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Goal:

- use the earth system model output (i.e. zoo) to estimate the 
abundance and distribution of high trophic pelagic species

- over global spatial scales and long time scales



• NEMURO.fish, Ecosim/Ecopath/Ecospace, Osmose, Apecosm... 
- Fisheries models (specific to certain species, a specific place)

Upper Trophic Level Models
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Appropriate for understanding 
specific systems and 
interactions

but...



• An alternative
- general across species, across different systems

- an ecological model based on size

Upper Trophic Level Models

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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• Goal: reproduce marine size spectra
• Challenge: build the simplest model...
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a b s t r a c t

We describe an approach to dynamically couple a fish bioenergetics-based population
dynamics model to the NEMURO lower trophic level nutrient–phytoplankton–zooplankton
model. The coupled models, denoted NEMURO.FISH and configured for Pacific herring
(Clupea harengus pallasii) on the west coast of Vancouver Island, are capable of simulating
the daily dynamics of the lower trophic levels and the daily average weight and numbers
of individual herring in each of 10 age classes over multiple years. New recruits to the
herring population are added each June based on either constant recruitment or dynamic
recruitment generated from an environmental Ricker spawner–recruitment relationship.
The dynamics of the three zooplankton groups in the NEMURO model determine the con-
sumption rate of the herring; herring consumption affects the zooplankton, and egestion
and excretion contribute to the nitrogen dynamics. NEMURO was previously calibrated to
field data for the West Coast Vancouver Island. Thirty-year simulations of herring growth
and population dynamics were performed that used repeated environmental conditions
for the lower trophic levels of NEMURO and historical environmental variables for the
herring spawner–recruit relationship. Herring dynamics were calibrated to the west coast
of Vancouver Island such that the coupled models reasonably duplicated observed herring
weights-at-age and total herring biomass. Additional 30-year simulations under constant

! Corresponding author. Tel.: +1 206 526 4147; fax: +1 206 526 6723.
E-mail address: bern.megrey@noaa.gov (B.A. Megrey).

0304-3800/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.ecolmodel.2006.08.020
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dynamics in Lake Constance
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Abstract
Mechanistic understanding of consumer-resource dynamics is critical to predicting the effects of global change
on ecosystem structure, function and services. Such understanding is severely limited by mechanistic models!
inability to reproduce the dynamics of multiple populations interacting in the field. We surpass this limitation
here by extending general consumer-resource network theory to the complex dynamics of a specific ecosystem
comprised by the seasonal biomass and production patterns in a pelagic food web of a large, well-studied lake.
We parameterised our allometric trophic network model of 24 guilds and 107 feeding relationships using the
lake!s food web structure, initial spring biomasses and body-masses. Adding activity respiration, the detrital
loop, minimal abiotic forcing, prey resistance and several empirically observed rates substantially increased the
model’s fit to the observed seasonal dynamics and the size-abundance distribution. This process illuminates a
promising approach towards improving food-web theory and dynamic models of specific habitats.

Keywords
Allometric Trophic Network model, community ecology, food web, multi-trophic dynamics, seasonal plankton
succession.

Ecology Letters (2012)

INTRODUCTION

Ecosystem functions and services critically depend on the dynamics of
complex ecological communities. This dependence has long motivated
a search for mechanistic explanations and predictions of community
dynamics. However, the paucity of predictive community models
suggests to many that such research on communities of interacting
species has been largely misguided and scientifically unproductive
(Lawton 1999; Ricklefs 2008). One exception to this criticism concerns
food webs which represents a fruitful tradition of both empirical and
theoretical network analysis (Lindeman 1942; MacArthur 1955; May
1973) and has led to ecological network theory that successfully
predicts both general and specific system!s structural properties
(Williams & Martinez 2000, 2008; Dunne 2006; Allesina et al. 2008).

In contrast, progress predicting empirically observed population
dynamics of many species feeding upon each other in the field has been
more limited. Recent advances based on theoretical models such as the
Allometric Trophic Network (ATN) model (Brose et al. 2006) integrate
the above-mentioned structural theory with general metabolic con-
sumer-resource theory of species! biomass gains from resource-based
growth and loss to consumption and maintenance costs (Yodzis &
Innes 1992) based on Rosenzweig-MacArthur models (Rosenzweig &
MacArthur 1963). In addition to structural network parameters, this
theory of dynamics requires species! body size and metabolic type as
inputs. ATN models very generally model trophic interactions in a
manner easily parameterised by allometric scaling rules which helps to
develop basic theory of many dynamically interacting species. Other
more applied models integrate locally focused hydrodynamic and

biogeochemical models with biological models for managing dynamics
of specific ecosystems (Baretta et al. 1995; Mooij et al. 2010). However,
the focus on locally relevant biogeochemical cycles impedes the
generalisation of these models to other ecosystem types (Omlin et al.
2001; Mieleitner & Reichert 2006), and the difficulties in deriving
functional group parameters from distinct (laboratory) experiments
often require a decrease in trophic resolution to a few groups. Other
related models of many interacting species designed for fisheries
management (Pauly et al. 2000) are constrained by mass-balance and
fixed diet proportions. These constraints greatly increase the need for
many site-specific parameters, significantly limit model generality and
would likely prevent the rapid changes of species! populations needed
to reproduce seasonal plankton dynamics.

To bridge this gap between generality and specificity and better
address ecological complexity, we developed ATN models of
intermediate generality with high trophic resolution and minimal
abiotic forcing to test whether and how easily the ATN approach can
reproduce observed time series of multiple interacting species. While
ATN models are increasingly used for developing ecological theory
(Brose 2010), they have only been tested against a limited range of
temporal patterns and dynamic processes in natural ecosystems
(Koen-Alonso & Yodzis 2005; Otto et al. 2007; Berlow et al. 2009).
Broadening this range could enable ATN models and associated
theory to help explain and predict multi-species dynamics by refining
and corroborating modelled mechanisms. Such advances could then
be integrated with site-specific abiotic sub-models to more effectively
inform management of specific ecosystems subjected to human
exploitation and global change. This research strategy directly

1Department of Ecology and Ecosystem Modelling, Institute of Biochemistry

and Biology, University of Potsdam, Am Neuen Palais 10, 14469 Potsdam,

Germany
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Using Spatially Explicit Models to Characterize Foraging
Performance in Heterogeneous Landscapes

Daniel Grünbaum*

Department of Mathematics, University of Utah, Salt Lake City, meaningful and tractable population-level performance
Utah 84112 statistics for foragers. Also, I apply these tools to a spe-

cific predator-prey system to demonstrate that the per-Submitted December 2, 1996; Accepted August 18, 1997
formance statistics can translate detailed individual-based
data into dynamic population-level predictions and ro-
bust ecological conclusions. The case study here is the
ladybird beetle (Coccinella septempunctata), whose indi-

abstract: The success of most foragers is constrained by limits
vidual-level movements and physiology while preying onto their sensory perception, memory, and locomotion. However, a
the goldenrod aphid (Uroleucon nigrotuberculatum) weregeneral and quantitative understanding of how these constraints

affect foraging benefits, and the trade-offs they imply for foraging quantified in detail by Kareiva and Odell (1987). Finally,
strategies, is difficult to achieve. This article develops foraging per- I argue that because a large class of sophisticated foraging
formance statistics to assess constraints and define trade-offs for behaviors share this form of population-level movement
foragers using biased random walk behaviors, a widespread class model, the approach used here could find wide applica-
of foraging strategies that includes area-restricted searches, kineses,

bility in a broad array of taxa.and taxes. The statistics are expected payoff and expected travel
The foraging behaviors addressed in this article aretime and assess two components of foraging performance: how ef-

known in the mathematical literature as biased randomfectively foragers distinguish between resource-poor and resource-
rich parts of their environments and how quickly foragers in poor walks (Okubo 1980, 1986; Othmer et al. 1988), but more
parts of the environment locate resource concentrations. These commonly to biologists as area-restricted search, kinesis,
statistics provide a link between mechanistic models of individuals’ and taxis (Fraenkel and Gunn 1961; DeAngelis and Yeh
movement and functional responses, population-level models of 1982; Tranquillo and Alt 1990). A biased random walk is
forager distributions in space and time, and foraging theory pre-

a behavior in which a forager’s movement decisions aredictions of optimal forager distributions and criteria for abandon-
stochastic but have biases that make some outcomesing resource patches. Application of the analysis to area-restricted
more likely than others and thus lead to long-term di-search in coccinellid beetles suggests that the most essential aspect

of these predators’ foraging strategy is the ‘‘turning threshold,’’ the rected movement. In the case of foraging or search be-
prey density at which ladybirds switch from slow to rapid turning. haviors, the statistical biases in a forager’s behavior are
This threshold effectively determines whether a forager exploits or determined at least in part by its sensory perception of
abandons a resource concentration. Foraging is most effective local resources and changes in internal states (e.g., physi-
when the threshold is tuned to match physiological or energetic

ology or cognition) that result from recent foraging his-requirements. These performance statistics also help anticipate and
tory. For example, a forager might respond primarily tointerpret the dynamics of complex spatially and temporally varying
local gradients in the availability of resources (taxis), toforager-resource systems.
the absolute level of resource availability (area-restricted

Keywords: random walk, area-restricted search, Coccinella septem-
search, kinesis), or more realistically to a combination ofpunctata, spatial statistics.
these cues mediated by internal dynamics (Rohlf and
Davenport 1969; Schöne 1984). To be effective foraging
strategies, movement biases should direct long-term move-My purposes in this article are threefold. I develop new
ments toward areas of increased resource availability.analytical tools for translating individual behaviors into

A large variety of organisms employ biased random
walks in foraging or related behaviors (Fraenkel and

* Present address: Department of Zoology, University of Washington, Seattle,
Gunn 1961; Okubo 1980, 1986; Marsh and Jones 1988;Washington 98195-1800; E-mail: grunbaum@zoology.washington.edu.
Tranquillo and Alt 1990). Examples include bacteriaAm. Nat. 1998. Vol. 151, pp. 97–115. © 1998 by The University of Chicago.

0003-0147/98/5102-0001$03.00. All rights reserved. (Keller and Segel 1971; Berg and Brown 1974; Mitchell et
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• ... based on size
- use zooplankton climatology (i.e. daily averages looped over a year)

Global distribution of Biomass...

} Many size 
classes

Large and small 
zooplankton

Large

Small

fe
w

lo
ts

B
io

m
as

s 
(g

)

- 2 dimensional
- integrate top 200m of zooplankton
- pelagic
- offline size-based model



−3 −2 −1 0 1 2 3 4
−6

−4

−2

0

2

4

Size (log10 g)

Bi
om

as
s 

(lo
g 10

 g
 m

−2
)

 

 

G. Bank
N. Sea
Pacific Gyre

• ... based on size
- use zooplankton climatology (i.e. daily averages looped over a year)

Global distribution of Biomass...

few

−3 −2 −1 0 1 2 3 4

7.5

8

8.5

9

9.5

Size (log10 g)

Bi
om

as
s 

(lo
g 10

 g
)

 

 

G. Bank
N. Sea
Pacific Gyre

pe
r g

rid
 c

el
l

fe
w

lo
ts

B
io

m
as

s 
(g

)

- 2 dimensional
- integrate top 200m of zooplankton
- pelagic
- offline size-based model



• ... based on size
- use zooplankton climatology (i.e. daily averages looped over a year)

Global distribution of Biomass...

fewfe
w

lo
ts

B
io

m
as

s 
(g

)

−3 −2 −1 0 1 2 3 4

−8

−6

−4

−2

0

2

Size (log10 g)

Ab
un

da
nc

e 
(lo

g 10
 #

 m
−2

)

 

 

G. Bank
N. Sea
Pacific Gyre

−3 −2 −1 0 1 2 3 4

7.5

8

8.5

9

9.5

Size (log10 g)

Bi
om

as
s 

(lo
g 10

 g
)

 

 

G. Bank
N. Sea
Pacific Gyre

st
ee

p 
(-

1.
6)

sh
al

lo
w

 (0
)

Annual average

pe
r g

rid
 c

el
l



• ... based on size
- use zooplankton climatology (i.e. daily averages looped over a year)

Global distribution of Biomass...
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• General model
- produced global size spectra

Forage Fish Dynamics
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• Now focus on particular size classes
- sardine, anchovy, sprat... etc

Forage Fish Dynamics
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Larger zoo -

Smaller zoo -

Cij

Disney: Oceans

~ 30% of global 
fisheries production
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consumed directly
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food security
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• Abundance and distribution of forage fish

Dynamics of Forage Fish
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• Global locations of major forage fish fisheries

Dynamics of Forage Fish
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Its still highly experimental



• A size-based ecosystem model 
- from small to large 

- general, mechanistic (pred/prey, allometric), spatial (movement)

- captures general features of fish production (distribution, size spectra)

Summary



• Questions we want to address...
- how will (did) size spectra change in the future (past)?

- how much biomass is there in the pelagic ocean (intercept and slope)? 

- explore regional dynamics 

- compare dynamics between regions

Summary



• Future directions
- parameterize with data (i.e. slope and magnitude of size spectra)
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• Future directions
- parameterize with data (i.e. slope and magnitude of size spectra)

Summary

- fishing

- 3D; vertical migration, mesopelagics

- different traits (go beyond size)
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• Future directions
- parameterize with data (i.e. slope and magnitude of size spectra)

- fishing

- ontogeny (production into larval pool)

- different traits 

- large competition
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• Future directions
- parameterize with data (i.e. slope and magnitude of size spectra)

- fishing

- ontogeny (production into larval pool)

- different traits 

- large competition

- the environment selects

- Follows, Bruggeman

- Future projections

Summary
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(e.g. consumption kernel, movement rule, 
metabolic parameters)


