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My talk is divided into the following sections: 

1)  With what do we „make sense“?  

To understand „understanding“ we need to examine the evolutionary biology 
underlying physics. 

2) What could have selected the many intriguing shapes of plankton. 

3)  Why are copepods and krill the dominant marine zooplankton today. 

4)  Why are Antarctic krill stocks declining and can we do anything about it? 

5) How much carbon could ocean iron fertilization sequester? 

The common denominator in my talk is the application of in situ experiments to 
test specific hypotheses about the structure and functioning of marine pelagic 
ecosystems. 



Proprioception: Is the sensory system 
that supports body posture and 
movement also the root of our 
understanding of physical laws? 

The body and vestibular organs as our 
major sense organs. 



Is the mind‘s balance, and hence 
its functioning, derived from that of 
the body? 

Is there an innate sense of justice?  

How did it develop and where are 
ist neural correlates? 

Relationship between material and 
abstract worlds. 



The earth is about 4.5 billion (10^9) years old 

It has undergone dramatic shifts in climate in this period 
driven by changes in the composition of the atmosphere.  

There have been periods of profound or moderate 
glaciations („snowball-earth phases“ and current glacial-
interglacial cycles, respectively) interspersed with periods 
with virtually no ice on the planet (e.g. Mesozoic)  

Cooling and warming of the earth is driven by feedback 
processes that operate on the earth‘s surface.  

The timing can be set by processes outside the earth 
(planetary parameters) or underlying it‘s surface (plate 
tectonics). 



http://www.snowballearth.org/ 
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Autotrophic organisms have changed the physics and chemistry of earth‘s surface 
drastically and continue to do so. 

Their evolution is driven by natural selection which is essentially of 2 types: 

1. Selection by the physico-chemical properties of the environment or „bottom-up 
selection“ whereby organism interactions are governed by competition for 
inorganic resources or light. 

2. Selection by mortality due to grazers and predators, or „top-down selection“. 

These two selection mechanisms are fundamentally different: 

Bottom-up selection is according to fixed rules which constrain organisms within 
the bounds of physical and chemical „laws of nature“.  These favour one or more 
„optimal solutions“ (e.g. shape of trees: palm trees and deciduous trees which have 
been reinvented many times). In phytoplankton, small (> 2µm) cells should be the 
most competitive but they contribute only marginally to biomass build-up.  

Top-down selection is boundless, favours creativity and fosters diversity. Clearly, 
the „natural laws“ are obeyed but circumvented in various ways. 

Evolution of animals is a case in point. 



Tree ferns (top left), cycads (top) and palm tree 
(left) showing convergent morphology driven by 
bottom-up constraints 

Form and function make sense here: selection 
of optimal solutions, because we are terrestrial 
organisms and live in a strong gravity field 



Extinct Australian Megafauna 



MAMMOTH LOSS— Animals such as mammoths, giant beavers and camels 
roamed the North American continent until about 10,000 years ago. What 
happened to them? Some scientists think human immigrants caused their 
extinction. WASHINGTON POST PHOTO  



Jeffrey Dorale 
Department of Geosciences, The University of Iowa 





All the major metabolic pathways, including oxygenic 
photosynthesis (Cyanobacteria), evolved in the Proterozoic under 
reducing conditions. 

This is the phase of chemical evolution when physical and 
chemical properties of the environment dominated natural selection. 

Organism interactions were simple and restricted to competition and 
protection against exoenzymes and (most probably) viruses. The 
latter is achieved by layers of slime and, possibly lipids. 



N.J. Butterfield 

Geobiology 7, 1-7 (2009) 



http://www.artscape.us/aquaculture/spirogyra/filamentous_algae.jpg 



Phagocytosis evolved only after the atmosphere had been 
sufficiently oxidised. 

It facilitated endosymbiosis and hence the evolution of higher life 
forms (eukaryotes and later multicellular organisms) driven not 
only by tight coupling of endosymbiosis but also the looser 
relationships of co-evolution and ecosystem structure. 

Bigger size improves defence ability (size escape), hence survival. 

Since big cells of various shapes are responsible for most of the 
production, their lower growth rates must be balanced by lower 
mortality, i.e. they must be top-down selected. 



Top-down selection is based on attack and defence systems. It is 
driven by the evolutionary arms race (Dawkins) or the 
„evolutionary olympics“. It initiated mechanical evolution: 
development of shape and later armour and the tools to crack them 
with. 

The arms race had a profound effect on recent climate history at 
scales ranging from tens of millions of years (Cenozoic) to 
hundreds to thousands of years (transitions from glacial to 
interglacial stages). 



Individual and population 

•  The unit of natural selection in evolution is the individual 
organism. 

•  This is easily identified in metazoa and metaphytes because 
dividing cells stay together. The cells in a multicellular organism 
are attached, differentiated, organised in functional units that 
maintain integrity of the organism.  

•  Dividing cells of a unicellular organism, however, separate from 
one another and tend not to be differentiated. Nevertheless, all 
the cells emanating via vegetative division from a zygote belong 
to one clone hence represent one individual that is diffuse: The 
individual in unicellular organisms is a cloud.  

•  Individual cells can be sacrificed, like leaves of a plant, to 
maintain survival of the organism, whether a cloud of leaves, or 
a cloud of plankton cells. 



Eukaryotes evolved from prokaryotes 
through endosymbiosis most probably 
via phagocytosis. 

Phagotrophy became possible by 
increasing atmospheric oxygen levels 
emanating from prokaryote 
(cyanobacterial) photosynthesis. 

Early eukaryotes engulfed 
cyanobacteria giving rise to 
chloroplasts, hence algae from which 
land plants evolved subsequently. 

So far, attention has focussed on the 
endosymbiont. The exosymbiont („host 
cell“) has been neglected. 
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Plankton evolution is ruled 
by protection and not 
competition. The many 
shapes of plankton reflect 
defence responses to 
specific attack systems 
ranging from pathogens, 
parasitoids to predators. 



Ernst Haeckel (1834 – 1919) Professor 
at the University of Jena, Germany 

Victor Hensen (1835 – 1924) 

Professor at University of 
Kiel,Germany 

From Wikipedia, Feb. 2007 



Dinoflagellates drawn by Haeckel 

What is the function of these forms? 

Shape does not determine whether an  
organism is photoauto- or phagotrophic. 



Links: Meyer, F.S. (Ed.) (1888). “Handbuch der Ornamentik : zum Gebrauche für 
Musterzeichner, Architekten, Schulen und Gewerbetreibende sowie zum Studium 
im Allgemeinen.” Seemann, Leipzig, 615 pp.  Rechts: Haeckel (1904) Kieselalgen 



Haeckel believed that plankton morphology arose according to the same 
inherent principles as these ice crystals: organic crystallography. 

A coherent explanation for plankton morphology has yet to be formulated.  



Radiolaria shapes are baffling  But what about Foraminifera? 
What do they remind us of?  

Ernst Haeckel, Kunstformen der Natur (1904) 



Drawing of plankton of Kiel Fjord by 
Hans Lohmann in 1908 to illustrate 
the importance of his discovery of 
„nannoplankton“.  

The organisms are all drawn at the 
same scale and demonstrate the 
size differences between one of the 
smallest copepods (Oithona) and 
various common species of diatoms, 
dinoflagellates, ciliates and other 
flagellates. Most of the species 
depicted here are cosmopolitan and 
ubiquitous in the coastal plankton.  

The adult copepod Oithona is about 
1 mm long. 



Common genera of coastal phytoplankton 

Nanoflagellates 
Chrysophytes 
Cryptophytes 

Euglenophytes, 
Chlorophytes 
Etc. 

Colonial 
cyanobacteria, 
Anabaena, Nostoc 

Trichodesmium, various 
colonies 

Bloom-forming 
diatoms, Chaetoceros, 
Thalassiosira 

Skeletonema, 
Pseudo-nitzschia 

Bloom-forming 
dinoflagellates, 
Ceratium spp. 

Coccolithophorids Phaeocystis 

Prorocentrum, 
Gymnodinium 

Note different scale bars 
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Seasonal plankton cycle 





Modern phytoplankton blooms are dominated by 
diatoms. Why? 



Diversity 

Crawford/Hinz	





The function of diatom frustules is under debate today. Ehrenberg 
in the 1830s called them „Panzertierchen“ (armoured little 
animals). 









Honeycomb 
Hexcel Composites	



Schmidt 1989	





Common pelagic 
copepods painted at 
same scale by 
Alister Hardy 
These genera are 
cosmopolitan 

Pseudocalanus and 
Oithona 

Euchaeta 
carnivore 

Calanus 

Metridia 

Fish louse 

Acartia and Centropages 
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Mouth of a copepod 





Antarktic Sediments are dominated by the pennate diatom  Fragilariopsis  
kerguelensis. This is the largest global sink of silica. 





Intact chlorophyll a fluoresces red under UV 

U. Freier	



DAPI stained DNA fluoresces under UV 

Hindgut of an euphausiid 
that has ingested 
numerous chains of 
Fragilariopsis kerguelensis 
of which many are intact, 
and some, as seen below, 
apparently still alive. 





Hamm et al. 2003 



SEM-pictures and FE-model of the Antarctic diatom  
Fragilaiopsis kerguelensis 

Hinz	



Hamm	



Hamm et al.	





Pressure on girdle bands of 
Fragilariopsis kerguelensis 

Equivalent van Mises Stress	

















Chaetoceros 
dichaeta 



Corethron pennatum 



Chaetoceros chain and spines of Corethron pennatum. Note barbs. 



Needle-shaped ACC phytoplankton dominated by Thalassiothrix antarctica 



Thalassiothrix antarctica  



Phaeocystis, colony and solitary cells 



Phaeocystis colony 



The tensile alternative: Phaeocystis colony under suction reveals that it is enclosed 
in a tough organic skin. Note extruded skin at right bottom.  

Hamm et al. MEPS 1999 



Coccolithophorids: Calcite plates (coccoliths)	


Emiliania huxleyi	





Emiliania huxleyi (Coccolithophorid) 



Coccolithophord: Gephyrocapsa 





What is the function 
of these forms? 



Thalassiosira gravida 

Cheatoceros socialis 

Ditylum brightwellii 

Ceratium tripos 

Pseudo-nitzschia lineola 

Skeletonema spp 

Chaetoceros debilis 

Phaeocystis globosa 

Emiliania huxleyi 



Diversity of other 
phytoplankton	



Kuylenstierna and Karlson 	



Thecate dinoflagellates carrying armour of thick cellulose plates 



Close-up of dinoflagellate armour 



Chemical defences (toxins or herbivore deterrants) 

•  The molecules comprising an organism fall into two categories:  

•  Primary metabolites are part of the life-supporting and reproductive 
machinery. 

•  Secondary metabolites (SMs) have other functions, primarily defence. 

•  The exact function of most SMs are unknown. Their occurrence varies even 
wirhin species and many are induced. 

•  A large variety of SMs have been identified in phytoplankton of which 
molecules toxic to humans have attracted most attention. 

•  These are neurotoxins that cause paralysis or amnesia, metabolic toxins 
that affect various organs such as lungs or alimentary canal. Their function 
is largely unknown but their effect on higher trophic levels, including 
humans, can be devastating. 

•  Recently, polyunsaturated aldehydes have been found in some diatom 
species that are produced from structural fatty acids by the action of a 
specific enzyme that is activated when the cell is crushed. Their role is 
under debate. 





Ianora et al. 2004 



Example of carnivore 
deterrant 

Clione, a carnivorous 
pteropod (sea butterfly) 
without a shell 

An amphipod (crustacean) carries 
Clione on its back with 2 legs 
modified for the purpose. 

                     Why? 



Amphipod capturing or kidnapping a Clione to carry on its back 



Fish are deterred by 
amphipods carrying the 
Clione. 

It has been easier for 
the amphipod to modify 
2 legs than to produce 
toxins itself. 

The toxins are 
aldehydes. 



Escape by flight, evolutionary Olympics 

or by  

Increasing size (size escape), but there is always 
„room at the top“, predators can simply grow bigger. 



Bacteria can escape 
from their predators the 
nanoflagellates at 
various stages of 
attempts at capture. 



Prey handling time by pallium- 
Feeding dinoflagellate 

Prey escape and capture 



Neuston and plankton from eutrophic fresh water 
They are slow-swimming, less defended organisms than their marine counterparts 



Choreotrichs 
formerly oligotrichous 
ciliates are fast 
swimmers with a tough 
cell wall 
Typical ciliates of the 
marine pelagial. Many 
are cosmopolitan. 

Scale bars are 50 microns. 



Common pelagic 
copepods painted at 
same scale by 
Alister Hardy 
These genera are 
cosmopolitan 

Pseudocalanus and 
Oithona 

Euchaeta 
carnivore 

Calanus 

Metridia 

Fish louse 

Acartia and Centropages 



Calanoids are the common pelagic 
copepods. Note torpedo-shaped bodies 

Some cyclopoids are pelagic but many are 
parasites. Note differences in shape. 



Morphology of a pelagic copepod, note investment in muscle 





Natural history of copepods. 
Note that the copepod with 
eyes (c.) has short antennae. 
The long ones function as 
mechanoreceptors and apprise 
the animals of movements, 
whether prey or predators, in 
their surroundings. 

from A. Hardy „The open sea“ 



The copepod genus 
Oithona is present in the 
surface layer of the entire 
ocean and appears not to 
have a seasonal cycle, 
i.e. it breeds whenever 
sufficient food is 
available. 



The copepod genus Acartia 
is present in all coastal 
waters except around 
Antarctica. The various 
species have strong 
seasonality, many species 
have benthic eggs. 



Cladocerans (Daphnids) are 
the typical zooplankton of 
eutrophic lakes. They feed 
with high efficiency on 
suspended particles by 
filtering water and multiply 
rapidly by growing new 
individuals in their brood 
pouches on their backs (by 
parthenogenesis). 

They are slow swimmers 
represented in the marine 
environment by only 3 genera 
with a few species (Penilia, 
Evadne, Podon). Although 
they can form „blooms“ in 
coastal areas, their feeding 
habits are still unknown. 



Ocean weather station 
„Papa“, in the HNLC North 
Pacific 

OWS „India“ in the North 
Atlantic. Note similarity in 
annual zooplankton 
biomass composition in 
both sites. 

100 mg wet weight =  
~20 mg dry weight = 
~ 10 mg carbon biomass 
Concentration m-3 x 100 m = 
Stock m-2. 



Most copepod species have 
distinct biogeographical 
ranges which partly overlap.  

Related species can differ in 
their life cycles which gear 
them to specific 
oceanographical regimes, e.g. 
to polar, boreal, temperate 
waters, or to upwelling 
regimes. 



Euphausiids and mysids painted 
at same scale by Alister Hardy 

Shrimp-like zooplankton 





The zebra‘s muscles have evolved to escape predators. Their teeth reflect 
adaptation to grinding grasses. 



Gelatinous organisms painted 
by Alister Hardy. 

Top left (Pleurobrachia) and 
bottom right (Beroe) are 
Ctenophores or comb jellies. 
Beroe feeds exclusively on 
other Ctenophores. 

Bottom left is a heteropod 
(gastropod), the others are 
coelenterates or jellyfish.  



Salps are highly 
transparent (except 
for the stomach), 
filter-feeders that 
multiply by budding 
and can build huge 
stocks in some 
regions, such as 
the Southern 
Ocean. 

They are oceanic 
animals whose 
fliters can clog at 
high particle 
densities. 

Their major 
predators are 
amphipods that 
have grappling 
mouth parts. 



Salp range is moving southward since the last 50 years particularly in Indian 
and Pacific Sectors. Salps do not thrive in high productive areas so their 
spread is an indication of declining productivity. 

1900-1952 1980-2000 



Hyperiid amphipods are major predators of watery zooplankton: Note their large 
eyes and grappling appendages suited to tear apart their prey. (H. Gonzalés).	





Examples of nekton. 
The well-defended 
moonfish (c.) and 
turtle (b) feed 
primarily on jellies. 

„You can‘t run with a 
belly full of jelly“. 



Consequences of natural selection of defences (arms race) for 
elemental cycles. 

Cycles of biogenic elements depends on their ratios (C:N:P:SI:Fe, etc) in 
the bodies (cells), armour (exoskeletons) and waste products of the 
dominant organisms. 

This will influence air/sea exchange of gases: CO2, N2O, DMS, etc. 

The arms race will slow growth rates because energy and materials are 
diverted away from reproduction to defence. As in human societies. 

Sediment surface is determined by the nature of the war fought in the 
overlying water. 



Distribution of dominant 
sediment types on the sea 
floor: pale blue: ice rafted 
sediments. Blue: carbonate 
(note effect of water depth 
and age). Yellow: siliceous 
(note no relation to depth). 
Red: Red clay (note strong 
relation to depth). Violet: 
terrigenous. Orange: 
siliceous/red clay.	



Shaded relief map showing 
abyssal plains and mid-
oceanic ridges.	





From Petit et al. Nature 1999	





Source: Prepared from data contained in IPCC, 2001c             . 	







Magic numbers in the biosphere 

Glacial/interglacial CO2 concentrations (180 – 290 ppmv) 

Glacial/interglacial methane concentrations (350 – 650 ppbv) 

Redfield ratios (Pelagic C:N:P 106:16:1) 

Deep-sea DOC concentrations (42 µmol l-1) 

Surface ocean bacterial numbers (106 ml-1) 

Virus:Bacteria ratio (10:1) 





Wolff et al. Nature 2006 



Wolff et al. Nature 
2006 



Magic numbers in the biosphere 

Glacial/interglacial CO2 concentrations (180 – 290 ppmv) 

Glacial/interglacial methane concentrations (350 – 650 ppbv) 

Redfield ratios (Pelagic C:N:P 106:16:1) 

Deep-sea DOC concentrations (42 µmol l-1) 

Surface ocean bacterial numbers (106 ml-1) 

Virus:Bacteria ratio (10:1) 

Non-sea-salt-sulphate (biogenic) flux to Antarctica (3 mg m-2 yr-1) 



Photo	

 The Antarctic Blue Whale is the largest animal that ever lived. Their numbers have declined 
from 300,000 to less than 1,500 now. Their recovery is threatened by declining krill stocks.	





From B. Meyer 











Zusammenbruch der Krill-Bestände seit den 70er Jahren: 

Ein Paradoxon 

Atkinson et al. 2004 
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A swarm of krill at the surface (Steve Nicol). 



Photo P. Marschall, AWI 





Adult Antarctic Krill feeding at abyssal 
depth   Andrew Clark & Paul Tyler 

Current Biology 2008 



LITTLE EVIDENCE FOR INCREASE IN KRILL MORTALITY 

Krill predator populations prior to decimation of the great whales were much larger  
than current stocks of krill predators such as seals, penguins and Minke whales. 

Antarctic blue whales feed exclusively on Krill. About 300,000 were killed, equivalent 
 to 30 Million tonnes. Food demand of all the great whales and other Krill predators 
 prior to whaling is estimated at about 180 Million tonnes per year. 

Annual global fish catch which resulted in current plight of fisheries world-wide was 
70 Million tonnes per year since the 1970s. 
Global human biomass is about 300 Million tonnes. 

Blue whales are reportedly recovering but population size is still ~ 1% of original. 
So it is highly unlikely that predation pressure alone is responsible for ongoing Krill 
decline. 

Krill fishery plays a minor role 



EVIDENCE FOR FOOD LIMITATION OF KRILL STOCKS 

•  Estimated former krill stock was at upper level of carrying capacity of the 
system (> 10 g C m-2, which is equivalent to that of phytoplankton biomass 
under bloom conditions) 

•  Release of Krill grazing pressure should result in correspondingly more 
chlorophyll. However, satellite data (comparison of CZCS with SeaWifs 
data) indicate the opposite (Gregg and Conkright 2002). 

•  Salps avoid phytoplankton blooms, so increase in their range is itself an 
indication of decreasing phytoplankton stocks, particularly diatoms. 

•  Caveat: Salp increase is indication of rising temperature in the new range. 

•  Krill biology geared to maximise efficiency of available food uptake. 
particularly in sea ice habitat. 



POSSIBLE REASONS FOR DECLINE IN PRODUCTIVITY 

•  Southern Ocean productivity is controlled by supply of iron. 

•  Supply of „new“ iron to Antarctic Peninsula Plume is provided by: 

•  a) Contact of iron-impoverished surface water with land masses and 
sediments. 

•  b) Land run-off (in summer) 

•  c) Upwelling along continental slope 

•  d) Winter dust gathering on sea ice released during melting. 

•  In addition, recycling of iron in surface layer by heterotrophs.  
•  Whales will have contributed significantly to recycling of essential 

elements because they convert krill protein into blubber. 

•  Their feeding will condition the environment by increasing the pool 
of regenerated iron. 



Differences in chlorophyll distribution between CZCS and SeaWiFS eras for Oct.-Dec. 
Note reduction in the region along ACC. 
From Gregg and Conkright GRL 29 (2002) 





Conclusions 

The simple food chain of the giants: diatoms -> Krill -> whales is maintained by the 
giants There was much more iron in the animals than outside them. 

Whales are top predators so their population size will be food regulated. 

Populations of large, long-lived animals will stabilize the system on which they 
depend. 

Blue whales are recovering but how long will it take for them to re-establish the 
system from which they have been slaughtered? 

Artificial iron fertilization could be one way to speed-up the process. 

Marine equivalent of ecosystem restoration and maintenance. 

More details under www.beyondbluemag.com (October 2009) 



•  deep mixed layers (light 
limitation)	



•  Iron availability 	



•  heavy grazing pressure by 
zooplankton	





Sahara sand and dust providing iron to the North Atlantic.	





Dust input today  

Dust input 
during glacials 

Mahowald et al.	





JGOFS	







The biological carbon pump 

Powell 2008 





Result of the biological carbon pump on the conveyor belt       
Thermohaline circulation	





http://maps.grida.no/go/graphic/oceans-carbon-fluxes  

Adapted from Takahashi et al., 2009. Marine Institute Ireland, 2009.  

Riccardo Pravettoni, UNEP/GRID-Arendal  

Carbon fluxes in the oceans  









Iron fertilization as a means to reduce atmospheric 
CO2-Levels?	





Eisendüngung mit deutscher Beteiligung!



EisenEx  

EIFEX  

Chl a (ng l-1) 

Chlorophyll a development 



In patch station 21 days after first Fe-release 

Out patch station 21 days after first Fe-release 





EIFEX: Aggregates collected during the sinking bloom from 
mesopelagial and stained with Alcian Blue (TEP) and DAPI (right) 



Rhincalanus 
gigas 

Oocystes in Oviduct 

No eggs in low chl. Egg production in iron + chl. 
S. Jansen (AWI) 



Iron limitation prevents use of plant nutrients	



Nitrate (µM)	

 Dissolved silicon (µM)	



Nitrate availability sets the upper limit for growth of ALL algae, silicon limits 
diatoms. 







Colonies of Phaeocystis are covered by a tough skin, but they are 
vulnerable in their young stages.	





Large dinoflagellates (Ceratium) are armour-plated but 
vulnerable when dividing.	





Lohafex, Stn 135, 
0-50m, night 

A typical picture of LOHAFEX zooplankton  
Calanus simillimus (~ 2.7 mm CV), Oithona similis (~ 0.7 mm),  

and Ctenocalanus citer (~1.2 mm)  



Copepods kept the bloom in check because diatoms could not grow	





Foraminifera during LOHAFEX 

Several species have algal 
symbionts, others not. 

All have tough shells and slow 
reproductive rates 



Foram with spines bitten off. 

Piece of foram shell 

Whole forams in copepod faecal pellet 

Photos by Assmy and Montresor 

LOHAFEX 2009 



from the mesozooplankton......... 

A voracious predator: The amphipod Themisto 
gaudichaudii 



Energy transfer to higher trophic levels 



Slide courtesy D. Pauly 



Homo sapiens first destroyed the terrestrial megafauna (except for Africa and 
only partly in south and southeast Asia) and now we have nearly wiped out 
the marine megafauna. 

But there is hope. Perhaps we will learn. 

I ended my talk here because of time constraints. 

The following slides deal with geoengineering and the imminent threats of 
global warming. 



Geoengineering the climate	





Iron limitation prevents use of plant nutrients	



Nitrate (µM)	

 Dissolved silicon (µM)	



Nitrate availability sets the upper limit for growth of ALL algae, silicon limits 
diatoms, hence determines how much carbon can be sequestered in the oecans 
by iron fertilization becasue only diatoms seem to do the job. 

Figure from Sarmiento et al. Nature (2004). 



„The pipes“: proposed 
by Lovelock and 
Rapley. 



gcaptain.com/maritime/blog/tubes-in-the-ocean  
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•  Arktis: Sommer Meereis-Ausdehnung 1979 
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Arktis: Sommer Meereis-Ausdehnung 2007 



Mel5ng	
  equivalent	
  to	
  7	
  m	
  global	
  sea	
  
level	
  rise	
  

Greenland	
  

Slide	
  courtesy	
  S.	
  Rahmstorf	
  



www.copenhagendiagnosis.com	
  aUer	
  	
  

Church	
  &	
  White	
  (Geophysical	
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At the same time, this was happening in north Africa and south Asia 



Participants of the LOHAFEX experiment 



Dr. Syed Wajih Naqvi (NIO) Co-Chief Scientist of LOHAFEX on board Polarstern	





My thanks to all the colleagues who accompanied me on 
the 3 fertilization experiments EisenEx, EIFEX and 

LOHAFEX, particularly Philipp Assmy, Christine Klaas, 
Marina Montresor and Joachim Henjes. 

The captains and crews of RV Polarstern deserve unstinted 
praise for their professionality and support. 

Thank you for your attention! 



I have shown you just a few examples of the evolutionary arms race and 
evolutionary Olympics.  

This is an aspect of evolutionary ecology of plankton organisms now slowly 
coming to light. 

There is ample scope for research: We still do not know how and why the 
immense proliferation of planktonic shapes took place. But I feel that there 
is no other way to explain them than the evolution of protective 
mechanisms. 

In situ experiments are the best way to test these hypotheses because it is 
impossible to simulate natural zooplankton communities, i.e. the mortality 
environment, in the lab or mesocosms, whereas the growth environment 
can. 





Proposal :  
To carry out an iron fertilization experiment along the marginal ice zone 
of the Weddel-Scotia Confluence.                                      

•  Aims: 

•  To enhance magnitude and prolong duration of the ice edge bloom. 

•  Study the relationships between pelagic ecosystem structure and 
biogeochemical cycles of C, N, P, Si, Fe, etc. 

•  Follow species succession patterns (diatoms to Phaeocystis) and 
interactions within the pelagic food web 

•  Study the impact of an artificially enhanced phytoplankton bloom on krill 
feeding behaviour and reproductive physiology 

•  Measure composition and magnitude of vertical flux (ungrazed 
phytoplankton vs. zooplankton faeces) 

•  Validate various proxies for palaeoproductivity and glacial CO2 drawdown 











Proposal II:  

To extend the growth season in the Peninsula Plume region by 
supplementing the iron supply to the regenerating, summer system. 

Location: Scotia Sea between Peninsula tip and South Georgia 

•  Hypotheses to be tested: 

•  Iron limits post-spring-bloom production in the region. 

•  Growth rates of Krill and copepods are food limited 

•  Zooplankton grazing feeds the regenerating system (carbon and 
iron in faeces is recycled within the surface layer).  



KRILL RECRUITMENT IS DEPENDENT ON A 
COMBINATION OF ADEQUATE FOOD SUPPLY AND 
PROTECTION FROM PREDATORS IN SEA ICE 

•  Gonads of adult Krill disappear in winter and only develop when 
sufficient food is available. 

•  Eggs are laid off the continental slope (>1000 m depth). 

•  Larval development on the way up occurs without feeding. 

•  First-feeding larvae require high food concentrations and cannot 
arrest development, i.e. they easily starve to death, unlike adults. 

•  Larvae survive best in melting sea-ice rich in ice biota where they 
also find shelter from predators.. 

•  Caveats: Krill seem to spawn anytime, anywhere. 

•                  Larvae are also found away from sea ice, so its presence 

•                  is not obligatory but might reduce mortality. 



All the major metabolic pathways, including oxygenic 
photosynthesis, evolved in the Proterozoic under reducing 
conditions  

This is the phase of chemical evolution when physical and 
chemical properties of the environment dominated natural selection. 

Only after the atmosphere had been sufficiently oxidised was it 
possible for phagocytosis to evolve. 

This facilitated endosymbiosis and hence the evolution of higher life 
forms (eukaryotes and later multicellular organisms) 

Phagocytosis had a dramatic effect on life forms as it initiated 
mechanical evolution: development of shape and later armour and 
the tools to crack them with. 



Cyanobacteria as we know them, evolved deep in the Proterozoic, 
under reducing conditions. They have not changed their shape 
much since then.  

Organism interactions were simple and restricted to competition 
and protection against exoenzymes and (most probably) viruses. 
The latter is achieved by layers of slime and, possibly lipids. 

Evolution of eukaryotes was driven not only by tight coupling of 
endosymbiosis but also the looser relationships of co-evolution and 
ecosystem structure. 

Thus diatoms achieved dominance in co-evolution with copepods 
and euphausiids. 

The arms race had a profound effect on recent climate history at 
scales ranging from tens of millions of years (Cenozoic) to 
hundreds to thousands of years (transitions from glacial to 
interglacial stages). 



Pitfalls  
•  More is always better than less 

•  Variability is more interesting (hence publishable) than 
constancy. 

•  The search for understanding is the function of 
scientists, if you dedicate yourself to the search and 
not to the object of study you will lead satisfying, 
successful careers.  

•  Biologists are always in danger of identifying 
themselves with their object of study, thus creating 
territory which results in territoriality, unhealthy 
competition, stagnation.  

•  Plankton ecology has gone global. We should rise to 
the challenge and not wave team flags. 



Productivity patterns are changing as a result of anthropogenic global 
change 

Nutrient imput to surface ocean will change due to climate change: 
vertical mixing, circulation patterns (El Nino, North Atlantic Oscillation) 

Trophic cascades due to removal of top predators (megafauna) 

Influence of upper trophic levels on productivity is poorly understood (top-
down). 

Environmental conditioning is established in terrestrial systems (from ants 
to elephants) and the benthos (bioengineering). What about the pelagic 
realm (copepods to whales)? Is „stirring“ by nekton important? 

Crustacea increasing biomass in overfished continental margins (?) 

Gelatinous zooplankton increasing in pelagial (?) 

Introduction of exotic species are causing local imbalance. 

Not to mention the unanticipated effects of geo-engineering schemes to 
avert impending disaster. 

Global change in the Anthropocene is much more than just warming or 
acidification 



To understand the structure and functioning of 
pelagic ecosystems, and their effects on underlying 
benthos, we need to carry out more in situ 
experiments. 

Ocean iron fertilization cannot be avoided, we as a 
community should control them. 



Growth and death are driving forces of evolution 

In the growth arena, competition for resources (bottom up) determines 
fitness. 

In the mortality arena, defence mechanisms against pathogens, parasites, 
predators (3Ps) (top-down) determine fitness. 

Ultimately, trade-offs between the two determine species fitness. 

Species properties improving competition are very different from those 
improving defence. 

In terrestrial vegetation, competition is for light and water: space-holding. 
Plants also defend themselves, either mechanically (thick cell walls, thorns 
etc.) or chemically (herbivore deterrants, toxins, teratogens, etc.) 

Space-holding cannot apply to plankton, because the environment 
changes faster than the life-time of the organisms.  

Is this the reason why marine pelagic plants have not developed 
infrastructure (roots, trunk and crown) but stayed unicellular? 

So what drives phytoplankton evolution, competition or defence? 



Chemical defences (toxins or herbivore deterrants) 

•  The molecules comprising an organism fall into two categories:  

•  Primary metabolites are part of the life-supporting and reproductive 
machinery. 

•  Secondary metabolites have other functions, primarily defence. 

•  The exact function of most SMs are unknown. Their occurrence 
varies even wirhin species and many are induced. 

•  A large variety of SMs have been identified in phytoplankton of 
which molecules toxic to humans have attracted most attention. 

•  These are neurotoxins that cause paralysis or amnesia, metabolic 
toxins that affect various organs such as lungs or alimentary canal. 
Their function is largely unknown but their effect on higher trophic 
levels, including humans, can be devastating. 

•  Recently, polyunsaturated aldehydes have been found in some 
diatom species that are produced from structural fatty acids by the 
action of a specific enzyme that is activated when the cell is 
crushed. Consensus is slowly emerging as to their role as a wound-
induced defence mechanism. 



Attack and defence mechanisms in the plankton 

Killing neighbouring cells by means of exo-enzymes probably the first form 
of attack, followed later by whole-sale ingestion (phagocytosis) of prey 
cells. There will have been a range of intermediate stages. 

Prey cells have evolved a range of measures to protect themselves:  

Avoidance by camouflage (in the open water by being motionless, 
odourless or transparent): e.g. cysts or spores. 

Escape by rapid locomotion: bacteria from HNF, flagellates from other 
flagellates, ciliates from copepods by swimming away. 

Resistence to ingestion by increasing size (size escape) e.g. excess water. 

Resistence to penetration by strong cell walls, spines, barbs, slime. 

Weapons: trichocysts etc. 

Chemicals: External deterrants,or internal toxins coupled to external 
signals such as shape that is recognised by the predator, 

None of these measures can provide universal protection and mortality will 
accordingly be selective. So many different shapes will co-exist and bloom-
forming species come in a range of shapes.  



Chemical defences (toxins or herbivore deterrants) 

•  The molecules comprising an organism fall into two categories:  

•  Primary metabolites are part of the life-supporting and reproductive 
machinery. 

•  Secondary metabolites (SMs) have other functions, primarily defence. 

•  The exact function of most SMs are unknown. Their occurrence varies even 
wirhin species and many are induced. 

•  A large variety of SMs have been identified in phytoplankton of which 
molecules toxic to humans have attracted most attention. 

•  These are neurotoxins that cause paralysis or amnesia, metabolic toxins 
that affect various organs such as lungs or alimentary canal. Their function 
is largely unknown but their effect on higher trophic levels, including 
humans, can be devastating. 

•  Recently, polyunsaturated aldehydes have been found in some diatom 
species that are produced from structural fatty acids by the action of a 
specific enzyme that is activated when the cell is crushed. Their role is 
under debate. 



There are 2 types of zooplankton in the sea: 

Muscular zooplankton (copepods and krill) that flee predators and are hence 
particularly attractive because they pack a lot of protein. 

Watery zooplankton (salps and jellies) that are eaten by specialized carnivores. 

Commercial fish stocks are fed by all food chains. 

Greatest transfer efficiency where nutrient concentrations high. 

We really do not understand the relationship between magnitude of primary 
production and size of animal populations. 


