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How much is 100 ppm??

1 ppm = 2.12 * 1015 gm = 2.12*109 tonnes 
100 ppm = 2.12 thousand crore tonnes
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Consumption and Decomposition
(deep ocean)

Microbial
Decomposition

Consumption
Respiration
Excretion

Result:
• Less suspended particulate organic matter
• More dissolved inorganic nutrients (N, P, Si)
• Supersaturated dissolved inorganic carbon (CO2)
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ENERGY

Autotrophs: organisms capable of self-
nourishment by synthesizing food from 
inorganic nutrients

heterotrophs: organisms not belonging 
to autotrophs; all animals are 
heterotrophs



phytoplankton need:

light
CO2

nutrients
water

In the ocean, light and nutrient availability may limit the rate of 
photosynthesis. 

THE MAJOR FORESTS IN THE SEA ARE PHYTOPLANKTONTHE MAJOR FORESTS IN THE SEA ARE PHYTOPLANKTON



In the text, photosynthesis is represented very simply . It can be 
represented more completely, if we think of it as a process that 
generates the organic matter in phytoplankton cells.

Phytoplankton organic matter is made up of a large number of 
organic compounds (e.g. proteins, lipids, carbohydrates), but on 
average it has atomic ratios of C to N to P of 106 to 16 to 1.

Thus, the process of photosynthesis can be represented as:
hv

106CO2 + 122H2O + 16HNO3 + H3PO4 (CH2O)106(NH3)16H3PO4 + 138O2

This reaction illustrates the need for the nutrients: nitrate and 
phosphate.  It also shows that for every 106 CO2 molecules taken 
up,  approximately 138 O2 molecules are liberated.

Available solar energy in the waveband 400-700 nm.



Primary Primary production is the production is the rate of synthesis of organic material from 
inorganic compounds such as CO2 and water.   It is significant in that it 
provides the base of most of the entire marine food chain.   

The formation of organic carbon compounds from inorganic carbon 
(e.g. carbon dioxide) involves a reduction reaction;  the reducing 
power (e.g. NADPH) comes from either the absorption of light 
(photosynthesis), or the oxidation of other compounds 
(chemosynthesis).

It is a rate, hence involves 
dimensions of time:

mg C m-3 s-1, or in a depth 
integrated sense, mg C m-2 s-1
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Phytoplankton are the principle agents responsible for photosynthetic primary 
production in the ocean.  

Typical rates:   The rate of photosynthesis can be in terms of carbon reduced 
(e.g. mg or mol C per unit volume (or area) per unit time) or in terms of oxygen 
evolution (mol O2 per unit volume or area per unit time).  Typical rates for the 
ocean are 10-100 mg C m-3 d-1 (local);  75-1000 mg C m-2 d-1 (depth integrated). 

Clearly, it is highly variable;   understanding the sources of this variability, and 
predicting photosynthetic rates is a major goal of biological oceanography.

To first order, the rate of primary production is set by the concentration of 
phytoplankton – the photosynthetic biomass - in particular the concentration 
of carbon or chlorophyll a.

Global distribution of chlorophyll: 



• Plankton grow, mature 
and die—taking carbon 
with them to the deep 
ocean

• They have a larger 
effect on climate than 
any single other process 
or group of organisms

• 99% of marine life 
relies on plankton—they 
form the base of the 
marine food chain.

•About 10% of the carbon 
fixed by photosynthesis in 
the surface layer, 
escapes this layer by 
sinking into the deep 
ocean. This flux is called 
New Production or Export 
Production.  

The Biological Pump



What are all the nutrients for?
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The Biological Pump
About 10% of the carbon fixed by photosynthesis in the surface layer each 
year, escapes this layer by sinking into the deep ocean.  This flux is called 
New Production or Export Production.  
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Nutrient Limitation

Many elements are necessary for 
life, but only those in short supply 
are limiting to photosynthesis.  
Oceanographers consider nitrate, 
phosphate, silica, iron and several 
other trace metals to be the most 
bio-limiting elements.  Silicon is 
important for the growth of 
diatoms.  Iron is required for 
photosynthetic electron transport 
and the synthesis of chlorophyll.

Nutrient profiles generally 
increase with depth.  
Concentrations may be below 
detection in surface waters, 
especially in the open ocean.



Nutrient sources to surface waters are:
rivers and land runoff
upwelling
atmosphere

The most productive regions of the oceans are the 
coastal regions because this is where upwelling is 
strongest and where river and land runoff meet the sea.  
Here nutrients result in high productivity rates, which in 
turn result large fisheries.



Components of primary production

Total Production =  New production + Regenerated production

New Production Regenerated Production

Recycling

Ammonium

Urea
Nitrate

New Production is defined 
as production due to newly 
borne nitrate into surface 
layer

Regenerated Production is 
uptake of recycled 
nutrients such as 
ammonium and urea

f-ratio = New Production / Total Production

New Production ~ Export production
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Primary Production as a function of light 
(P vs E curves)

1.  At low light, the rate of photosynthesis is proportional to the 
incident (absorbed) light.  The P vs E curve is approximately 
linear with slope .
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Primary Production as a function of light 
(P vs E curves)

2.  At intermediate intensities, the P vs E curve flattens – light saturation 
occurs.
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3.  At very high intensities, the P vs E curve falls off – light inhibition occurs. 
High irradiance can damage the reaction centers and reduce the photosynthetic 
rate below its maximal value.   Not clear how relevant this is in real ocean.
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(1) Nutrient Sources for Primary Production

and (2) limitations of CO2 fluxes

The fluxed of organic carbon must be 
sustained by an adequate flux of 
macronutrients (P, N, Si)

If macronutrients are unavailable then 
the CO2 flux is reduced!

What are the controllers on Export Production?



1) Ocean nutrient inventory

2) Utilization of nutrients in HNLC condition

3) Change of Redfield Ratio

What are the controllers on Export Production?



Nitrogen appears to be the most important controlling 
factor that limit the primary productivity of ecosystems.

1) Ocean nutrient inventory

What are the controllers on Export Production?

Why ? 
• N is an essential nutrient for all living organisms (nucleic 

acids and amino acids)
• N has many oxidation states, which makes speciation and 

redox chemistry very interesting
• NH4+ is the preferred N nutrient



2) Utilization of nutrients in HNLC

What are the controllers on Export Production?



What is “HNLC”?

• High Nutrients Low Chlorophyll

• Mainly in Southern Ocean, Equatorial and sub-

Arctic Pacific Ocean

• First defined by Minas et. al 1986 as a region having

potential for high production but lower observed

productivity

• Several hypothesis have been proposed to explain

this condition



HNLC regions of World Ocean

HNLC



Hypothesis to explain HNLC Condition

1. Low specific growth 
rates

2. Low temperature

3. Deep mixed layer

4. Grazing hypothesis

5. Fe limitation

• Nitrate and phosphate concentrations are 

high year round but standing stocks of 

phytoplankton are always low (0.2-0.4 µg/L; 

normal yield is 1 µg /L)

• Iron concentrations in these waters are sub-

nanomolar: the same as those that are 

known to limit growth of phytoplankton, 

particularly large species such as diatoms.

• Addition of low levels of Fe promotes 

growth of large phytoplankton. 

-bottle experiments 

-in situ fertilization experiments





Different Iron experiments done so far



Redfield ratio (stoichiometry) − the molecular ra�o of 
carbon, nitrogen and phosphorus in phytoplankton.

 Redfield (1963) described the remarkable congruence between the 
chemistry of the deep ocean and the chemistry of living things in the 
surface ocean (i.e. phytoplankton). Both have N:P ratios of about 16. 

 When nutrients are not limiting, the molar element ratio C:N:P in 
most phytoplankton is 116:16:1. 

 Redfield thought it wasn't purely coincidental that the vast oceans 
would have a chemistry perfectly suited to the requirements of living 
organisms. 

 He considered how the cycles of not just N and P but also C and O 

could interact to result in this match.
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Regions with upwelling represent the productivity

Equatorial upwelling

Coastal upwelling

Water turbidity



New Production Estimation: N15  

tracer technique

New and regenerated production is measured using 

“N-15 enriched” tracer technique, proposed by 

Dugdale and Goering 1967



Nitrogen has two isotopes: N-14, N-15

Both are stable, means there abundance does not 
change with time

Natural abundance: 
N-14: 99.634%
N-15:   0.366%

What is N-15?

Tracer solution are prepared by dissolving nitrate, 

ammonium and urea salts, in double distilled 

water. These salts have artificially enriched 

nitrogen-15 i.e., they contain 99 atom% N15



Experimental Procedures

1. Water Sample collection

2. Addition of tracer

3. Incubation

4. Filtration

5. Analysis in Mass Spectrometer
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1.Water Sample collection

Nitrate Ammonia Urea



Nitrate Ammonia Urea

Na15NO3
15NH4Cl 15NH2CO15NH2

2. Addition of tracer

All tracers are 99% 15N enriched

After water sample collection, 

bottles are covered with 

neutral-density filters to 

simulate in-situ light conditions



3. Incubation

Running sea-water 

from a depth of 4-5m 

are continuously flown 

during the incubation 

to maintain the 

temperature

After incubation, 

samples are kept in 

dark till the filtration 

of all samples

Samples are incubated for 4 hrs, symmetrical to the 

local noon i.e., from 10AM-2PM in the afternoon



4. Filtration

• Filtration is done using manifold filtration unit

• Samples are filtered through GF/F filter

• Filtered are precombusted (for 4 hrs at 450ºC)

• Filtration is done under low vacuum

• Separate cups should be used for nitrate, ammonium 

and urea samples

• Filtration should strictly be done in dark

• After filtration, 

filter papers are 

“washed” using 

filtered sea-water 

to remove any left 

over 15N



5. Analysis

Samples are analysed using a mass spectrometer 

called as Isotope Ratio Mass Spectrometer (IRMS)

Separates Isotopes on the basis of difference in 

mass

Three main components: 

Ionizer

Analyzer

Detector
Sample

Ion Source
Mass 

Analyzer
Detector

Data Analysis



The advantage of using CF-Mass Spec is that nitrogen 

~1µM can be measured and also the processing time per 

sample is low

 Mass spectrometer is calibrated by combusting known 

amounts of KNO3 and (NH4)2SO4 and some other organic 

standards

• The precision of mass-
spec was more than 0.001 
atom%

• Gives PON and 15N% 
simultaneously
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Nitrogen uptake rates for different substrates are 
calculated as:

Uptake rate   = [PON * 15Nxs]/[t * 
15Nenrch]

Where 

15Nxs = Excess 15N in post incubation sample
15Nenrch = 15N enrichment in dissolved fraction

t = time of incubation (4 hours)

In units of mmolNm-3hr-1

Using Redfield ratio (C:N=106:16) it is converted 
into mgCm-3hr-1

N-uptake rate calculation
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