  f ree in the North 

A t l a n t i c .

Benthic seaweeds, submerged sea grasses and benthic micro-algae 
cont r ibu te  to  the enormous p rodu c t i v i t y  of  shal low coastal waters 
but the overwhelmingly important agent o f  primary production on the 
global scale is  the phytoplankton. D i f fe re n t  plan t groups occur 
in the phytoplankton. Coccoii thophor ids or calcareous f la g e l l a te s  

der ive t h e i r  name from the minute calcareous plates (cocco i i ths)  
that  form around them and which vary in size from 1 to 35 um.

They are known from Jurassic times onwards and are the main c o n s t i ­
tuent of  chalk deposits of  the Cretaceous. Even smaller  than the 
calcareous f l a g e l l a te s ,  which range between 5 to 25 pm, are the 
m ic ro - f la ge l la tes  which belong to several classes o f  algae. They 
have one or more f lage l lae  and many species contain green or yel low- 

brown pigments. They may be only 1-2 pm large.
D ino f lage l la tes  are considerably la rger:  most species f a l l  in the 

range 10 to  11)00 pm. There are two main groups, armoured and unar­
moured. Armoured species form a t ransparent wall  o f  ce l lu lose  that  
soon div ides in to  p la te le ts  pierced by minute holes. The c e l l  wall



of unarmoured species is  th in  and undiv ideo. There are two f l a g e l l a  and 
in many species one o f  them is  housed in a groove around the c e l l :  the 

other one is  attached so tha t  i t  t r a i l s  backward. The grooved f lage l lum 
ro ta tes  the c e l l ,  while the other dr ives i t  forward. P la n t - l i k e  dino- 

f lage l  la tes  contain yel low, brown or greenish photosynthet ic bodies.
Forms o f  photosynthet ic species (zooxanthellae) are symbiotic in diverse 
inver tebra tes  and in the open ocean occur in var ious ra d io la r ia n s . There 
are also heterotrophic forms.

Many d ino f lage l la tes  are luminescent. The l i g h t  is  produced in c e l l u ­
l a r  organel les  cal led s c i n t i l l o n s .

Diatoms are known since Tr iass ic  t imes. They are t ransparent but 

have ra the r  th ick  ce l l  wal ls o f  hydrated amorphous s i l i c a .  Just  inside 
the c e l l  wall  is a th in  layer o f  cytoplasm tha t  holds the greenish or 
brownish photosynthetic bodies. The c e l l  wall  is formed in two halves 
par t  o f  one f i t t i n g  c losely inside a corresponding part of  the other.

When the c e l l  divides in two, each new c e l l  is enclosed in one h a l f  of  
the old c e l l  wall and a new ce l l  wall  is  formed inside the old h a l f .
As one vegetat ive d iv is ion  fo l lwos another,  diatoms gradually decrease 

in  s ize .  This decrease stops at a f ixed  c e l l  size when the vegetat ive 
c e l l s  form male and female c e l l  in the auxospore stage. During unfavou­
rable t imes diatoms form res t ing c e l l s  which s e t t le  on the bottom in 
shal low water. There are two main groups of  diatoms. The Pennales 

are b i l a t e r a l l y  symmetrical, the Centrales are r a d ia l l y  symmetrical.

Besides the eukaryotic algae presented above, the Cyanobacteria or 
blue-green algae are of ten important members of  the phytoplankton.

The well-known t rop ica l  species Trichodesmium erythraeum often gives 

blooms which give the sea a rusty  appearance ( i t  gave the Red Sea i t s  

name ).



. Nu t r ien t  cycles

The primary nu t r ien ts  phosphorus, ni trogen ana, f o r  some organisms, 
s i l i c o n  are present in inorganic form in sea water mostly as phosphate, 
n i t r a t e  and s i l i c a t e  ions respec t ive ly .  The major exogenous.source 
of  phosphorus and s i l i c o n  is land drainage. Nitrogen is also introducea 

in to  the sea by land run o f f ,  but the larger proport ion comes from the 
atmosphere and is  a r e s u l t  o f  the evaporation o f  ammonia from the land
surface and in s i t u  f i x a t i o n .  Nutr ients are removed by the phytoplank­
ton from the euphotic zone, resu l t in g  in a th in  nu t r ien t -aep le teo  layer 
at  the surface over large regions o f  the world ocean. The surface nu­
t r i e n t  content is replenished by mixing from the nu t r ien t -bear ing  dee­

per layers and local  regeneration processes.

Representative v e r t i c a l  d i s t r ib u t io n s  of  phosphate, n i t r a te  and s i l i ­
cate are given below:

Aki.

3 * O«

Considerable var ia t ion  occurs between oceans, although n i t r a t e  and 

phosphate tend to vary together ;  s i l i c a t e  is the most va r iab le ,  depen­

ding heavi ly  on r iv e r  input .  The n u t r ie n t  budget is as fo l l ows :
C in nii 11 ion tons )

Nitrogen Phosphorus S i l  icon

Reserve in ocean 920,000 120,000 4,000,000
Annual use by phytoplankton 9,600 1,300

Annual con t r ibu t ion  by r ive rs 19 14 4,300

Uissolved 19 2 160
Suspended 0 12 4,150

Annual con t r ibu t ion  by ra in 59 0 0

Annual loss to sediments 9 13 3,800



The amount o f  carbon in plankton tends to be in constant proport ion 
to ni t rogen and phosphorus and is  approximately C :N: P = 106:1 b : 1 (Red- 

f i e l d  r a t i o ) .  The concept o f  a constant p ro p o r t i o n a l i t y  o f  uptake be­
tween carbon, n i t rogen and phosphorus can be used to  study the cycles 

o f  nu t r ien ts  in the sea.



2 . N u tr ien t regeneration

Estimates of  global  n u t r ie n t  cycles show tha t  external  n u t r ie n t  input 
in the oceans can account f o r  less than 1 % o f  the annual requirements 
o f  phytoplankton on ly .  Almost a l l  required nu t r ien ts  come from in terna l  
recyc l ing ,  which can be in  s i t u  regeneration and a l 1ochthonous inputs 
from deep ocean reserves by upwel l ing and eddy d i f f u s io n .  I t  is  e s t i ­

mated th a t  about 80 % of  requirements come from in te rna l  regenerat ion.
The p r inc ipa l  components in  nu t r ien t  regeneration are drawn in the 

fo l low ing  p ic tu re :

Phyto­
plankton

Macro-
heterotrophs

Dissolved
nutr ients

Nekton| Microzoo-
plankton

Macrozoo- 
jil ankton

Micro-
heterotrophs :  ^De tr i tus  *

Detr i tus

Benthos

10-60 % <6 %
in coastal in open
systems ocean

2 . 1 . Decomposition

Organic decomposition is  p r im a r i l y  a b io log ica l  process. Part icu la te  
organic matter decomposition a f t e r  death of  an organism t y p i c a l l y  proceeds 

in three stages. The f i r s t  is character ized by c e l l u l a r  Ivs is  (au to lys is )  

brought about by act ion o f  endogenous enzymes. Twenty to f i f t y  percent of  
the i n i t i a l  p a r t i cu la te  biomass as carbon and ni trogen may go in to  so lu t ion 
during th is  stage and as much as 75 % of c e l lu la r  phosphorus, The second 
stage is  character ized by microbial  colonizat ion of  the remaining pa r t icu la te  

matter.  During th is  phase decomposition proceeds as an apparent f i r s t - o r d e r
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reac t ion :

wi th k the decomposition rate and S the substrate concentra t ion.  Microbial  
decomposition is  f u r t h e r  subdivided in to  two add i t iona l  stages: a fas t  
phase where l a b i l e  compounds are mineral ized and a second slower phase 

where more re s is ta n t  compounds are broken down. I n i t i a l  fast-phase con­
stants f o r  plankton and de t r i t u s  may be on the order o f  5-10 1 per day, 

rate constants f o r  the more res is tan t  compounds are an order o f  magnitude 

smaller .  A s i g n i f i c a n t  por t ion  of  the organic matter appears to be r e f r a c ­

to ry .
M ine ra l iza t ion  of  dissolved organic matter also proceeds as a f i r s t - o r d e r  

reac t ion ,  w i th  constants dependent on temperature and the source of organic 

matter.  There is a r e l a t i v e l y  cons istent pa t te rn  in  nu t r ie n t  rat ions dur ing 
organic m in e ra l iz a t io n ,  wi th i n i t i a l  low N:P ra t i o s  associated with the 

se lec t ive  phosphorus release during a u to l y s is .  Fol lowing t h i s ,  the ra t ios  

s t a b i l ize a t  16:1.

2. 2The d is tr ibu t ion_o f_organ ic_mat te r

P.O.M.: In near-surface waters, POM concentrat ions decrease by an order
of  magnitude or more between productive inshore (upwel l ing) waters and 
the o l igo t roph ic  open ocean. This gradient is  p r im a r i l y  a consequence 

of  d i f fe rences in p ro d u c t i v i t y .  Strong v e r t i c a l  gradients also ex is t  
in the upper 200-400 m , but below th is  depth the concentrat ions are re ­
l a t i v e l y  i n v a r ie n t .  This implies that  a l l  or near ly a l l  of  the POM pro­

duced in the surface waters is recycled in the upper 400 m. RILEY pro­
posed th a t  75-80 % of  the POM produced at  the sea surface is consumed in the 
upper and mid-oceanic depths, about 20 % is  consumed w i th in  the meso- and 

bathypelagic zones and only 5 s at most reaches the deep-sea benthos.

More recent studies showed that  over 90 % of  the surface production is 
recycled in the f i r s t  400 m and the highest recyc l ing  e f f i c iences  are 
found in  the least  product ive waters. These studies also ind icate tha t  

most of the t ranspor t  of  POM to the deep ocean is  through fas t - s in k ing ,  
large p a r t i c le s ,  predominantly Zooplankton fecal  p e l l e t s .  Only in 
shallow water is benthic regeneration important.  Within coastal and 

oceanic water columns, grazing by herbivorous Zooplankton is considered 
the most important mechanism fo r  nu t r ien t  recyc l ing ,  but d i rec t  microbial 
degradation may also be important.

D.O.M.: Dissolved organic matter also general ly  decreases of fshore and



wi th depth al though concentrat ion gradients are s l i g h t  compared with POM. 
T y p ic a l l y ,  concentrat ions are 30-50 % h igher in near-surface waters than 
in the deep ocean. Concentrations decrease to about 300 m depth, beyond 

which no measurable change occurs. The bulk of  the dissolved const i tuents  
are r e f r a c to r y ,  p a r t i c u l a r l y  in the deep ocean, and the concentrations 
are about 20 times higher than those of  DOM. A small component of  DOM 
(simple sugars, amino acids e tc . )  is  b i o lo g i c a l l y  very react ive and there 
is a rapid turnover (more than 100 % per day in inshore surface waters 

to 1-10  % per day in the open ocean).

2,3 The sources_of_regenerated_nutr ients

Benthos: nu t r ien ts  released through benthic community metabolism are
an important source f o r  primary production in coastal waters,  to a 

depth of  about 200 m. Sediment nu t r ie n t  f luxes are a funct ion  of  abun­
dance and metabol ic a c t i v i t y  of  benthic organisms, organic loading and 
turbulence associated with the sediment-water in te r face .

Macroheterotrophs: a s ig n i f i c a n t  f r a c t io n  o f  the organic mater ia l i n ­
gested by macrozooplankton w i l l  be mineral ized through resp i ra t ion  and 

excre t ion .  Both ni t rogen and phosphorus are excreted in molar ra t ios  
of  10:1, lower than phytoplankton requirements (16:1).  75 % of  the n i ­

trogen is ammonia, 50 % of the phosphorus is orthophosphate. The ex­

c re t ion  rates depend on food a v a i l a b i l i t y  and decrease rap id ly  when fe e ­

ding stops, and on temperature (Q^g 1 .5).  In inshore waters Zooplank­
ton excret ions only contr ibutes f o r  a small f r a c t i o n  of requirements; 

in o l igo t roph ic  open ocean waters,  macrozooplankton excret ion may account 
f o r  40-60 % of the N-requirements o f  phytoplankton and over 100 % of  the 

P-requirements, but some estimates are much lower.

Microheterotrophs: t i n t i n n i d s , ra d io !a r ia n s , n a u p l i i ,  r o t i f e r s ,  bacter ia e tc .
may be responsable fo r  the bulk of  p lanktonic resp i ra t io n ,  grazing and 
nu t r ie n t  regenerat ion.  Their excre t ion  rate is  much higher than in macro­

zooplankton. As an example, a c i l i a t e  may excrete i t s  body equivalence 
of  phosphorus in less than an hour. In o l igo t roph ic  waters 30-75 % o f  
the planktonic ni t rogen excret ion may be due to microzooplankton. The 

role of  bacter ia is  s t i l l  not well known. They may compete wi th phyto­
plankton f o r  phosphorus: they convert  DOM in to  bacter ia l  biomass tha t  

is then taken up by protozoans.

Algal excret ion :  phytoplankton excrete about 10-20 % of  t h e i r  production
as DOM. Carbohydrates are the la rges t  f r a c t i o n ,  but as much as 10 % of  

the ass imi lated inorganic N may be excreted as DON. Also s ig n i f i c a n t  ex­

c re t ion  of D0P occurs.



Bacte r ia l production in  the ocean

1. Bac te r ia l  product ion and biomass

Early attempts to determined the abundance o f  bacter ia in the sea
used c u l tu re  techniques and appear to have given numbers low by two

or three orders o f  magnitude. D i rec t  s ta in ing  techniques using f l u o ­
rescence s ta ins such as acr id ine  orange have been adopted as standards. 
In coastal  waters bac ter ia l  biomass is in the range of  5-10 pg C.l , 
in o l ig o t ro p h ic  ocean waters t h is  f a l l s  to 1-3 pg C.l \  The num­
ber o f  bac te r ia l  c e l l s  corresponding to t h is  biomass is between 0.5

9 - 1  9and 5 . 1U c e l l s . 1 in coastal and she l f  waters,  between 0.02 and 1.10

c e l l s . !   ̂ in open ocean water.  Only between 10 and 50 % o f  these
c e l l s  appear to be ac t ive .  Rates of  production in open ocean and she l f
water appear to f a l l  between 1 and 50 pg C . I " 1.d \

2. Bacter ia in the ocean ecosystem

The biomass of  s ingle cel led heterotrophic organisms is comparable 
to tha t  o f  the metazoa. Their  con t r ibu t ion  to overa l l  metabolism 

must be subs tan t ia l ,  unless most c e l ls  would be aormant. Over ha l f  
of  the plankton resp ira t ion  may be due to organisms of  bac ter ia l  to 

m ic ro f la g e l la te  s ize.
Only a small part o f  bac ter ia l  production passes onto the metazoa. 

The p r inc ipa l  aspect of  marine microbial metabolism is  m inera l iza t ion ,  

at  least  in the pelagic food chain.
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Plankton feeding and product ion

Among the Z oop lank to n ,  methods o f  f e e d in g  may be b r o a d l y  d e f i n e d  i n t o  

f i l t e r  f e e d in g  and r a p t o r i a l  f e e d i n g .  We w i l l  b r i e f l y  rev iew  the d i f f e ­

r e n t  taxonomic  groups im p o r ta n t  i n  the  Zooplankton and t h e i r  mode o f  

f e e d in g .

Among the planktonic Protozoa the feeding of  foramin i fera and r a d io la ­

r ia  is  genera l ly  accomplished through the extrusion o f  pseudopodia. The 
size of  p a r t i c le s  captured e f f i c i e n t l y  var ies from 1 to < 20 pm diameter. 
M ic ro f lage l la tes  are important as he tero t roph ic  feeders o f  bacter ia .  
Ctenophores become very abundant in many temperate waters in summer.
They are e n t i r e l y  carnivorous and feed la rge ly  on small crustaceans 

(Tentaculata) or other ctenophores (Nuda). They may consume up to ten 
times t h e i r  body weight per day and double populat ion numbers every 

day. Chaetognaths become abundant a t  the same time as the ctenophores. 
They are succesful predators on copepods at  densi t ies  below those requ i ­

red by ctenophores, but also feed on la rva l  f i s h .  Urochordates <?r t u n i -  

cates cons is t  of  three classes o f  which two are pelagic-^ the Thaliaceans 
or salps,  most abundant in sub- t rop ica l  and t rop ica l  seas, and the Lar- 
vaceans. Both are extremely abundant in some t rop ica l  areas and are 

f ine  f i l t e r  feeders that  consume phytoplankton and bacter ia .  Theygive 
r ise  to accumulations of  f lo ccu lan t  fecal  mater ial  and d e t r i t u s .  Among 
the coe len te ra tes , two classes, the Hydrozoa and the Scyphozoa, are im­

por tant in the plankton. Nearly a l l  feed as carnivores using nemato- 
cysts on t h e i r  tentacles to paralyze t h e i r  prey. Some species may reach

1 m and more in diameter and have tentacles of  10 m length,  and these 
animals can capture small f ish  and nekton. The mollusca consis t  of 
several classes of  which the cephalopods are important among the nek­

ton and the Prosobranchia and Opisthobranchia have important species 
in the plankton. The prosobranchs include the pelagic heteropods which 

are exc lus ive ly  carnivorous, loca t ing  prey by s ight  and captur ing i t  wi th 
the large grasping teeth o f  the radula located at  the t i p  o f  a proboscis. 

Among the opisthobranch molluscs,  two orders are of ten abundant among 
the plankton. The thecosomatous or shel led pteropods feed p r im ar i l y  
on phytoplankton. Food pa r t ic les  are co l lec ted  on mucus produced in 

the mantle cav i ty  or on the fo o t .  The special ized pseudothecosomes 
capture small pa r t ic les  in very large (up to 2 m diameter) external mucus 

webs produced by special glands on the wings. Most gymnosomatous pte-
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ropods feed on thecosomes.

By f a r  the la rges t  group o f  suspension feeders in the Zooplankton are 
the Crustacea. The major groups are planktonic crustaceans are the cala-  
noid copepods, the amphipods and euphausi ids. In some areas ostracods 

and cladocerans may be abundant whi le in coastal regions mysids, isopods, 
cumaceans and harpact ico id  copepods also occur in great numbers.

Crustacean appendages are adapted e i th e r  f o r  f i l t e r i n g  or ra p to r ia l  
feeding or a combination o f  both.  Recent studies seem to show however 

tha t  real f i l t e r i n g  does not occur,  a t  least  not in copepods, because of  
the viscous forces a t  work: the setae o f  the appendages appear as rakes 

but work as paddles.
1.1 Rate of  f i l t e r i n g

In microcrustaceans the ra te  o f  f i l t e r i n g  is broadly re la ted  to  body 
size and also depends on food concentrat ion and temperature. I t  can 
be measured over a given t ime per iod t  as the decrease in phytoplankton 

ce l l  concentrat ion a t  the beginning and the end o f  the experiment:

p _ v ( log  C0 - log Ct ) 2.303 
t

w i t h  V the volume o f  w a te r  pe r  a n i m a l . F i s  however o n l y  c o n s t a n t  f o r

smal 1 values o f  C -C. .o t

1 .2 Prey se lec t ion
The size of  the prey i tem is  probably the s ingle  most important fac to r  

governing prey selec t ion  among various organisms in the marine Zooplankton. 

This is t rue fo r  herbivorous and f o r  carnivorous feeding. Addi t ional  
fac to rs  are numerous: e.g.  f o r  some carnivores prey must be a l i v e  and 

moving; bioluminescence has been reported to discourage copepods feeding 
on d ino f lag e l la te s .  The ro le  of  chemosensory mechanisms in deciding 

the prey o f  some predators has become recognized among Zooplankton as 

well as in nekton, e.g.  copepod a c t i v i t y  is  sens i t i ve  to dicarboxy- 

1 ic  amino ac ids .

2. The energy oudget

The energy present in the ra t ion  consumed is d is t r ib u te d  in to  the 
various l i f e  requirements o f  the animal. The food requirement f o r  
a zooplankter can be expressed as the sum of the major requirements 
fo r  growth, metabolism and feces:

C = P + R + ,U_+_F 
E
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The consumption can be used f o r  d i f f e r e n t  phys io logica l  requirements 
or being egested as feces in the fo l low ing  ways:

P/CGross growth 
e f f i c ien c y net growth

P/A

Production

Respirat ionFaeces

Food ass i ­
milated

Food consumed

I t  is  of  course impract icable to measure a l l  components of  the carbon-bud- 

get equation in rout ine est imat ions of  production.  One usual ly determi­

nes c o e f f i c ie n ts  f o r  growth e f f i c ie n c y  which can be appl ied e i th e r  to i n ­
gest ion (gross growth e f f i c ie n c y )  or to ass imi la t ion  (net growth e f f i c i e n ­
cy) to estimate production as P = K̂ C or P = K^A. Estimates are based 
mainly on consumption (or ingest ion) C, ass im i la t ion  e f f i c ie n c y  A/C and 

growth e f f i c ie n c y  or .

2.1.  Food intake

Food intake is a funct ion  of  the f i l t r a t i o n  rate or predation rate 
and the food concentrat ion in the water. The grazing rate per un i t  
biomass may be constant f o r  ce r ta in  concentrat ions o f  food. However, 
there normally is a lower t l r e s h o ld below which herbivores do not feed 
and an upper l i m i t  beyond which t h e i r  feeding is constant.  IVLEV found 
tha t  in f i s h  the quant i ty  of  food eaten increases with the quant i ty  of
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food o f fe red  up to some maximum ra t ion  C • The re la t io n  between the actual 
consumption C and the concentrat ion of  prey p must be proport ional  to the 
d i f fe rence between the actual  and maximum consumption such tha t :

3 Í  = k(Cmax'C)

I n t e g r a t i o n  g i v e s :

c -  W  - e' kp>

This can be fu r th e r  modif ied by consider ing tha t  feeding only s ta r ts  at  a 
minimum concentrat ion o f  food :

C * W  - e-k (V » )

Threshold values fo r  pQ have been reported to range between 40 to 130 

pg C/1; maximum ra t ion  fo r  herbivorous copepoas is above 300 pg C/1 and 
fo r  euphausiids above 1 mg C/1. The amount of  food ingested ranges from 
a few to nearly 100 % o f  body weight per day, w i th  lower average values 

o f  10-20 % f o r  the la rger  crustacean Zooplankton and 40-50 % f o r  the smal­

le r  crustaceans.
There is  also evidence t h a t  plankton herbivores can adapt t h e i r  grazing 

rate to the type of  food ava i lab le .
The food intake o f  crustacea appears to be a func t ion  o f  body weigth, 

the re la t ionsh ip  being of  the form C - aVi .̂

2 . 2  Assimil_ation_effiçi_ençy
The ass im i la t ion  e f f i c ie n c y  A/C may be estimated from the ra t i o  of 

to ta l  weight to ash-free dry weight in food and faeces when we assume 
that  only the organic f ra c t io n  o f  the food is  ass imi la ted:
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a - w t o x ' " °

in which J is  the r a t i o  o f  ash-free dry weight to dry weight in the 

ingested food and L t h i s  r a t i o  in the feces. The ass imi la t ion  e f f i c i e n ­
cy is  la rg e ly  independent o f  temperature, the amount o f  food of ferea o f  
consumed and may be given as:

A = 87.8 - 0.73 X

an empir ical  r e la t io ns h ip  found by CONOVER in which X is  the percentage 
ash per u n i t  dry weight o f  food.

Although t h i s  method is useful to determine organic carbon ass im i la t ion

i t  appears t h a t  the ass im i la t ion  e f f i c ie n c y  o f  elements such as ni trogen

and phosphorus can not be determined with t h is  method.
Herbivorous Zooplankton assimi lates food with an e f f i c ie n c y  o f  60-95 %. 

At high food intake th is  may decrease to 10-20 %. For carnivorous plank­
ton the a s s im i la t io n  is generally higher.

2.3.

The food used f o r  metabolism w i th in  an animal can be expressed as a 

func t ion o f  the an imal 's body weight:

R = aWb

R can be measured as ul O^/animal/hr. The fac to r  b is  r e la t i v e l y  con­
stant  and r e f l e c t s  in te rna l  metabolism. Values o f  b d i f f e r  fo r  t r o p ic a l ,  

temperate and boreal species:

log R = -0.169 log 11 + 0.023 (boreal)

log R - -0.309 log L' 0.357 (temperate)
log R = -0.464 log W + 0.874 ( t r o p i c a l )

wi th W in mg dry weight per animal and R in pi G^/mg dry weight/hr.

The conversion o f  resp i ra t ion  to biomass is  made by the fo l low ing 

equations :
12mg C - mg O2 X ^  X RQ 

12
— ml 0  ̂ X 2 2 .4  ^

wi th RQ the resp i ra to ry  quot ient  + The RQ may range between
0 .7  and 1 .0  depending on whether fa ts  or carbohydrates are being u t i l i z e d .
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2.4 G r o w t h e f f iç ienç ies

A great deal o f  the food ass im i lated  by Zooplankton is used in r e s p i r a ­
t i o n ,  in the order of  40-85 %. The net growth e f f i c ie n c y  = P/A is 

therefore  in the order o f  20-60 %, but  values var ie wi th temperature, food 
and stage of  development.

In approximate terms, Zooplankton ass im i la te  about ha l f  o f  t h e i r  d a i l y  

r a t i o n ,  the remainder being voided as feces. Of the assimi lated,  about 
h a l f  is  used in metabolism , f requent ly  more than is  avai lable f o r  growth. 
The gross growth e f f i c ie n c y  is  o f  the order o f  20 %. Secondary produc­
t ion  in the plankton d i f f e r s  from tha t  o f  other grazing systems in that  

most o f  the ava i lab le  food is ingested, the subsequent f lux  to de t r i tus  
is r e l a t i v e l y  high and the stock of  herbivores is small r e la t i v e  to t h e i r  
product ion.

Since A = aC, wi th a the percentage o f  food assimi lated, we may w r i te  
P + R = aC or P = aC - R. I f  a is  constant and fo r  a constant basal me­
tabol ism R is  appears tha t  production can be increased by increasing the 

ingested ra t ion  C. In f i s h  the increase o f  C resu l ts  in a decreased e f ­
f i c ie n c y  o f  food u t i l i z a t i o n  and the re la t ionsh ip  between gross growth e f ­
f i c ie n c y  and ra t ion  is  l o g - l i n e a r ,  according to PALOHEIMO and DICKIE:

In = -a - bC

Gross and net growth e f f i c ie n c y  (or production e f f i c ien c y  i f  a l l  production 
is due to growth and reproductive production is  not considered) are:

AW

in which AW/a t  represents growth per u n i t  t ime. I t  fo l lows tha t :

Aw -a-bC
rat = e
Aw r  -a-bC 

T t  = Ce

which expresses growth as a funct ion  of  consumption or ra t ion .

2.5 Excretion_

The p r inc ipa l  excret ion product of  crustacean Zooplankton is ammonia. 
Data on d i f f e r e n t  copepods are shown in the f igu re  (next page):
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pg N-NH3/mg dry wt/day

2000

N V-VI
1000 Oithona s im i l i s

Acart ia  tonsa500

Temora long icorn is
200

Pseudocalanus
Centropages

hamatus

Tortanus

100
C VI

50
d i scaudatus

20

Calanus
f inmarchicus10

0.001  0.01  0.1  pg dry weight

2.6 Conversion_factors

Food can be expressed in terms of  energy and the fo l lowing conversion 
fac to rs  are used fo r  Zooplankton:

1 ml 0^ consumed = 5 cal (wi th RQ 1)

1 mg dry weight of  food = 5.5 cal

assuming an average dry weight composition of  50 % pro te in ,  20 % f a t  and
20 % carbohydrate (plus 10 % ash). The c a lo r i c  equivalents are 5.65 c a l /mg
fo r  p ro te in ,  4.10 cal/mg f o r  carbohydrate and 9.45 cal/mg f o r  f a t .  In the 

SI system the equivalents are 23.65 J/mg, 17.16 J/mg and 39.55 J/mg respec­
t i v e l y .

2-7 Ef fee t_o f  _t.emgera ture

Temperature a f fec ts  such overal l  processes as growth,reproduct ion, res­
p i ra t io n  and the size o f  organisms. In general there is  a 2-3 fo ld  increa­

se in rate  of  b io log ica l  react ions wi th each 10 °C temperature increase 
(Q10 = 2 -3) .  A good empirai equation is the formula of  BELEHRADEK:
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V = a ( t  + * ) b

in which a , b and oCare constants.  This formula describes development ra te ,  
metabol ic rate  and size.  The constant 6. is  the scale cor rec t ion  fac to r  and 
is  known as the b io log ica l  zero since i t  expresses the temperature at  which 

V = 0. ol. is p o s i t i v e l y  corre la ted to environmental temperature and var ies 
wi th  l a t i t u d e ,  being lowest in nor thern ly  regions. The constant b r e f l e c t s  
the degree o f  curvature and represents the general dependence on tempera­
ture of  a l l  metabolic processes leading to changes in  the measured parameter 

V. The value of a depends on un i ts  used but is also related  to s ize.

2 .8 .  Product ion

A zooplankter can be seen as a l i v i n g  machine transforming plant  mate­

r i a l  in to  animal t issue.  The to ta l  mass of  herbivore t issue formed w i th in  
a given time is the herbivore product ion.  I t  is therefore equal to the 

sum of the growth of  a l l  ind iv idua l  members o f  the population during a cer ­

t a in  time i n t e r v a l .
The growth of  an ind iv idua l  may be w r i t te n  as:

the we igh t -spec i f i c  growth rate

dW = GWdt

F0

For a l l  ind iv idua ls  in the population:

which may be approximated as

P = I X g  -w, At
h O I 1

Over a small in te rva l  one may consider Qj to be constant:

Gi '  A t  ' W.
¿ w i 1

so that  P = X I ¿ w ,

O
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which is  equ ivalent  to P N dW

One can a r r i v e  a t  t h i s  formula also be considering tha t :

p . ƒ / *

= J *  Ndw 
¡ i

= I  dB

Production can thus be calcu la ted as the surface under a curve r e la ­

t ing  dens i ty N and average ind iv idua l  weight W at each time in te rva l  
(A Í le n -c u rv e ) .

A second approach to biomass production is to consider the fa te  of  
the biomass produced dur ing a c e r ta in  time in te rva l  A t .  We may w r i te :

P = B+ -  B + E t  o
P = A B + E

in  which E is  the biomass el im inated during A t .  We get an estimate fo r  
E by m u l t ip ly ing  the number of  ind iv idua ls  el iminated N̂. by the average 
weigth o f  an el iminated in d iv idua l  Ŵ . I f  there are not b i r th s  or mi­

gra t ion dur ing A t  we may w r i te  = Nq - = AN,  and = (Wq+W^.)/2

Therefore :

p .  Nt « t  -  No wo  .  {N0 - N t ) ( M a | 5 i )

p = (N0.Nt n ? l ^ )

P -  ÑAW

which is  in general P =JU  dW, as above.

A t h i r d  method consists o f  ca lcu la t ing  the turnover rate P/B or 

the time needed fo r  the herbivore biomass to be replaced by f resh pro­
duct ion B/P. I f  the turnover rate is known i t  is possible to c a l ­

culate production from the biomass of  the stock. A good approxi(Dation 
to B/P is mean age, given as:

y n ¡ 3t A  Nt dt
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Grazing

A lg a l  c e l l s  may d i sa ppe a r  f rom the  e u p h o t i c  zone by s i n k i n g  but  in  most 

mar ine r e g io n s  the g r e a t  m a j o r i t y  i s  consumed by the  g r a z in g  o f  the h e r b i ­

vorous Z oop la nk to n .  Problems o f  g ra z in g  are made more complex by p a t ­

ch iness  ( s p a t i a l  h e t e r o g e n e i t y )  o f  p la n k t o n ,  wh ich a p p l i e s  t o  both p hy to -  

and Zooplankton and occurs  on sca les from a few metres t o  hundreds o f  k i l o ­

meters .

Long, narrow patches of  phytoplankton, a few metres wide and some hun­
dred o f  metres long, e x i s t  which are related to Langmuir -c i rcu la t ion,  as 
shown below;

Larger scale patches of  plankton are f requent ly  roughly e l l i p t i c a !  wi th 

a diameter in terms o f  ki lometers and length o f  the order o f  tens of  k i l o ­
meters. Such patchiness occurs usually wi thout obvious physical boundary. 

While a small plankton patch might tend to be smoothed out by turbulence, 
one a patch o f  s u f f i c i e n t  size has developed, alga l  growth can more than 
compensate fo r  d i f fus ions  losses and lead to la rge-sca le  spat ia l  hetero­

genei ty.  A c r i t i c a l  diameter fo r  a patch would be:

where k is the d i f f u s io n  c o e f f i c ie n t  and a the algal  growth rate .  Patch 
size is  con t ro l led  p r im a r i l y  by turbulence f o r  scales less than about

Denser patches o f  phy top lank ton  and Zooplankton tend  t o  a l t e r n a t e  w i th  

each o t h e r ,  bu t  i n  genera l  areas r i c h  in  p hy to p la n k to n  are a l s o  r i c h  in  

Z oop lank to n ,  and th e  impor tance o f  g raz in g  i n  re d uc ing  a lg a l  crops th ro u g h ­

ou t  the w o r l d ' s  oceans i s  c l e a r .

sink ing
pa r t i c le s

100 m.
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The e f f e c t  o f  grazing was f i r s t  expressed mathematical ly by FLEMING 
in 1939. He wrote:

= P(a-b-c t)

dP/dt  is the rate  of  change o f  a phytoplankton popula t ion,  a is  the 
d i v is io n  ra te o f  phytoplankton c e l l s ,  b is the i n i t i a l  grazing rate and 

c the increase o f  grazing rate which is  assumed to  be l i n e a r .
RILEY developed a mathematical model in 1946 f o r  the rate o f  increase 

o f  a phytoplankton popula t ion ,  in troducing loss by algal  resp i ra t ion  as 

af fected by temperature,  the e f fe c t  of  inc ident  i l lu m ina t ion  and reduct ion 
of  l i g h t  energy w i th  depth and l im i ta t i o n  due to n u t r ie n t  dep le t ion.  He 

estimated tha t  60-80 1 o f  the phytoplankton v a r ia t io n  on Georges Bank (East­
ern USA) could be accounted fo r  in terms o f  depth and i l l u m in a t io n ,  tempe­

ra tu re ,  nu t r ien ts  and Zooplankton densi ty.  The i n i t i a l  r e la t ionsh ip  may 
be expressed as:

3 Ï  *  P(Ph - R - G>

with P the phytoplankton populat ion,  P̂  the photosynthet ic c o e f f i c ie n t ,
R the c o e f f i c i e n t  o f  phytoplankton resp i ra t ion  and G the grazing c o e f f i c ie n t .  

RILEY proceeded to look fo r  expressions fo r  these d i f f e r e n t  c o e f f i c ie n ts ,  
which were to be regarded as ecological  var iab les rather  than constants.
For the photosynthet ic c o e f f i c ie n t ,  a constant p was found so tha t

Ph -  P1

with p ca. 2.5 i f  I is measured in ly/min.  Since the i l l u m in a t io n  at  depth 
**kzz is  given by l e  an average photosynthetic rate f o r  the whole euphotic 

zone can be found by in teg ra t ing  the i l lu m ina t ion  from the compensation depth 

to the surface and d iv id ing  by depth. Thus:

The e f fe c t  of  n u t r ie n t  depeletion on the photosynthet ic rate was designed 
as N and calcula ted in  terms of  the phosphate concentrat ion as (P)/0.55. 
RILREY fu r th e r  introduced the c r i t i c a l  depth concept by the fac to r  V - 

(depth of  euphotic zone)/(depth of  mixed la ye r ) .  Thus:

p = (1 .  e - kzNV)
kz

Algal resp i ra t ion  would reduce photosynthetic production and would be tern-
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perature dependent:

the constant r  was determined as 0.069 per 10 °C increase.

Grazing rate  may be expressed as:

G = gZ

with g the ra te o f  reduct ion of  phytoplankton per u n i t  o f  animals and 1

the quan t i ty  o f  Zooplankton. RILEY supposed a d a i l y  food intake o f  from
1.2 % in w in te r  to 7.1 % in summer o f  the body weight.
F in a l l y :

g -•> « - •-'“ «*> - v rT -

The rate o f  change of  phytoplankton is  thus expressed as a funct ion  of  
s ix ecological  parameters: solar r a d ia t i o n ,  n u t r ie n ts ,  t ransparancy of  
the water, depth o f  the mixed layer ,  temperature and Zooplankton quan t i ty .


