
The role of movement in determining 
the global distribution of marine biomass

James Watson  (Princeton: jrwatson@princeton.edu)
Charlie Stock, Jorge Sarmiento

Atmospheric and Oceanic Sciences Program 
Dept. Ecology and Evolutionary Biology

Geophysical Fluid Dynamics Laboratory (NOAA)

mailto:jrwatson@princeton.edu
mailto:jrwatson@princeton.edu




A. Global Fisheries Production
- How much biomass does the ocean produce?



A. Global Fisheries Production

Science, 1969; Pauly & Christensen 1995, 
Chassot et al. 2010

- How much biomass does the ocean produce?



Phytoplankton

Trophic transfer efficiency

A. Global Fisheries Production

Science, 1969; Pauly & Christensen 1995, 
Chassot et al. 2010

- How much biomass does the ocean produce?



Phytoplankton

Trophic transfer efficiency

A. Global Fisheries Production

Science, 1969; Pauly & Christensen 1995, 
Chassot et al. 2010

Zooplankton

10%

- How much biomass does the ocean produce?



Phytoplankton

Trophic transfer efficiency

A. Global Fisheries Production

Science, 1969; Pauly & Christensen 1995, 
Chassot et al. 2010

Zooplankton

10%

Small Fish

10%

- How much biomass does the ocean produce?



Phytoplankton

Trophic transfer efficiency

A. Global Fisheries Production

Science, 1969; Pauly & Christensen 1995, 
Chassot et al. 2010

Zooplankton

10%

Small Fish

10%

Big Fish

10%

- How much biomass does the ocean produce?



Phytoplankton

Trophic transfer efficiency

A. Global Fisheries Production

Science, 1969; Pauly & Christensen 1995, 
Chassot et al. 2010

Zooplankton

10%

Small Fish

10%

Big Fish

10%

- How much biomass does the ocean produce?



Phytoplankton

Trophic transfer efficiency

A. Global Fisheries Production

Science, 1969; Pauly & Christensen 1995, 
Chassot et al. 2010

Zooplankton

10%

Small Fish

10%

Big Fish

10%

- How much biomass does the ocean produce?



Phytoplankton

Trophic transfer efficiency

A. Global Fisheries Production

Science, 1969; Pauly & Christensen 1995, 
Chassot et al. 2010

Zooplankton

10%

Small Fish

10%

Big Fish

10%

Maximum fisheries production: 240 MT year-1

- How much biomass does the ocean produce?



- Can we do better than the trophic transfer efficiency (nonlinear relationships, spatial resolution)?

Global Ecosystem Modeling

Charles A Stock, John P Dunne, and Jasmin G John. Progress In Oceanography, In press



- Can we do better than the trophic transfer efficiency (nonlinear relationships, spatial resolution)?

Global Ecosystem Modeling

COBALT 
Carbon, Ocean Biogeochemistry
and Lower Trophics
Charles Stock, John Dunne, Jasmin John; GFDL

Figs: Charles Stock: COBALT
Charles A Stock, John P Dunne, and Jasmin G John. Progress In Oceanography, In press



- Can we do better than the trophic transfer efficiency (nonlinear relationships, spatial resolution)?

Global Ecosystem Modeling

COBALT 
Carbon, Ocean Biogeochemistry
and Lower Trophics
Charles Stock, John Dunne, Jasmin John; GFDL

Figs: Charles Stock: COBALT
Mortality to higher predators

Charles A Stock, John P Dunne, and Jasmin G John. Progress In Oceanography, In press



The challenge...
Quantify upper-trophic, or fisheries, production at a global scale...

Like plankton, big things are highly diverse 

Unlike plankton, big things move against currents



A conserved feature of marine systems around the globe:

employment and income. It might be expected that quantity and/or
stability of fish supply is likely to be a more important issue in poorer
countries with predominantly subsistence fisheries, while changes in
species composition and their effect on value are a more important
issue in wealthy countries.

Variation in total fishery productivity can have undesirable effects
on the relationship between total fishing capacity and sustainable
catches. An increase in productivity may result in an increase in
fishing capacity, which cannot be sustained if productivity subse-
quently decreases again. The ability to predict such variation in total
productivity over long time scales will help managers to ensure that
fishing capacity is aligned with the potential productivity of the
resource. Adaptation to climate change is also needed because
mitigation is largely outside the remit of fisheries management. As a
generality, fleets may also be constrained in their responses to
changes in the distribution of target species following climate change,
since the growing emphasis on spatial management and likely
medium to long term increases in oil prices will reduce the possibility
of fleets following specific populations.

4. Size-based properties of communities

Communities can be described in relation to their species
composition, but size-based analyses, where body size rather than
species identity is the principle descriptor of an individual's role in the
food web, provide insights into community structure and function
that complement and extend those from species based analyses. Such
analysesmake the simplifying assumption that different species of the
same size are equivalent. A strength of the focus on body size is that
body size underpins predator–prey interactions and patterns of
energy transfer and dictates how the biological properties of
individuals change with size. The broad relationships linking body
size and these properties are common among ecosystems (e.g.
Boudreau and Dickie, 1992).

In marine ecosystems, phytoplankton production predominantly
supports strongly size structured food-chains where most predators
are larger than their prey (Sheldon et al., 1972). Individuals of most
fishes begin life as larvae feeding on zooplankton, but can end life as
large terminal predators having grown in mass by 5 orders of
magnitude or more. The significance of size based predation and the
large scope for growth in fish means that body size is often a better
indicator of trophic level than species identity (Jennings et al.,
2001).

The body size distributions of animals in communities will reflect
patterns of energy use and acquisition. These have been described

using size-spectra; relationships between log abundance in a body
size class and log body size. The size-spectra of relevance here are
time-averaged over at least 1 year, since there is considerable seasonal
variability in slope associated with seasonal variability in the timing
and magnitude of production. The slopes of time-averaged size
spectra have proved to be remarkably consistent among ecosystems
(Fig. 1; Boudreau and Dickie 1992), even though the physical and
biological characteristics of the ecosystems, such as primary produc-
tion, higher level production, species composition, mean temperature,
seasonality and depth, were very different. This implies that, while
temperature is known to affect rates of metabolism and predation,
and hence the rate of energy flux in food webs (e.g. Clarke and
Johnston, 1999), some common rules determine the relative abun-
dance of individuals in size classes and hence the trophic organisation
and biomass of the community. For the fishy parts of size spectra, the
differential effects of fishing mortality on species and individuals,
coupled with indirect effects on rates of predation, lead to the slopes
becoming steeper, but this is clearly a fishing effect and not indicative
of differences in structuring processes among ecosystems (e.g. Rice
and Gislason, 1996; Bianchi et al., 2000).

As well as the consistent patterns of structuring revealed by size
spectra, there is some evidence that more complex structural
properties of communities, such as the rate of change in species
richness in relation to size, are also independent of temperature; even
if total species richness and species identities are not. For example,
Fig. 2 shows the relationship between species richness by maximum
(asymptotic) body length (L) class and maximum L in large marine
ecosystems, where total fish species richness ranges from 80 in the
Chukchi Sea to 3869 in the South China Sea. The similar slopes in Fig. 2
suggest that rates of decline in species richness with size, and hence
with energy availability for a given transfer efficiency and predator–
prey size ratio, are comparable, even though total richness and species
identities vary greatly among ecosystems. Indeed, for 51 of the 64
large marine ecosystems included in this analysis, the slope b of the
relationship between log species richness by length (L) class and log L
lies between −0.76 and −1.15. Not surprisingly, the resultant slopes
are sensitive to assumptions about the size at which fish species

Fig. 1. Size-spectra for four marine ecosystems: a. Georges Bank, b. North Sea, c. Browns
Bank, and d. Pacific gyre. Slopes are comparable but differences in intercept reflect
differences in primary production. Weight and energy content are assumed to be
linearly related. Redrawn with modifications from Boudreau and Dickie (1992).

Fig. 2. Fitted linear relationship between species richness and body length for fishes
N15.8 cm in 58 large marine ecosystems. Relationships for six large marine ecosystems
where total reported species richnesswas b50were excluded: Barents Sea, East Siberian
Sea, Hudson Bay, Kara Sea, Laptev Sea and Oyashio Current. Data on fish species
composition by ecosystem were obtained from www.fishbase.org. Only fishes with a
maximum LN15.8 cm were included because fish compete with many non-fish species
for energy in smaller size classes and these species often account for a large proportion of
the total species richness at size (e.g. Jennings et al., 2002).

420 S. Jennings, K. Brander / Journal of Marine Systems 79 (2010) 418–426

Jennings & Brander 2010,
originally from Boudreau & Dickie 1992
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Big, medium, small... size simplifies
Many things scale with size

- e.g. swimming speed, metabolic rates and predator-prey relationships
- Metabolic Theory of Ecology (Jim Brown @ U. New Mexico)

[g]
Empirical gut content analysis

[g]

Barnes et al. 2009



Model the rate of change of biomass of a particular size-class:
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Model the rate of change of biomass of a particular size-class:

Get eaten(k)–

k = large fish

A Size-based Model: formulation

dBi

dt
= BiCij �BiM �BjCjiMetabolize(i)– +   move(i)
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Type II feeding function 
(PPMR, volume 
searched)
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Allometric 
power law
... asib

}
Gradient 
ascent
J = f(dBj/dx)



A Size-based Model: results

Charles A Stock, John P Dunne, and Jasmin G John. Progress In Oceanography, In press
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A Size-based Model: results

Ecoregions with net-growth 
following movement
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Limitations
Lack species specific details

- It can’t resolve sardine and anchovy (only “forage fish”)
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Limitations
Highly sensitive to parameters

Global ocean biomass (tonnes): ~ 86.2x109 (x30 Jennings et al. 2009)
Biomass production (gm-2yr-1): ~ 0.5x1010 (x0.5 Jennings et al. 2009)

Can completely change these results with a different consumption efficiency (0.7 to 0.5)
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Summary
Size based models:

- ecological understanding: yes, movement is important
- prediction? useful given the conditions
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