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1. Motivations: Large-scale models vs. small-scale heterogeneity

2. Observations: Statistics of movement at the individual level

3. Derivations: Spatially-explicit models of populations

4. Approximations: Large-scale effects of unresolved heterogeneity
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Societal applications of biogeochemical modeling



  



  

Hamburg model of the Oceanic Carbon Cycle (HAMOCC5)
Aumount et al. (2003), Bopp et al. (2003, 2005)

Annual mean carbon flux (Gt C yr-1)Model schematic



  

A bunch of equations establishing key transfer mechanisms …

HAMOCC5: Biogeochemical model mechanics

Aumount et al. (2003)



  

… modulated by a bunch of regulatory functions …

Aumount et al. (2003)
HAMOCC5: Biogeochemical model mechanics



  

… specified by a bunch of parameters.

Aumount et al. (2003)
HAMOCC5: Biogeochemical model mechanics



  

HAMOCC5: Biogeochemical model mechanics

Aumount et al. (2003)
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HAMOCC5: Dynamics of “small phytoplankton”, P

Change in local density 
of small phytoplankton =

Spatial transport by 
physical processes +

Sources and sinks due 
to biological processes

Production of 
new cells ∝ P, 

limited by 
nutrients, light, 

temperature

Consumption by 
microzooplankton 

∝ Z,
regulated by gz(P)

Mortality ∝ P
(except at low 

density)

Exudation 
of DOC ∝ P

(except at 
low density)

Source/sink 
rate



  

Aumount et al. (2003)
HAMOCC5: Biogeochemical model mechanics



  

… specified by a bunch of parameters.

Aumount et al. (2003)
HAMOCC5: Biogeochemical model mechanics

g = 14 day-1 
KZ = 18 µmol C L-1 



  

Trophic Interaction Rates (Functional Responses)

Assumptions:

1) The amount of food found and eaten is proportional to time spent searching (T
search

)

2) It takes time to chew, swallow and digest food (a.k.a. food handling time, T
handling

)

3) Foragers must spend part of the time searching and part of the time handling food

Question: 

How much food does an animal obtain e.g., when food is abundant (T
search

 is short) or 

when food is scarce (T
search

 is long)?

Analysis: Time budget                                           T
search

 = c d-1, d = food concentration

                                                             T
search

             

Fraction of time searching       F =  
                                                        T

search
 + T

handling
 

                                           F                      d                                          
Average feeding rate  =     =    
                                          T

search
          c  + d T

handling
 



  

Functional Response: Concentration and Consumption

Consumption of resources is a non-linear function 
of resource concentration. 

e.g. Hansen et al. 1997



  

Hamburg model of the Oceanic Carbon Cycle (HAMOCC5)

What's needed to increase resolution...?



  

Marine ecosystems are highly diverse.

Marine environments are spatially and temporally 
heterogeneous across a wide spectrum of scales.



“Broad-scale descriptions of general ocean circulation and major biogeochemical cycles … 
ignore many potentially important but more stochastic events that may affect the local 
resupply of nutrients to the surface ocean.” Karl (1999) 

Aperiodic nutrient supply in the North Pacific Subtropical Gyre

Nutrient supply mechanisms: 
internal waves & tides, mesoscale eddies, Ekman pumping, atmospheric storms

Mean =
392 µmol m-2

Nitrate (NO3 + NO2) at Sta. ALOHA



  

Coccolithophorid (Emiliania huxleyi) bloom in the Bering Sea



Spatial variability in krill biomass in the Southern Ocean

K. Daly R. R. Veit

Antarctic krill, 
Euphasia superba

Black-browed Albatross,
Diomedea melanophris



Antarctic krill (Euphausia superba) near Elephant Island
Video taken at ca. 2 meters depth by R. R. Veit

file:///home/dg/Talks/Trieste/swarm_krill001.avi


Thin layers in East Sound, Orcas Island, WA

Rines et al. (2002) Mar. Ecol. Prog. Ser. 225:123-137

SIGMA THETA
PARTICULATE ABSORPTION
TEMPERATURE
SALINITY



Fine-scale variability in cell abundance
Waters (2003)

2-dimensional syringe sampler array data:
 consumers and resources vary by >10x over a few cms.



Functional Response: Concentration and Consumption

Consumption of resources is a non-linear 
function of mean resource density. 

“Mean field” resource perspective “Patchy” resource perspective

Outside
patches

Consumption of resources is a function 
of time spent in patches. 

Inside
patches

Low Medium High



  

Fractal Landscapes
Haskell et al. 2002

“The resource distribution was generated using random "Sierpinski gaskets"25. 
Note that the species with the larger sampling volume encounters a lower average 
density of resources per sampling volume but requires fewer sampling volumes to 
incorporate all resources.”

“Heterogeneity is largely missing from models of consumer-
resource and other species interactions in ecology”   Ritchie 2010
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Biased Random Walks Mediated by Internal States
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High speed
Low turn rate

Low speed
High turn rate

High flux Low flux

Foraging with sensory constraints

Biased Random Walks Mediated by Internal States
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