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Thanks to many colleagues and students for stimulating, 
exciting and critical discussions and arguments… that which 
does not kill us makes us stronger! 



Order of Presentation 

Why is it important to understand bacteria-phytoplankton 
interactions in the ocean? 
Ocean iron fertilization experiments. 

What can we learn and what are we missing? 



Number of times a word is mentioned in the PICES book of 
abstracts… 
Dissolved Organic Carbon… 2 
Bacteria…    27 
Export…    28 
Phytoplankton…   131 
Zooplankton…   101 
Fish….    451 
 

700 Pg C 
2.2 Pg C 
10 Pg C y-1 

1.8 Pg C 
0.5 Pg C 
0.02 Pg C 

Inverse relationship between the  
word use frequency  and 
biogeochemical relevance…  
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Ramanan et a. 2016        
Algae and bacteria have 
coexisted since the early stages 
of evolution and their 
interactions influence earth 
systems and define many 
ecosystem processes including 
recycling, remineralization, 
aggregation and export of 
carbon and macro- and micro-
nutrients in the ocean. 

Marine microbes influence global ecosystem dynamics in 
fundamental ways by mediating the biogeochemical 
processes. Large-scale consequences result from interactions 
occurring at the level of the individual cells that propagate 
through ecosystems. 





Cole et al. 1988 Significant linear and positive relationship 
between bacterial and phytoplankton 
biomass and production. 

Relationship infers a causal link between 
the  supply of resources by phytoplankton 
and use by bacteria. 

Relationship is overly simplistic but is 
perhaps useful framework. 



Li et al. 2004 

Slope low and r2 high for coastal and upwelling regions. 
Slope high and r2 low for polar regions. 
Slope high and r2  high boundary current regions. 
Slope high and r2 variable for ocean gyres. 

For a wide range of 
ocean biogeochemical 
provinces the average 
slope = 0.46. 



All data 

< 50 m 

Macroecological (global rather 
than regional) perspective. 

 

 

 

Shift from positive at low 
chlorophyll to negative and 
high chlorophyll concentrations. 

Suggests a gradient from 
bottom up control (resource 
availability) at low chlorophyll a 
to top down (mortality) at high 
chlorophyll concentrations.  

 

The slope of the bacteria-
phytoplankton relationship 
is non-linear… 



The bacteria : chlorophyll  
ratio is temperature 
dependent. 

 
-Uncoupling of food 
webs. 
-Alternate sources of 
substrate. 
-Succession or change  in 
nutritional diversity. 

 

The greatest range and variability is at low temperatures,  
typical, of polar regions. What is the consequence of this 
charactistic? 

 



There are  distinct 
biogeographical patterns 
of marine bacterial 
families and functional 
genes in the global ocean. 
 
They show different 
proportional abundances 
among regions. 

Haggerty & Dinsdale 2016 



Grossart et al. 2006 

Axenic and non-axenic algae have different patterns of aggregate 
formation and the pattern and an magnitude of aggregate 
formation vary with phytoplankton taxa and bacterial phylotype. 

Bacteria and functional groups vary spatially and temporally 
and their interactions with phytoplankton have important 
biogeochemical consequences  



Diatoms require silicic acid for cell division and the production 
of frustules. Seawater is under-saturated with respect to bSiO2, 
so any exposed surface will undergo rapid chemical 
dissolution. 
Living diatoms protect their frustules from dissolution with an 
organic matrix which stabilizes the bSiO2 dissolution rates.  
The bSiO2 dissolution rates in ``abiotic'' sea water, was 0.2 to 
0.9% per day, compared to 8-18 % per day when bacteria were 
present.  
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Bidle et al. 2003 Temperature exerts  a strong 
control on Si dissolution and C  
remineralization. 

Ragueneau eta al 2006 

Bacterial mediation of bSiO2 
dissolution is temperature-
dependent function. 

 bSiO2 remineralization is 
higher at high than low 
temperatures.  
This temperature dependent 
pattern may influence the 
different remineralization 
length scales of bSiO3 and 
CaCO3  and contribute to the 
observed ballasting effect on 
carbon export. 

 



Primary production (PP) which is exported (E) from the euphotic 
zone represents the fraction that escapes microbial-mediated 
solubilisation and remineralization (R).   

 E = P - R 

Biologically mediated 
carbon pumps 

 

 

 

 

 

BCP 
MCP 
CaCO3 



The biological pump is relatively inefficient. Most of the carbon 
fixed into phytoplankton is remineralized in the euphotic  and 
the mesopelagic zones. 

Two commonly used metrics to quantify export are:  

Particle export efficiency (Eeff), the proportion of PP that is 
exported from the surface ocean, i.e., E/PP and,  

Particle transfer efficiency (Teff), the fraction of exported organic 
matter that reaches the depth of sequestration (S) ~1000m,  i.e., 
S/E  



The spatial gradients in Eeff and Teff  suggest that in high 
latitudes, more of the PP is exported below the mixed layer 
than in low latitudes, but that this material is not effectively 
sequestered. 
Global means vary widely…  
Eeff ~10% to 40% and Teff ~1% to 20% 

JGOFS-era studies demonstrated particle flux from the surface 
related to size-spectra and composition of the pelagic food 
web. 

Henson et al 2012 



Laws et al. 2000 

Eeff = ef-ratio = ratio of export (or new production) to total 
primary production) 



The bacteria : chlorophyll  
ratio is temperature 
dependent and the 
greatest range and 
variability is at low 
temperatures,  typical of 
polar regions. 

 

 
 

Is the high Eeff  (or ef-ratio) at high latitudes due to the 
uncoupling of phytoplankton and bacterial processes at low 
temperatures?  

Is this important and how can this be tested? 



Phytoplankton biomass in some nutrient rich areas of the 
contemporary oceans is low and thought to be iron limited. 



Phytoplankton biomass in some nutrient rich areas of the 
contemporary oceans is low and thought to be iron limited. 

Enhanced supply of iron-bearing dust to these regions during 
the  recent glacial maxima stimulated phytoplankton blooms 
and the sinking of phytoplankton to the deep ocean sequestered carbon 
preventing its exchange with the atmosphere over millennial 
time scales. 

Ocean iron fertilization experiments tested this hypothesis have 
provided unambiguous support for the first condition: that iron 
addition generates phytoplankton blooms in regions with high 
nutrient but low chlorophyll concentrations. 

Experiments have not unequivocally demonstrated the sinking 
of bloom biomass to depth. Thus second condition of the iron 
hypothesis has yet to be confirmed. 



Mesoscale Iron Enrichment Experiments 1993–2005 (Boyd et al. 2007):  

      Natural iron fertilization; CROZEX and KEOPS 1 &2 
        Mesoscale Iron Enrichment; LOHAFEX 











deBaar et al. 2005 

Inverse relationship between 
Chl a  concentration and 
mixed layer depth. 

More rapid rates at higher 
temperatures. 

Not all sites characterized 
heterotrophic microbes. 
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Phytoplankton     Bacteria    

Significant and  positive 
relationship between  relative 
biomass increases and MLD.   
MLD is deeper in polar regions. 

Significant inverse  relationship 
between bacterial biomass and  
temperature.   

Bacteria dynamics are more sensitive than phytoplankton to 
temperature… Higher ‘loss’ rates at high temperature.  



Phytoplankton     Bacteria    
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Significant positive relationship 
between  the relative increase in 
production and  MLD.   

Significant inverse  relationship 
between increased production 
and   temperature.   

Bacteria dynamics are more sensitive than phytoplankton to 
temperature… Higher loss rates at high temperature.  
Different response for phytoplankton biomass vs. production 
suggests mortality is an important process.   
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[PPmax/PPinitial]/[BPmax/BPinitial] 

Relative change in the  
phytoplankton production 
to bacterial production as 
a function of temperature 
during iron fertilization 
experiments. 
The decrease in the  ratio 
implies that there is a 
smaller  bacterial demand 
for PP carbon at low than 
high temperatures. More 
PP available for export. 

This is not an absolute value for PP:BP , it is a non dimensional scaling 
parameter that allows a comparison among iron fertilization 
experiments. 



Laws et al. 2000 

ef-ratio = ratio of export to total primary production 
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Iron-stimulated carbon export has been (‘sorta’) observed at 
the CROZEX and KEOPS natural fertilization sites and to a 
lesser extent during at the EIFEX and SOFEX-S study sites in 
the Southern Ocean. Consistent with temperature dependence 
of bacteria-phytoplankton relationships. 



Summary 

Bacteria and phytoplankton have co-evolved and their 
intimate biological interactions influence ocean 
biogeochemical processes. 

Bacteria directly influence phytoplankton aggregation, 
dissolution and remineralization processes that leads to 
differential retention vs. export of phytoplankton carbon 
from the upper ocean, and these processes are temperature 
dependent. 

Mesoscale iron fertilization experiments have not 
consistently demonstrated carbon export/sequestration, 
however   those carried in the Southern Ocean suggest that a 
combinations of fertilization durations and microbial 
dynamics may be important factors. 

 



 

 

 

Thank you for your attention 
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