Answers to Worksheet 2: Control of Primary Production in the Oceans
1. Yes. Starting, for instance, from deep [NO3] = 2.3 or 50.3, or deep [PO4] = 0.2 or 3.0, the model always converges towards a stable final state (flat lines in all graphs).
2. Yes: N2-fixers = 0.02 μMol P m-3; non-fixers = 2.72 μMol P m-3; surface [PO4] = 0.15 mMol m-3 ; deep [PO4] = 1.75 mMol m-3 ; surface [NO3] = 2.0 mMol m-3 ; deep [NO3] = 25.6 mMol m-3. 
3. Total primary production increases from ~46 Gt C year-1 to ~57.5 Gt C year-1, i.e. an increase of 25%. In the model, TPP is found to rise or fall in proportion to changes in the supply of phosphate to the ocean.
4. There is no lasting effect on TPP.
5. It is all to do with the response of nitrogen-fixers. When more phosphate is added to the ocean, this starts to cause an excess of phosphate whereas nitrate is still limiting. This is a favourable scenario for nitrogen-fixers, which do not depend on nitrate for their nitrogen, and so they proliferate. As the additional nitrogen-fixers die and the nitrogen within them is remineralised to nitrate, levels of nitrate rise to match the additional phosphate. Phytoplankton have more of both the N and the P that they need, and this is why TPP is able to increase.  When more nitrate is added, on the other hand, this starts to cause an excess of nitrate over phosphate, which removes any benefits of being a nitrogen-fixer. The nitrogen-fixers (with slower maximum growth rate) become less competitive and decline in importance. Because nitrogen-fixation indirectly creates new nitrate from N2, the reduction in nitrogen-fixation offsets the increase in riverine nitrogen and in the end there is no more N or P. This is why TPP does not alter.

6. Realised growth rate (μ) is calculated in this model as μ = μmax * min(PLIM, NLIM), where μmax is the maximum growth rate and PLIM and NLIM are the nutrient limitation terms. PLIM and NLIM can take values between 0 (most limiting) and 1 (not limiting at all). Both PLIM and NLIM are ~0.8 throughout.
7. NLIM < PLIM throughout the run, i.e. the scarcity of nitrate imposes a slightly stronger brake on the growth of non-fixers than does scarcity of phosphate.
8. No, even though changes in phosphate supply are in the process of altering TPP, nitrate remains immediately (proximately) most limiting throughout.
9. It is because the population of nitrogen-fixers is limited and controlled by phosphate: nitrogen-fixer growth rate (μ = μmax * PLIM) is dependent only on phosphate, in the model. Although nitrogen-fixers typically make up only a small fraction of the total community, they also act as a conduit for bring new nitrate into the system and in this way their activities also influence the nutrient levels for the other phytoplankton.
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