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Chapter 8        
Primary Productivity - Chemical Tracers     (4/18/01) 
 
This week we start a discussion of the production and destruction of organic matter by 
photosynthesis and respiration. Much of this may have been covered in biological 
oceanography but here we talk about biological oceanography from a chemical 
oceanography perspective, with an emphasis on chemical tracers and feedbacks. 
 
The topic is important for three key reasons: 
1. One cannot understand the chemistry of the oceans without considering biological 
influences. 
2. To understand the limits on biological production in the oceans, we need to understand 
the underlying chemical constraints (especially the macro (e.g. N and P) and micro (e.g. 
Fe and Zn) nutrients).  
3. The balance between ocean productivity and respiration is called export production. 
Export production is the flux of biologically produced organic carbon from the surface 
ocean to the deep ocean and is also referred to as the biological pump. This biological 
pump is a primary control on atmospheric CO2 . Changes in the magnitude of the 
biological pump are one of the main explanations for why atmospheric CO2 was lower 
during glacial times than during interglacials.  It is important for us to understand how 
the biological pump might change in response to increases in anthropogenic CO2 and 
global warming. 
 
Units 
 
Many different units are used for primary production. The most common are  
mmolC m-2 d-1, mgC m-2 d-1 , gC m-2 y-1, and Gt C y-1. This can be very confusing, 
especially at meetings where in successive talks each speaker uses different units. 
Chemical Oceanographers always recommend that moles be the preferred unit,  
i.e. mmol C m-2 d-1.  Use of moles makes comparison of stoichiometric ratios between 
nutrients and carbon easier. 
 
Global view of primary production: 
A map of the distribution of primary production in the global ocean is shown on the 
following page (Fig 8-1). This version was prepared by Berger et al (1989) and is based 
on literature data. 
 
Note the general patterns: 
  central gyres  low 
  equatorial zones high especially toward the eastern boundaries 
  coastal regions  high 
  Arabian  Sea  high! 
  circumpolar region mostly no data  but moderatly high when available 
                              (>50°S) 
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There have been many different estimates of the total amount of primary production in 
the ocean. A few examples are listed here. It is interesting to note that the estimates of the 
total have doubled in the past decade since satellite data have been available and there is 
general consensus that the correct value is about 50 Gt C y-1. Pilson (1998) also supports 
the larger value (see attached table). 

 
Table 8-1 Historial estimates of ocean primary production 
             

              Value (Gt C y-1)  
 Koblents-Mishke et al (1968)   23 
 Ryther (1969)     20 
 Eppley and Peterson (1979)   19.1 
       23.7                **The best value 
 Romankevich (1984)    25                    appears to be about  
 Martin et al (1987)    51                     50 Gt C y-1** 
 Berger et al (1987)    26.9 
 Field et al (1998)    48.5 
**Note: 1 Gt = 1Pg = 109 tons = 1012 kg = 1015 gms** 
 
 The total (marine plus terrestrial) global annual net primary production (NPP) has 
recently been estimated to be 104.9 Pg of C per year (Field et al., 1998), with similar 
contributions from the terrestrial (56.4 Pg of C (53.8%)) and oceanic (48.5 Pg of C 
(46.2%)) regimes. NPP is defined as the amount of photosynthetically fixed carbon 
available to the first heterotrophic level in an ecosystem. It can be expressed as the 
difference betwen autotrophic photosynthesis and respiration. This estimate was made 
using satellite date and the co-called CASA-VGPM biosphere model. In general NPP for 
both land and ocean models is determined from the absorbed photosynthetically active 
(400 to 700 nm) solar radiation (APAR) and an average light utilization efficiency (ε).  
 
   NPP = APAR x ε 
 
Models based on this approach are diverse in detail but they are all connected to global-
scale satellite observations. 
 A color map of net primary production (NPP) for the terrestrial and marine 
biosphere is shown in Fig 8-2 (from Field et al , 1998). 

Even though the total amounts are about equal the amounts per area are greater on 
land than in the ocean. Average NPP on non-ice covered land is 426 g C m-2 yr-1 while in 
the ocean it is 140 gC m-2 yr-1. The lower NPP per unit area of the ocean largely results 
from competition for light between phytoplankton and their strongly absorbing medium, 
seawater. Only about 7% of the incident radiation as photosynthetically active radiation 
(PAR) is absorbed by the phytoplankton, with the remainder absorbed by water and 
dissolved organic matter. In contrast terrestrial plants absorb about 31% of the PAR 
incident on land. Even though primary producers in the ocean are responsible for nearly 
half the total NPP, they represent only 0.2% of the global producer biomass. Thus, the 
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Fig 8-2 Global annual net primary production (in grams C m-2 y-1) for the terrestrial and 
marine biosphere. From Field et al (1998). 
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turnover time of plan organic carbon in the ocean (average 2 to 6 days) is about a 
thousand times faster than on land (average 19 years). 
 
Spatial Variability 
Global Productivity  - Distribution by Regions 
 On land and in the oceans, spatial heterogeneity in NPP is comparabale, with both 
systems having large regions with low production and smaller areas of high production. 
Regions of high NPP are spatially more restricted in the oceans where they are limited to 
estuarine and upwelling systems. Some examples of the variability of ocean chlorophyll 
distributions as determined using the Coastal Zone Color Scanner launched in 1987 are 
shown in the Appendix. One example is for the western North Atlantic and the other is 
for the west coast of the US. In both examples areas with low temperature tend to have 
higher chlorophyll. The contribution of eddies to this variability can be seen in both 
regions. In the western north Atlantic there are both warm and cold eddies associated 
with the Gulf Stream. Of the west coast of the US, capes and points seem to play an 
important role generating upwelling zones which propagate offshore. 
  
In one estimate by Berger et al (1987), the total production was less than what we now 
accept as the correct value (26.9 GtC y-1) but their estimates by ocean are may be 
unchanged. 
 Pacific      =  44% 
 Atlantic    =  22% 
 Indian      =  17% 
 Antarctic  =  17% 
 
Actually this is not especially revealing because the distribution of ocean areas are:     
Atlantic = 23%,  Pacific = 46%, Indian = 20% (from Libes Appendix V) 
 
Ocean Provinces 
 
Martin et al (1987) summarized total global primary production and new production for 
ocean provinces. He divided the ocean into the same ocean areas used in a similar study, 
done almost 20 years earlier, by Ryther (1969) (Table 8-2). Here are some of the main 
conclusions from Martin et al (1987). 
 
a) The open ocean has much lower rates of primary production but has a much larger area 
as well. 
b) Fish catch (not shown) comes primarily from the 0.1% upwelling area. 
c)  In terms of the global total production the ratio of open ocean/total = 0.82 
d) The ratio of upwelling to total = 0.0029  
e) The global average ratio of new production to total production equals 7.4/51 = 14.7%. 
 
 
 
 
Table 8-2 Oceanic provinces (from Martin et al.,1987) 



 6

 
Another summary of typical estimates of primary production for different land and ocean 
areas is given below in Table 8-3 (from Pilson (1998)). 
 
Table 8-3 
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Temporal Variability 
Satellite data has also been a breakthrough for providing information about temporal 
variability of primary production in the ocean. An example of seasonally averaged upper 
ocean chlorophyll obtained using the CZCS is shown in Figure 8-3 (Falkowski et al., 
1998). The only open ocean area with a strong spring bloom is the North Atlantic. The 
rest of the open ocean showns little seasonal variability in biomass. 
Fig 8-3 
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Chemical Composition of Biological Particulate Material 
 
Hard Parts - Shells 
  Name  Mineral  Size (µm) 
 Plants 
  Coccoliths CaCO3 Calcite 5 
  Diatoms SiO2 Opal  10-15 
  Silicoflagellates  SiO2 Opal  30 
Animals 
  Foraminifera CaCO3 Calcite ~100  
        and Aragonite 
  Radiolaria SiO2 Opal  ~100 
  Pteropods CaCO3 Aragonite ~1000 
  Acantharia SrSO4 Celestite ~100 
 
 
Soft Parts - Algal Protoplsm 
Table 8-4 shows the original data for the elemental composition of plankton by Redfield 
(1934) and Fleming (1946) as summarized in Redfield, Ketchum and Richards (1963). 
Table 8-4 

Table 8-5 summarizes the elemental ratios for P:N:C:Ca:Si in different forms of 
particulate debris settling into the deep sea as caught in deep moored sediment traps, the 
average ratios for deep and warm surface seawater and the ratios in plankton tows from 
different ocean areas. (from Broecker and Peng, 1982). 
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The Redfield or "RKR" Equation 
 
The data for the elemental composition of plankton were assembled to construct an 
equation to represent average photosynthesis and respiration. 
 
The elemental ratios in plankton became called the Redfield Ratios after Alfred Redfield 
of Woods Hole. The mean elemental ratio of marine organic particles is thought to be 
highly conserved (Falkowski et al, 1998) and is given as  
 
  P : N : C  =  1 : 16 : 106 
 
The average ocean photosynthesis and aerobic ( O2 ) respiration is written as: 
 
  106 CO2  +  16  HNO3  +  H3PO4  +  122 H2O +  trace elements (e.g. Fe) 
           and vitamins 
              light (hν) ↓  
 
        ( C106H263O110N16P )     +    138 O2 
    or 
     (CH2O)106(NH3)16(H3PO4) 
   Algal Protoplasm 
 
The actual chemical species assimilated during this reaction are: 
  HCO3-  NO3-  PO43- 
    NO2- 
    NH4+/NH3 
 
1. This an organic oxidation-reduction reaction - during photosynthesis C and N are 
reduced and O is oxidized. During respiration the reverse occurs. There are no changes in 
the oxidation state of P. We assume C has an oxidation state of 0 which is the value of C 
in formaldehyde (CH2O), that N has an oxidation state of -III and that H and P do not 
change oxidation states. 
 
2. Photosynthesis is endothermic. This means is requires energy from an outside source. 
In this case the energy source is the sun. Essentially plants convert the photo energy from 
the sun into high energy C - C bonds. This conversion happens in the plants 
photosystems. 
 
    Respiration is exothermic. This means it could occur spontaneously and release 
energy. In actuality it is always mediated by bacteria which use the reactions to obtain 
their energy for life. 
 
3. Stoichiometry breakdown of oxygen production 
 
 CO2  +  H2O   →  (CH2O)   +  O2   C : O2  → 1 : 1 
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 H+ + NO3- + H2O   →   (NH3)  +  2O2             N : O2  → 1 : 2 
 
4. Total oxygen production:   106 C  +  16 N x 2  =  138 O2 
 
 
5. If ammonia is available it is preferentially taken up by phytoplankton. 
Q Why does this occur? 
 
If NH3 is used as the N source then less O2 is produced during photosynthesis 
 
  106 CO2  +  16  NH3  +  H3PO4  +  122 H2O +     trace elements 
           and vitamins 
              light (hν)     ↓ 
 
          (CH2O)106(NH3)16(H3PO4)   +    106 O2 
     
The relationship between O2 and NO3/NH4 is 2:1 (as shown in point #3) 
 
 16 HNO3  +  16  H2O  =  16  NH3  +  32 O2 
  
6. Dissolved seawater ratios are also in the Redfield ratios. The data in Figure 8-4 are 
from the Atlantic GEOSECS Program  (Broecker and Peng,1982). The slope is close to 
15. Falkowski et al (1998) point out that below the upper 500m, the average N/P ratio for 
the world's oceans is ~14.7, which corresponds to a small deficit in N. This deficiency 
corresponds to fixed inorganic nitrogen losses mediated by anaerobic denitrifying 
bacteria (denitrification). 
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7. Field experiments have shown that the consumption ration of C:N may not be in 
agreement with the Redfield ratio. Sambrotto et al (1993) found that typically the net 
organic carbon consumption greatly exceeded that predicted from nitrate consumption 
and the Redfield C:N ratio. Some of their data from time series at 4 locations is shown in 
Fig 8-5. The C:N uptake ratios range from 14.00 to 8.54 in these examples. Similar 
results where seen in sections with varying nutrient concentrations. Some organic matter 
is exported is enriched in C relative to N. A likely candidate is DOC which is known to 
be C rich relative to N. 
 
Fig 8-5 (from Sambrotto et al (1993). The Redfield slope is the dashed line. 
Relationships between NO3 and DIC at some coastal ocean sites. 
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Food Web Structure 
 
The stoichiometric relationships between C, N and O2 can be examined and tested. 
This is why chemists prefer moles rather than grams as units. 
 
Different N Sources 
New Production            - NO3- as N source (from diffusion/upwelling from below and  

                             from the atmosphere via nitrogen fixation or nitrification) 
Regenerated Production - NH4+ and urea as N source 
 
New/Net/Export Flux 
The f-ratio: 
f = NO3 uptake / NO3 + NH4 uptake   (the original definition by  

    Dugdale and Goering, 1969) 
If we write P = gross priduction and R = respiration then we can also approximate f as: 
  
f  =  P - R      also called the ratio of  net to gross production 
         P 
 
At steady state NO3 uptake should equal particulate and dissolved N flux exported out of 
the euphotic zone and the O2 flux to the atmosphere (in equivalent units). Unfortunately 
there are no complete synoptic chemical/biological data sets where this can be tested. 
Fig 8-6 shows a schematic diagram of the new/regenerated production cycle. 
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Food Web Components 
 Chemical oceanographers studying ocean biogeochemistry need a working 
knowledge of the variety of taxa that make up the food web as these have different 
geochemical implications. For example, in studies of the ocean's role in the global carbon 
cycle, the relative proportions of diatoms and coccolithophorids in the phytoplankton are 
of obvious importance, since conditions favoring coccolithophorids over diatoms lead to 
enhanced precipitation of calcium carbonate, which in turn lowers alkalinity and 
increases the partial pressure of carbon dioxide. Similarly, nitrogen fixers need to be 
understood, since their activity can increase new production, increasing the potential for 
oceanic uptake of carbon dioxide from the atmosphere. They may also determine whether 
a given region of the ocean is limited by nitrogen or by phosphate. Finally, different algal 
size classes and taxa may be grazed by predators whose fecal pellets sink at different 
speeds, which may in turn influence the depth at which remineralization occurs. 
 
Add 
List of plankton types with basic information 
 Trichodesmium 
 Diatoms 
 Coccolithophorids 
 Prochlorophytes 
 Prymnesiophytes 
 Dinoflagellates 
 Cyanobacteria 
 Pelagophyte 
 
HPLC pigment tracers  
 Chlorophyll a 
 Divinyl chlorophyll a 
 Phycoerythrin 
 19'-hexanoyloxyfucoxanthin 
 19'-butanoyloxyfucoxanthin 
 fucoxanthin 
 
Bidigare R.R. and M.E. Ondrusek (1996) Spatial and temporal variability of 
phytoplankton pigment distributions in the central equatorial Pacific Ocean. Deep-Sea 
Research II, 43, 809-833. 
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Magnitude of New Production 
A similar global synthesis of new production was compiled by Chavez and Toggweiler 
(1995). This is shown here are Table 8-6. The percent of the total new production and 
ocean area are also given in parentheses. These estimates were obtained by first 
estimating the rate of upwelling in the different ocean areas. The units are Sverdrups 
which are 106 m3 sec-1. The upwelling rate was multiplied by the nitrate concentration 
upwelled (column 3). Assuming all the NO3 is consumed and converted to carbon in the 
ratio C/N = 6.6/1 gives the estimate of new production in column 4. 
 
Table 8-6 
Region   Volume Nitrate  New Production Area 
   (Sverdrups)     (µmol l-1)         (g C y-1 x 1015)           (m2 x 1012) 
Tropical Open Ocean               90 (25%) 
   Upwelling        60      10        1.5 (21%)    
   Turbulent Mixing                                                           0.7 (9.5%) 
Southern Ocean                30      15                      1.1 (15.5%)             77 (22%) 
Subarctic Gyres                  7                   15                      0.3 (4%)               22 (6%) 
Coastal Upwelling            15                   15                      0.8 (1%)     4 (1%) 
Moonsonal                        15                   10                      0.4 (5.5%)               5 (1.5%) 
Subtropical Gyres                                                               0.5 (7%)  114 (32%) 
Cont. Margins  
    Western Boundaries      20                   15                       0.7 (9.5) 
    Estuarine exchange                                                         1.2 (17%) 
Total        147                                             7.2 
 
 
Predicting new production 
Eppley and Peterson (1979) wrote a classic paper in which they summarized existing data 
to suggest that new production should vary regionally with the primary production rate. 
Their plot of new production versus primary production is shown in Fig 8-7. 
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Falkowski et al (1998) prepared a map of annual mean export (aka new production) using 
CZCS chlorophyll distributions, their conversion of chlorophyll to primary production 
and the Eppley and Peterson conversion to new production. This global map is shown in 
Fig 8-8. Using this map Falkowski et al estimated that the total global new production is 
16 Gt C y-1. This is about twice the value of 7.2 Gt C y-1 estimated by Chavex and 
Toggweiler (Table 8-6). If NPP equals 50 GtC then the corresponding global f-ratios are 
0.32 and 0.14, respectively. Most field estimates support the lower estimate. 
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Example: O2 in surface seawater - is it due to biology? 
The Figure 8-9 (from Broecker and Peng, 1982) shows the distribution of dissolved 
oxygen in surface seawater as a function of temperature. The data tend to fall about 3% 
supersaturated. This supersaturation could be due to biological production or due to 
physical factors like bubble injection. Lets evaluate the biological alternative by 
calculating the O2 flux out of the ocean due to gas exchange, convert it to an equivalent 
carbon flux and compare it with global primary production values from page 1 of this 
lecture. 
 
Q Why is Temperature used as the master variable? This is because the solubility of 
gases like oxygen are determined more by the temperature than the salinity. So 
temperature is the most appropriate master variable. 
 
Using a simple gas exchange model (discussed in a later lecture) we calculate that the 
global average O2 flux from the euphotic zone to the atmosphere should be  
16 mol O2 m-2 y-1. 
 
Q What is this oxygen flux equivalent to in terms of carbon? 
Ans:  At steady state it should be equal to what we call new production or the difference 
between photosynthesis - respiration in the euphotic zone.  
 
Q How does this compare with the total primary production summarized earlier? 
 
The conversion can be done as follows. First convert the oxygen flux to carbon 
equivalents using the stoichiometric equivalents 
 
16 mol O2 m-2 y-1 x 106 C     =  12 mol C m-2 y-1  =  144 gC m-2 y-1 
            138 O2 
 
144 gC m-2 y-1 x 361 x 1012 m2 = 51.9 x 1012 gC y-1 = 51.9 GtC y-1 

  (ocean area) 
 
On page 1 we stated that the best estimate of global average primary production was 
about 50 Gt C y-1. But both Martin et al (1987) and Chavez and Toggweiler (1995) 
estimated global new production to be about 7 Gt C yr-1. The O2 flux in this case is much 
larger than new production and is probably due to supersaturation caused by what we call 
air or bubble injection. This mechanism will cause surface seawater to be supersaturated 
in the absence of any biology. The O2 flux due to new production would have to be only 
part of this signal. 
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Figure 8-9 (from Broecker and Peng, 1982) 
 

 



 18

Example: The use of oxygen supersaturation in surface seawater to determine new 
biological production. 
 
What processes influence surface water oxygen supersaturation? 
 
Seasonal warming 
Air Injection (bubbles) 
Mixing with ocean interior 
Net biological O2 production 
 
 
    Atm  Air Injection   Gas Exchange 
    Ocn 
 
              h = ocean 
       (P - R)       surface layer 
     Z* 

 

                                 Fz 
              Mixing 
 
Write a mass balance 
 
dO2/dt  =  { G [O2] - PO2 KH  }  +  P  -  R  +  IO2  -  Fz 
 
The unknowns are G, P, R, IO2 and FZ. 
 
Approach 
 
A) Use a time series of temperature (T) and oxygen measurements. 
 Determine Fz from T 
 Determine G from wind speed 

Calculate P-R from the O2 balance. 
 

There are two good time series of data that include T, S, O2 and h (mixed layer depth). 
These are at: 
  Bermuda Station S (Panullirus Site; 32°N, 64°W) 

(Jenkins and Goldman, 1985) 
 Ocean Station P (PAPA) (North Pacific at 50°N, 145°W) 

 
The data and calculations are given on the next page. 
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Fig 8-10 Panulirus Data for density and oxygen and calculation of new production and f-
ratio (Jenkins and Goldman, 1985). 
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B) Use other gases (e.g. Ar, N2 and He) to determine G and I and derive P-R. 
Each gas has its own mass balance. 
 
dO2/dt  =  GO2  { [O2] - PO2 KH }  +  P - R + IO2 - K ( dO2/dz) 
 
dAr/dt  =  GAr  {[Ar] - PAr KH }  +  IAr  -  K(dAr/dz) 
 
d3He/dt  =  GHe {[He]  -  PHeKH)  +  IHe 
 
dN2 / dt  =  GN2 {[N2 ] - PN2KH }  +  IN2  -  K (dN2/dz) 
 
The model unknowns are: 
 
Fz  -  estimate Kz from temperature profile 
I - use 3He or N2 balance 
G - use the Ar balance 
P-R  form the O2 balance 
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Problems: 
 
1. 15. During a recent cruise to the equatorial Pacific (at  0°, 140°W in September 1992) 
new production was measured, using the NO3 uptake technique, to be  
2.89 mmol N m-2d-1  while particulate organic carbon export was measured using drifting 
sediment traps to be 10.0 mmol C m-2 d-1. 
 
a. Were new and particulate export fluxes in balance on a carbon basis? (10 points) 
b. If not, what might be the explanation? (5 points) 
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Appendix: CZCS imaages of ocean color and AVHRR images of sea surface temperature 
(SST) 
 
Gulf Stream Temperature 

 
 
 
 
Western North Atlantic Color
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West Coast Upwelling 
 

 


