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From my invitation letter:

We would like to invite you to provide a 
plenary presentation dealing with 
“Marine food webs and ecosystems: 
the need to represent the effects of 
ecosystem processes on carbon 
cycles”. This presentation should 
present an overview the current status of 
research in this area and provide a basis 
for subsequent working group 
discussions.



Climate change along the WAP

British Antarctic Survey

Average winter (June-July-August) temperature (Faraday Base)

+1.1oC per decade:  6oC (11F) since 1950:  5 x global average

-1.8oC (sea ice formation)
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Penguin Populations in the Palmer Station region
(75% decline since 1975)
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(1978-86 to 1998-2006) Phytoplankton Changes:
CZCS         SeaWiFS

-90%

+66%

Montes-Hugo et al
Science, 2009



This Ocean Carbon and Biogeochemistry (OCB) scoping workshop in 
Princeton, New Jersey, will focus on carbon cycling and marine ecosystems
in the context of climate variability in the Southern Ocean….

Despite increased efforts to understand these processes, significant 
discrepancies still exist between models and observations, and a number of 
key processes remain poorly quantified. 

There is a clear and increasing need to develop a coordinated approach that 
advances our understanding of climate variability in the Southern Ocean and 
its implications for ecosystem dynamics and biogeochemical cycling.



Most of the global ocean has microbial-
biogeochemical/ecosystems that cycle most of the 

primary production through dissolved organic matter    

(including mid-latitude regions characterized by phytoplankton 
blooms and the Arctic). 

In the Southern Ocean, most of the primary production 
cycles through particulate organic matter. 

(including permanently open-ocean and marginal ice zones)

This seems like something we should understand better

(if we want to predict the carbon cycle in the future)



OUTLINE    

Observations of POC and DOC in Antarctica and Hawaii

Bacterial Production/Carbon utilization (Palmer LTER)

Bacterial:Primary Production Ratio as an ecosystem diagnostic
(BP:PP): Global synthesis  (JGOFS Redux)

Modeling microbial – organic matter fluxes

Scoping statement



Palmer Station

Palmer, Antarctica 
Long-Term Ecological Research
(LTER) Study Area
1993-present



Oceanic DOC vertical distribution

Labile

Labile: nanomolar, T=hours/days
Semi-labile: 0-50 µM, T=100 d
Refractory: 35-45 µM, T=1000 y

Excess (∆-) DOC above deepwater
Background concentration is 
available for export with resumption 
of convective overturn in winter.

This is exportable DOC

Net production in summer may or 
may not consume the exportable 
DOC before winter. 

Semi-Labile

Refractory



Seasonal production and 
utilization of semilabile 
DOC (∆DOC) in the Ross 
Sea

(US JGOFS AESOPS, 1996-97)

∆DOC: [DOCsurface] – [DOCdeep]

∆DOC = 0 in winter

Net production in spring-summer

Net utilization in autumn

No exportable DOC at start in 
winter mixing.

Symbols signify different cruises, 
years.

Carlson et al (2000)

∆TOC

∆POC

∆DOC



In the Ross Sea, 90% of the seasonal PP accumulated* in the particulate pool.
In the Sargasso Sea, 90% of the bloom PP accumulated* in the dissolved pool.

Carlson et al. 1998* or cycled through the pool



Exportable DOC (surface excess)

No Exportable DOC (2002)
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LTER S-DOC and POC Climatology, January-February 2003-2008 (n=250)

Semilabile DOC [uM/L] Mean = 18Mean = 7 Mean = 0.6



Site POC, µM S-DOC, µM Ratio

HOT 2 45 22

PAL 18 7 0.6 

Particulate and Dissolved Organic Carbon

Why so little exportable DOC in the Southern Ocean?
Low production rates?
High and efficient consumption by bacteria?
The DOC produced is highly labile?
Lack of processing by foodweb?
Bacterial community structure?
UV-activation?



Phyto

DOC

BACT

Bacterial biomass production is based 
primarily on flows of dissolved organic 
matter from other organisms.

Bacteria are consumed by grazers and this 
the DOC “lost” from the foodweb is 
recovered by bacterial activity

This process is the Microbial Loop

We can measure rates of bacterial biomass 
production and primary production by 
phytoplankton (photosynthesis) to 
understand the relationships among these 
flows. 

Global mean BP:PP ~ 10%

Zoopl

Grazers send
bacterial biomass
back into foodweb

(microbial loop)

TROPHODYNAMIC VIEW OF 
BACTERIAL ECOLOGY

resp



Humpback whales at Palmer Station E, March 2008

Microbial ecology at Palmer Station:



Bacteria – Phytoplankton Relationships

Mean winter rate:
5 pM/hr; July-Sept 2008

Possible 4-5 year cycle following primary production rates

Bacterial production rates measured by radioactive leucine uptake
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Bacterial Production: Composite Seasonal Cycle
and interannual variability



PAL-LTER
The values in the upper corners are annual integrals over 150 days excluding 01 
Apr to 01 Nov. (Mol C m-2 a-1). When symbols superimpose daily BP:PP = 5%. 
Winter adds ~0.06 Mol of BP to these totals (10-20%).

The mean BP:PP is ~2-3%



PP=1.0

DOC

BACT

0.09

0.03

0.09

BP

BR
0.06

Apparent Growth Efficiency 33%

Scenarios:
DOC limitation (low flux)
More flux, lower BGE

ZOOP

+???

+???

???

+???
Mean ratio: 9%

Bacterial production rates follow primary 
production, seasonally and interannually, but 
comprise a low fraction of the PP. 

Flux of labile DOC from healthy 
phytoplankton alone is sufficient to satisfy 
the bacterial demand, assuming reasonable 
growth efficiency

Will BP change as PP responds to warming?

flow analysis:



Global perspective:
Are polar microbes different from lower latitude systems?
A global meta-analysis (JGOFS bacterial and phytoplankton
biomass and production data)  Kirchman et al. Nature Microbiology 2009

Arctic

EQ Pacific

N Atlantic N Pacific

Ross Sea ANT

Arabian
Sea



Ratio of bacterial to primary production
vs temperature. BP:PP is ~10% 
except in polar systems

Kirchman et al Nature Microbiology (2009)



-2

Line predicted from activation energy
Line fit to data, -2C to +2C

Kirchman et al Nature Microbiology (in review)

Temperature alone is not the answer



Bacterial growth rate and semi-labile Dissolved Organic Carbon
Growth rates are very sensitive to changes in DOC availability

Kirchman et al Nature Microbiology (2009)



Bacteria

Protozoa

Metazoa

Ammonium

Nitrate

Labile DOM

Refractory DOM

Phosphate

Higher Levels

Semi-Labile 
DOM

Phyto-
plankton

Tricho-
desmium

Unicellular
Diazotroph N2

Detritus

Heterotrophic Microbial Dynamics in the Open 
Ocean Revealed by Data Assimilative Modeling
Yawei Luo*, Hugh Ducklow, Marjy Friedrichs, Scott Doney and 

Matthew Church

* PhD, Brown Univ/MBL 2009; Aquat. Microb. Ecol. Submitted.

Multi-element (C,N,P), variable stoichiometry
Optimized with HOT data (NO3, PO4, NH4, DOC, DON, DOP, Bact 
#, PP, BP, Export, Zoop, CHL, POC, PN, PP



HOT Carbon Fluxes, 2002 annual



HOT DOM Annual Fluxes normalized to PP = 1.00

LDOM
∆=0/yr

PHYTO
0.12

ZOOP
0.15

BACT
0.32
(0.04)

Throughput: LDOM – 32% of PP
SDOM – 13% of PP
TOTAL – 45% of PP

SDOM
∆=+0.03/yr

PHYTO
0.04

ZOOP
0.07

BACT
0.05

DETR
0.02

EXPORT
0.05

44% of
total
export

Y Luo et al. 2009 (submitted)



SCOPING Statement/Questions:

Is the Southern Ocean unique in how organic matter is cycled, stored and 
exported?  

What are the mechanisms and agents of cycling and transformation?

What is the role of temperature?

What about plankton/bacterial community composition?

NEEDS:

More work in winter (what fuels BP in winter?)
Better areal coverage (is Peninsula an anomaly? Is it already changed?)

More process and experimental studies (∆temp, ∆org matter, ∆CO2, Fe)

Better models and data to optimize & test them

QUESTION: How will Southern Ocean ecosystems change as warming 
migrates south?



In Memoriam
ARSV Laurence M GOULD (1999-2010)
Last USAP cruise, May 2010
What do we need in the next 10 years?
What will be there for us?



Thanks:
OPP 0823101 (Palmer LTER)
Dave Kirchman
Yawei Luo
Matthew Church 
Scott Doney
Matthew Erickson 
Marjy Friedrichs
Xelu Moran
Alison Murray
Many many PAL LTER members



Primary production Phyto exudation

Dissolved organic carbon

Bacteria

Zooplankton cycling to DOC:
Excretion, pellet dissolution

respiration

infinite loop
Zooplankton

φ

kc

kc

1-
kc

1−φι

φι

grazing

Z production

PER=100γ/1+γ

Bacterial
production

ω 1-ω

respiration

Phytoplankton

respiration

Oceanic BP Flow analysis
(with Tom Anderson):

1. Consider first internal 
sources in near steady-
state regimes.

2. Examine labile DOC fluxes 
& utilization.

3. Analyze physiological & 
trophic processes 
supplying DOC pools.

4. Derive BP from PP, DOC 
flux and φ, kc, ω (zooplankton 
& bacterial growth efficiency, 
and DOC allocation).

5. Is BP “too high”?
Is a subsidy needed?

Why 10%?
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