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PRELUDE

The purpose of this document is to describe the overarching goal and the science
needed for the Comparative Analysis of Marine Ecosystem Organization (CAMEO)
research program. We intend to circulate this draft plan to an audience that consists of
academic and government scientists and managers involved in research and
management of ocean environments. We are open to comments on this or other
documents, presentations, or web site content. Other key background documents and
ongoing activities of the CAMEO Program are available on the program web site:
http://cameo.noaa.gov/#

The Science Plan has two Parts. Part 1 of the Science Plan describes the
rationale and research needed to better implement ecosystem-based
management of marine ecosystems. Part II - A description of the Implementation
of the CAMEO Program is currently under development.

We are distributing Part I of the Science Plan at this time and ask your
assistance in evaluating and enhancing the clarity and rationale of Part 1 of the
Plan, including its overall intent, science theme structure and text. Any
comments or critique you wish to provide will be appreciated. You may either
complete a 12 question survey online using this link:
http:/ /www.surveymonkey.com/s/CAMEO2010 or send your evaluation to:
CAMEO@mbl.edu.

Additional copies of this document may be obtained from this address:

CAMEQO Science Planning Office
Linda Deegan, Ph.D., Director
The Ecosystems Center

7 MBL St.

Marine Biological Laboratory
Woods Hole, Massachusetts 02543

CAMEO@MBL. EDU
508.289.7472

The CAMEO Program Office is jointly supported by the National Science Foundation
through Biological Oceanography, Ocean Sciences Division and by NOAA through the
National Marine Fisheries Service.

Cover Design and Images: Robert Golder
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EXECUTIVE SUMMARY

We stand at a critical moment in the history of the Ocean, a time when we face
significant challenges and opportunities to redirect our course toward a sustainable and
desirable future for the oceans living resources. Human activities and climate are
rapidly changing the Earth system, increasing the ocean’s vulnerability to change and
jeopardizing the sustainability of marine ecosystem services and the livelihoods of those
living in coastal communities. To redirect this course will take a clear understanding of
the organization and function of marine ecosystems as they are entangled with and
directed by human activities.

CAMEO (Comparative Analysis of Marine Ecosystem Organization) is a
research program that will:

Provide the fundamental understanding of and predict marine
ecosystem organization and production, particularly in response to climate
and fishing, required for ecosystem-based management.

To provide the scientific basis for ecosystem-based management, CAMEO will
support research on 5 intertwined research science themes (Figure below, Box on next
page) and place an emphasis on understanding the effects of changing fishing pressure
and climate on marine ecosystems.
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changes in managed species and habitats. These two human-influenced drivers can
potentially determine whether a marine ecosystem persists in a recognizable form, and
whether the people who depend on the services provided by that ecosystem will prosper.

CAMEQO supports research that will develop the underlying relationships among
an ecosystem's structure and function that sustain marine species and ecosystems. A
critical component of CAMEQ is the identification of ecosystem-level criteria that
describe an ecosystem’s potential for change in response to key drivers. Comparison
within and between marine ecosystems is a fundamental approach that can foster greater
understanding of the factors that influence ecosystem processes and productivity. By
comparing similar ecosystems across environmental gradients, management regimes, or
comparing between different ecosystems, or over time we increase our understanding of
the underlying principles that organize marine ecosystems. Additionally, the capacity to
predict marine ecosystem responses to changes in climate and fishing is central to
developing ecosystem-based management strategies that will ensure the sustainability of
living-marine resources and the livelihoods of those dependent on the ecosystem
services, such as fisheries, provided by the Ocean.

Because of the imperative to bring basic science together with human
management, the National Science Foundation and NOAA jointly support CAMEO.
Answering the broad interdisciplinary questions of CAMEO will require an effort much
larger than any single research program and will require scientific efforts across a
diverse array of disciplines. Interfacing natural and social sciences will be critical to
understanding, predicting and managing the impacts and feedbacks between human
society and the world’s living marine resources. These two agencies will provide
funding for federal and academic scientists to collaborate, share existing data sets, and
develop new empirical studies and mathematical approaches which will inform model
development and evaluate their predictive capability.

Science Themes

(1) Responsiveness to Perturbations examines the factors that control ecosystem
responsiveness to perturbations and stresses,

(2) Connectivity of Marine Ecosystems defines the fundamental structural and
functional attributes of ecosystems and interactions among ecosystems,

(3) State Transitions and Stability identifies ecosystem states and the role of
attributes (e.g., species, resilience, biodiversity) in determining the transitions
between these states,

(4) Human Society and Marine Ecosystems examines the critical interactions
between humans and marine ecosystem processes, and

5) Comparative Analysis, Synthesis and Forecasting explore new approaches of
P o/ y 8 exXp pp
integrating existing information on ocean ecosystems and human society to
predict the response of marine ecosystems to fishing and climate.
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community to identify areas where more community input (via workshops, etc.) would
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INTRODUCTION

The grand challenge of the 21st century is to understand the influence of
expanding human dominance on the Earth’s system, and to manage that influence to
promote the strong sustainability and delivery of ecosystem services. Nowhere on the
globe is this challenge more critical than in marine ecosystems because of the variety of
significant ecosystem services provided to society, including food from fisheries.
Delivery of these services depends upon intact ecosystem processes and ecosystem
productivity. However, marine ecosystems face increasing pressures from multiple
interacting sources. Improved fishing technologies have enabled us to exploit—and
significantly alter —the ocean’s fish and shellfish resources to meet society’s escalating
food requirements. We now harvest the oceans’ resources farther from coasts, at more
trophic levels, and in deeper waters with more precision and efficiency than in past
centuries. Climate variability and change, including rising atmosphere and ocean
temperatures, follow on effects on sea level rise, and increased intensity of weather
disturbances, affect the physical, chemical and biological processes. These processes, in
turn, determine the diversity, distribution and abundance of living marine resources.

The report of the US Commission on Ocean Policy (2004) called for ecosystem-
based management as the guiding principle for managing our oceans and living marine
resources. Ecosystem-based management is a holistic approach to managing the use of
components of ecosystems by humans - also known as the provision of ecosystem goods
and services. This approach requires that resources should be managed to take into
account the relationships among all ecosystem components, including human and
nonhuman components, and the environments in which they live. One particularly
important application of ecosystem-based management is the application to living-
marine resources, including fisheries and their associated habitats (NMFS 2009).

Key characteristics of ecosystem-based management include:

1) Protecting marine ecosystem structure, function, and key processes,

2) Recognizing the interconnectedness within systems, including interactions among
target species or key services and other non-target species,

3) Incorporating the connectedness among systems, such as between air, land, and
ocean, or among different areas in the ocean,

4) Including humans as an integral part of marine ecosystems and integrating
ecological, social, cultural, economic, and institutional perspectives.

5) Managing for sustainability and resiliency in the face of multiple perturbations.

The example of the ground fishery collapse across the Northwest Atlantic (Case
Study 1: Transitions In coupled natural-human ecosystems in the Northwest Atlantic) provides
a potent example of the value of an ecosystem-based perspective that includes research
on linkages between ecological changes, economics, and the politics and science of
management. The replacement of cod by higher value shrimp and crabs due to fishing
resulted in major differences in who participated in the fishery. This not only changed
the distribution of wealth but set up economic incentives that currently inhibit attempts

-9.
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to restore cod populations. Better understanding of the links between fishing, the effects
on living marine resources and the implications of these changes for fishing
communities might have resulted in a more equitable and sustainable fishery.

WHAT IS CAMEQO?

The CAMEOQ research program is designed to develop the fundamental scientific
basis for an ecosystem approach to the stewardship of our ocean and coastal living
marine resources and ecosystems. The overarching goal of CAMEQO is to:

Provide the fundamental understanding of and predict marine
ecosystem organization and production, particularly in response to climate
and fishing, required for ecosystem-based management.

As a partnership between National Ocean and Atmosphere Administration
(NOAA) through the National Marine Fisheries Service (NMFS) and the National
Science Foundation (NSF), CAMEO will expand our fundamental understanding of
ecosystem processes, and develop models to understand and forecast marine systems
that can be used to evaluate the effectiveness of local and regional ecosystem-based
management efforts.

The CAMEO program will strengthen our understanding of marine ecosystems
and their intersection with human society at temporal and spatial scales that are relevant
to management of ecosystems. Management of marine ecosystems often aspires to
maintain a system in its current state or return it to a former state. CAMEO aims to
understand and forecast the separate and synergistic consequences of changing driving
forces, with a particular emphasis on climatic variability and change, fishing and other
drivers or stressors as they interact with these two main drivers. This requires
conceptual, observational, and mathematical (model or statistical) information that can
describe the transitions between past, present and future states of an ecosystem and that
can explain the different responses observed across similar systems. Ultimately an
improved capacity to predict and/or understand ecosystem transitions in response to
human alterations of key processes is needed.

-10 -
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CASE STUDY 1: TRANSITIONS IN COUPLED NATURAL-HUMAN
ECOSYSTEMS IN THE NORTHWEST ATLANTIC

The past few decades in Atlantic
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Figure CS 1.1. Time series of spawner Colllypsre of groundish populsiions,

abundance data for nine Canadian particularly cod, followed by closures or
stocks of Atlantic cod (Gadus morhua; sharp reductions in allowable catches, had

from Hutchings and Reynolds 2004, major repgrcussions for businesses, families,
Figure 4, p. 304). communities, apd government (Shrank
2005). In Atlantic Canada the closure of the
cod fisheries in 1992 was called “the greatest
industrial disaster” in Canadian history. It led to lay-offs of harvesters and processing
employees, large and costly government subsidies and retraining programs, and
eventually the depopulation of fishery-dependent coastal communities (Haedrich and
Hamilton 2000). In New England, declining catches and sharp reductions in allowable
days at sea have also affected fishing enterprises and communities and led to large
government outlays. The number of boats in the New England groundfish fleet declined
from 343 in 1978 to 50 in 2009 (Acheson and Gardner 2010).

Less well known is that the collapse of the cod fisheries was accompanied by
rises in invertebrate fisheries off Newfoundland and Labrador, pelagic species off Nova
Scotia (Frank et al. 2005) and elasmobranches on Georges Bank (Fogarty and Murawski
1998). These phase shifts to dominance of other species or guilds may have a similar
ecological basis but have very different economic and social consequences.

-11 -
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Because of their higher market value AVALON PENINSULA

240

catches of snow crab and northern shrimp 1 B Nooreom sHae i
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than the former cod fishery in Newfoundland g o A o

and Labrador. Changes in landings by species % = olliflg I
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the value of the fisheries from the mid 1980s to 0’19%198;9881gsgwsomwsszmgm o 7, 19902000
2000 (Figure CS 1.2). (It should be noted that YEAR

by 2000 the “groundfish” in the catches were Figure CS 1.2. Adjusted value of
almost entirely turbot, or Greenland halibut, landed catch by species type on the
rather than cod, the pattern is similar today, Avalon Peninsula, 1986-2000.

2010, although a small fishery for cod has (Hamilton and Butler 2001).
resumed).

The cod-to-crustacea shift eased the economics of the transition. Like a
comparable increase in effort focused on lobsters in the Gulf of Maine due to declines in
groundfish, the high market value of crab and the abundance of both crab and shrimp
helped compensate for less biomass harvest. However, income from the alternative
fisheries is distributed differently among the people and places engaged in fisheries
(Hamilton and Butler 2001). Crab and shrimp fishing take place further offshore,
requiring more costly investments in boats and gear. Crab and shrimp are less widely
distributed around the province than cod, and the government imposed limited
licensing for both harvesting and processing, which gave little access to the small-boat
fishers once reliant on inshore codfishing.

The results are major regional, inter-community, and intra-community
differences in human participation in fisheries (Hamilton and Butler 2001), with far
fewer people benefiting. The social costs of this transition have been extremely high. In
New England, the transition has also been difficult and recent reductions in allowable
quotas are leading to projections for further decline and economic distress for fishing
enterprises and communities (e.g., Lum 2010).

Economic incentives, scientific uncertainties, and politics played major roles in
the overexploitation that contributed to the transitions in both Canada (Hutchings and
Myers 1994, Haedrich and Hamilton 2000) and the United States (Apollonio and Dykstra
2008). Comparative research has not yet been undertaken, but it would appear that in
both Canada and the United States adaptations on the part of fisheries science and
policy have lagged behind ecological and socio-economic responses (Finlayson and
McCay 1998, Rose 2007, Acheson and Gardner 2010). The ability of fish harvesters and
industries to shift to other and more valuable populations (crab, shrimp, and lobster) has
reduced political pressure for actions that would facilitate restoration of groundfish
particularly given that adult cod eat crustaceans. It has also proved difficult to assign
responsibility for depletion and restoration given multiple stressors (for example,
temperature changes and seal predation), relatively unselective harvesting technologies,
and continued scientific uncertainty about groundfish in marine ecosystems.

-12 -
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This example suggests the value of a comparative perspective that includes
research on linkages —and lack of linkages —between ecological changes, economics,
and the politics and science of management. Moreover, a comparative approach can be
used to evaluate the weight of evidence for multiple hypotheses that have been posed to
explain the lack of recovery of groundfish stocks in these regions.

CAMEO PROGRAM ELEMENTS

FISHERIES AND CLIMATE VARIABILITY & CHANGE AS KEY DRIVERS

The CAMEO program emphasizes understanding the importance of fishing and
climate as drivers and controllers of marine ecosystems. While many other important
drivers influence specific marine ecosystems (e.g., eutrophication in coastal areas),
CAMEQO considers fishing and climate variability & change as globally pervasive and
important drivers on managed species and habitats. Additionally, these two drivers are
likely to operate synergistically and interact with other stressors/drivers. Modern
ecosystem management must understand and take account of the interactions between
climate and fishing, rather than try to address each separately. These interactions are
significant drivers of change in marine systems and have ramifications for ecosystems
and those who depend on the services marine systems provide.

Fishing: Arguably the most important direct driver of change in marine
ecosystems over the last century has been fishing, which affects the structure, function,
and biodiversity of the oceans (Jackson et al. 2001, Halpern et al. 2008). Fishing pressure is
so strong in some marine systems that the biomass of fish (including both the target
species and those caught incidentally) has been reduced by over half of the levels prior to
the onset of industrial fishing (Worm et al. 2009). These fishery-induced changes can
restructure marine food webs and alter directly or indirectly the trophic pathways that
previously supported fisheries and other managed species (Sandin et al. 2008, Steneck et
al. 2004, Jackson et al. 2001). Promising signs of recovery for systems in which effective
management has been implemented point to the economic and ecological benefits of
controlling fishing pressure (Worm et al. 2009).

Climate variability & change: The preeminent challenge in the next 50 years will
be understanding, predicting and adapting to the manifest alterations in marine
ecosystems induced by natural and anthropogenically-driven global climate variability
and change. The sensitivity of marine ecosystems to natural climate variability at
multiple temporal and spatial scales is well established (Lehodey et al. 2006) and the
implications of climate change for fisheries have in fact been long recognized (Cushing
1982, Glantz 1992, Everett 1995). Anthropogenic climate impacts will occur through both
a gradual warming and associated physical and biological changes, modifications in
chemistry of the oceans and alterations in the frequency, intensity and location of
extreme events (Scavia et al. 2002, Alheit et al. 2010). Sea level rise, glacier melting, sea
temperature, changes in ocean circulation, frequency and strength of storm events, ocean
acidification and changes in precipitation, and river flows will significantly affect all
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marine ecosystems. Poleward distributional shifts in some species have already been
demonstrated in response to increased global temperatures (Cochrane et al. (eds.) 2009).
Climate change is already altering the seasonality of biological processes, and food webs,
with currently unpredictable consequences for fisheries production (Cochrane et al. (eds.)
2009). Further, changes in the interannual and decadal modes of natural variability such
as El Nifio Southern Oscillation (ENSO) and others, will have significant impacts on
global-scale ecosystems and fisheries. Changes in species distributions, food web
composition and trophic transfer and habitats will require changes in the human
community that depend upon these ecosystems. Human communities will respond
directly by altering their behavior (e.g., where, when and what they fish for) and
indirectly through new management, with both having repercussions across society.

Interactions between Fishing, Climate and other stressors: CAMEOQ recognizes
that fisheries and climate change may act synergistically with each other or with other
anthropogenic disturbances that play distinctive roles in specific ecosystems or regions.
Fogarty et al. (2008) illustrated the synergistic effects of fishing and climate for Atlantic
cod in the Gulf of Maine and the need to adjust harvesting strategies accordingly. More
generally, Hsieh ef al. (2008) and Perry et al. (2010) conclude that fished populations are
generally less resilient to climate variability than those that have maintained full age
structure and diversity in life history traits. Nutrient enrichment has long been a critical
issue in coastal systems (Carpenter et al. 1998, Cloern 2001), but alterations in food web
structure, such as depletion of apex predators, is emerging as equally important because
of its widespread extent (Jackson et al. 2001, Worm et al. 2000, Micheli et al. 2005),
negative interactive effects with nutrients (Deegan 2002, Deegan et al. 2007, Vasas et al.
2007) and the potential to alter coastal ecosystem function. Thus, understanding and
predicting how fisheries or climate interact with each other or other stressors to affect the
sustainability of managed species and ecosystems is a critical challenge for CAMEO
research.

THE COMPARATIVE APPROACH

Comparative analysis of ecosystems is a powerful approach to improving our
understanding and ability to forecast the responses of marine ecosystems to change in
drivers (Megrey et al. 2009, Murawski et al. 2010). Spatial or temporal comparisons of
differences between ecosystems or portions of ecosystems that are similar in most
respects, but differ in specific ways or are under different management can provide
knowledge of how various factors influence the dynamics of an ecosystem and inform
for advice to managers. For example, despite many apparent similarities in species
composition in the Barents and Eastern Bering Seas, fishery yields with respect to
primary production are substantially higher in the Eastern Bering Sea, annual yields are
~8% of total fish biomass in both ecosystems (See Case Study 2: The value of ecosystem
comparisons: Barents and Eastern Bering Seas Ecosystems).

The comparative approach also offers an alternative to the classic experimental
method when the ability to impose experimental manipulations and controls is lacking.
This is almost always the case when addressing ecosystem-level processes and
responses at the spatial scale occupied by highly mobile marine organisms or whole
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ecosystems. Obvious components of the comparative approach are experiments,
observational data, theoretical models, and ultimately sophisticated integrations of all
three in empirical or modeling experiments.

Comparative analysis may be applied across ecosystems, within ecosystems over
time or space, or among models of ecosystems. Comparisons of ecosystem investigations
and data that differ in time and/or space can help identify critical interactions or
processes. Comparative studies using gradients created by management or natural
gradients in ecosystem features will help reveal how those features are manifest in
ecosystem processes, organization and productivity. Spatial contrasts offered by
comparing ecosystem function and structure within and outside management areas is
one form of comparative analysis that may offer insights into how ecosystems respond
to human activities. For example, comparison of ecosystem responses inside and outside
of marine protected areas has illuminated the effects of fishing on the resiliency of kelp
forest ecosystems. In addition, adaptive management or comparisons before and after
large-scale climatic events (e.g., El Nifio) and other natural or anthropogenic
interventions and perturbations at large spatial scales can illuminate factors structuring
ecosystems.

Understanding ecosystem resilience is a unique challenge that may benefit from
the comparative approach by providing an alternative to the normally very long time
scales needed to assess resilience (Scheffer et al. 2009). Measuring resilience typically
requires both a theoretical framework and a long data series (often decades), especially to
infer thresholds or regime shifts. An understanding of state transitions by comparing
ecological states under different environmental conditions or management approaches,
whether in time (e.g., under changing climatic conditions) or space (e.g., inside and
outside marine protected areas, or under different socio-political institutions) may
provide insight on shorter time scales. Furthermore, comparing state transitions among
different ecosystem types will elicit principles that apply generally across marine
ecosystems.

The spatial and temporal scale of comparative research should be appropriate to
the ecosystem properties and management considerations. CAMEO research is expected
to provide a basis for interpreting and forecasting in the “years to decades” time domain.
Research can include intra-seasonal and interannual variability as it contributes to better
understanding long-term trends. Longer time scales are particularly appropriate for
predictive modeling and understanding the effects of management and feedbacks to
human society. The spatial scale of comparative analyses can range from ocean basins to
local oceanic (e.g., seamounts, shelves) and coastal (e.g., bays and estuaries) features. In
some cases, we expect that a regional focus may be most useful in understanding
ecosystem properties relevant to mobile organisms at the mid- to higher levels in food
webs that are often the focus of fisheries.
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CASE STUDY 2: THE VALUE OF ECOSYSTEM COMPARISONS: BARENTS AND
EASTERN BERING SEA ECOSYSTEMS

High-latitude ecosystems such as the Barents and Eastern Bering Seas have much
in common, while differing significantly in their structure and potential productivity.
These systems are rich in biological resources. They support major fisheries and are
subject to stresses from present and future petroleum exploration and extraction
activities. Climate change, especially increasing temperatures and effects on sea ice
cover and distribution, already is having notable effects on these systems. Recent
comparisons of high-latitude marine ecosystems have demonstrated the value of a
comparative approach to provide fundamental understanding of processes that control
structure and contribute to developing ecosystem-based approaches for resource
management (Hunt and Megrey 2005, Megrey et al. 2009, Gaichas et al. 2009).
Comparative analysis also has demonstrated that the effects of fishing, while substantial
in the Barents Sea and Eastern Bering Sea, have left a bigger footprint on the Barents Sea
(Bundy et al. 2010, Coll et al. 2010, Shin et al. 2010).

The Barents Sea is at least twice as large in area as the Eastern Bering Sea (Table
CS 2.1). A seasonally migrating Polar Front with permanent ice at its northern extreme
characterizes the Barents Sea, while a seasonally advancing and retreating ice field
characterizes the Eastern Bering Sea. Interannual variability of inflow of relatively warm
North Atlantic water exercises strong control over ecosystem structure and dynamics in
the Barents Sea while variable flow of the Alaska coastal current and Alaska Stream,
with substantial but variable freshwater input, contributes strongly to interannual
variability in productivity of the Eastern Bering Sea. The Eastern Bering Sea is a shelf
ecosystem, with substantial benthic and demersal production at all trophic levels, while
the Barents Sea is more pelagic, with pelagic production greatly exceeding demersal.
Primary production is 2.5 times higher in the Eastern Bering Sea, but zooplankton
production is > 2.5 times higher in the Barents Sea. Production of pelagic fish is higher in
the Barents Sea than in the Eastern Bering Sea, while biomass and production of
demersal fish are much higher in the Eastern Bering Sea. These differences in part reflect
differences in bathymetry and primary productivity but may be misleading because
walleye pollock Theragra chalcogramma, a dominant gadid fish in the Eastern Bering Sea,
is often treated as a demersal species (Gaichas et al. 2009), although it essentially
functions as a pelagic zooplanktivore. Fishery yields (tons/km?) are ~1.5 times higher in
the Eastern Bering Sea than in the Barents Sea. While fishery yields with respect to
primary production are substantially higher in the Eastern Bering Sea, annual yields are
~8% of total fish biomass in both ecosystems.

Responsiveness, Connectivity, Resilience and Predictability

Shifts in overall ecosystem productivity and in biomass at higher trophic levels
are apparently of greater magnitude and more frequent in the Barents Sea than in the
Eastern Bering Sea. Both systems respond to decadal shifts in climate regimes (North
Atlantic Oscillation for Barents Sea, Arctic Oscillation and Pacific Decadal Oscillation for
Eastern Bering Sea). Common or similar species of fish occur in the Barents Sea and
Eastern Bering Sea, e.g., cod and other gadids, herring, and capelin. In the Barents Sea,
changes in fish and fisheries are dramatic and predictable on roughly decadal time scale,
where three species (cod, herring and capelin) experience variable recruitments in
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response to variability in relatively warm Atlantic inflow, temperature, and predator-
prey relationships. Warm years in the Barents Sea support high herring and cod
recruitment and strong top-down control via predation on capelin larvae (by juvenile
herring) and capelin juveniles (by subadult cod), resulting in low capelin abundance and
a trophic cascade leading ultimately to cod cannibalism and declines in its abundance,
and starvation of seabirds and marine mammals. Under those conditions, the
Norwegian government closes the capelin fishery. In the Eastern Bering Sea, decadal
regime shifts occur, with bottom-up controls apparently acting as the primary driver of
system dynamics. Variable predation on juvenile walleye pollock by a suite of demersal
fishes impacts recruitment to and productivity of the pollock stock. The Eastern Bering
Sea shelf ecosystem, with its relatively high biodiversity and link to demersal fauna,
appears more stable and less impacted by fishing than the Barents Sea ecosystem that is
dominated by pelagic trophodynamics.

The Barents Sea is an ecosystem of extreme swings, dominated by climate-forced
inflow and responses by zooplankton and capelin production that cascade throughout
the food web and impact the fisheries and highest trophic levels. Yet, it is a resilient
ecosystem, fast to respond to shifts in climate phases. There is tight coupling between
zooplankton and mid-high trophic levels (capelin and herring). Capelin is the lynchpin
in the relatively simple structure of this ecosystem. Fisheries and landings in the Barents
Sea fluctuate dramatically and the system is considered to be moderately impacted by
fishing.

The Eastern Bering Sea is fundamentally more productive than the Barents Sea
and overall appears to be more stable. In the Eastern Bering Sea, taxa at upper trophic
levels are more diverse, as are its fisheries. It is a shelf ecosystem, with strong benthic-
pelagic coupling. Although relatively stable, the Eastern Bering Sea experiences shifts in
productivity related to climate. Bottom-up forcing, with substantial interannual and
decadal variability in primary production that cascades to higher trophic levels,
primarily controls the Eastern Bering Sea but less dramatically so than in the Barents
Sea.
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Table CS2.1. Comparisons between the Eastern Bering Sea and Barents Sea. Data
and values from Hunt and Megrey (2005), and Gaichas et al. (2009), Bundy et al. (2010)
and Shin et al. (2010). Fisheries landings are for the five major species in each ecosystem,
1998-2002.

Measure Barents Sea Eastern Bering Sea
Latitude 68-85° N 54-60° N
Area 108 km?) 1006.1 484.5
Area <200 m (%) <50% > 95%
Primary Production (t/km?2/yr) 1766 4715
Phytoplankton Biomass (t/km?) 15.00 42.81
Phytoplankton P/B 117.7 110.1
Zooplankton Biomass (t/km?) 127.2 42.5
Zooplankton P/B 51 5.6
Pelagic Fishes (t/km?) 9.25 8.58
Demersal Fishes (t/km?) 1.55 44 852
Total Fish P/B 1.6 0.7
Pelagict Fisheries Catch (t/km?2) 0.33 0.590
Demersalc Fisheries Catch (t/km?2) 0.48 0.56¢
Catch/Primary Production 0.00049 0.00087
Catch/Fish Biomass 0.080 0.076
Catch/Fish Production 0.051 0.116
Ecosystem Stated Moderately Impacted Lightly Impacted
Ecosystem Trendse Not Improving Improving

a In the Eastern Bering Sea the demersal category includes walleye pollock. This
gadid fish in its juvenile and young adult stages primarily inhabits the midwater and
behaves as a pelagic predator and zooplanktivore. If its biomass (~ 10 million tons) were
transferred to the pelagic category, the Eastern Bering Sea is represented nearly equally
by pelagic (55%) and demersal (45%) fishes.

b Walleye pollock are included in the pelagic Eastern Bering Sea catches.
< Walleye pollock are not included in the Eastern Bering Sea demersal catches.
d Comparisons summary from Shin et al. (2010).

¢ Comparisons summary from Bundy et al. (2010).
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PARTNERSHIPS

Central to the program is an emphasis on collaborative partnerships between
academic research communities conducting basic science and federal agency scientists
with mission responsibilities to inform ecosystem management activities. CAMEOQO is a
jointly sponsored by NOAA (National Marine Fisheries Service lead) and NSF (Division
of Ocean Sciences lead) because the interests of the two agencies overlap in supporting
science to advance understanding of marine ecosystems, particularly managed species
and habitats. A strong point of federal and academic collaboration is the management
perspective federal scientists bring to research. NOAA and its scientists maintain direct
connections to management of fisheries and protected resources that provide a unique
and valuable perspective on the basic science needed to manage natural resources.

RELATIONSHIP TO PREVIOUS PROGRAMS

The CAMEO program has emerged from the past several decades of coordinated
marine ecosystem research programs that have increased our ability to describe
processes and model aspects of marine ecosystems. For example, GLOBEC was initiated
to understand how global change affects the abundance, diversity and productivity of
marine populations comprising a major component of oceanic ecosystems. GLOBEC has
provided an important focus on key species in areas of the world’s oceans, particularly
phytoplankton to zooplankton production dynamics, and continues to elucidate key
processes controlling productivity in marine ecosystems. CAMEO, by employing a
comparative and synthetic approach, will build on the work of previous and other
current programs to extend our understanding of the structural and functional attributes
of marine ecosystems that support their diversity and resiliency.

COLLABORATION WITH OTHER EXISTING PROGRAMS

Collaboration and coordination with other existing programs is an important
aspect of the CAMEO program. To achieve the goal of CAMEO will require multifaceted
research and resources beyond this single program. In recognition of the other existing
programs with related elements at NSF and NOAA, CAMEO will encourage connections
but will not duplicate existing programs. At NSF these existing programs include but are
not restricted to: ocean acidification, harmful algal blooms, ecology of infectious disease,
coupled human and natural science and ocean ecology associated with biogeochemical
cycles. Additionally, CAMEO will not explicitly request development or assessment of
Decision Support Tools for management because other NOAA programs (Integrated
Ecosystem Assessment, Fisheries and the Environment) have this role. But it is entirely
appropriate for CAMEO to facilitate transfer of fundamental scientific information
generated by CAMEO research to managers and to consider effective means to do so.
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OVERVIEW: SCIENCE THEMES AND CHALLENGES

Human activities and climate are rapidly changing the Earth System, altering the
ocean’s vulnerability to change and impacting the sustainability of marine ecosystem
services. Three interconnected elements of ecosystems are central to the CAMEO
program: drivers, attributes, and responses. Drivers are the anthropogenic and natural
processes that shape ecosystems (climate, fishing, ocean current dynamics, nutrient
loading). System attributes are the structural elements of ecosystems (species
composition, spatial configuration and connectivity within and between ecosystems).
Responses are the dynamics over time that follow from changes in drivers, and include
the sensitivity, vulnerability and resilience of ecosystem attributes and processes
(production, nutrient recycling, etc.) to perturbations.

Ecosystem productivity, the ecosystem process that results in the provision of
goods and services in the form of fishery harvest, is one of the most important ways that
marine ecosystems interact with human society. The basic ecosystem property of
productivity at different levels or components of the ecosystem provides a common
currency to describe changes in ecosystem status in response to drivers and to inform
management. Ecosystem dynamics, including the production of species at the middle
and top of the food web, are often linked to nonlinear processes that control response or
resilience to stressors. Effective management is predicated on understanding these
interactions in order to predict the response of ecosystems to perturbation. Critical to
CAMEQO are issues such as:

e How the provision of goods and services by ecosystems with different characteristics
responds to natural and anthropogenic pressures and drivers of change,

e Limits to ecosystem resilience, and thresholds that, when crossed, lead to phase or
regime shifts, and the nature of reversibility of such shifts,

e Relative performance of different management approaches (such as spatial versus
non-spatial) by comparing the response of similar ecosystems, specific components,
or fisheries subjected to different approaches.

e Relationships between the human dimension of ecosystems, drivers of change, and
the determinants of management responses to change.

CAMEO will support work in five core research themes of the program (Figure
1). Central to all themes in CAMEQ is the application of the comparative approach to
advance our understanding and forecasting of how marine ecosystems respond to
anthropogenic and natural drivers, such as climate and fishing. The following section
develops these Themes and the scientific challenges identified as critical to achieving the
goal of the CAMEO program.
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CAMEO PROGRAM THEMES

MARINE ECOSYSTEMS
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& GOVERNANCE FORECASTING

Figure 1. Schematic view of the five science themes that define the challenges for the
CAMEQO program’s research. The themes are numbered (1-5) and the arrows illustrate
links between them. See the text for a detailed description.

The section first asks what determines the general responsiveness of marine
ecosystems to perturbations and the relative sensitivity to and our ability to differentiate
human and natural perturbations (see Theme 1: Responsiveness to Perturbations). An
understanding of ecosystem responses to perturbations, both natural and
anthropogenic, is essential to predicting ecosystem organization and productivity.
However, predicting these ecosystem responses critically depends on understanding the
role that structural elements and internal dynamics of marine ecosystems play in
shaping the response to perturbations. CAMEO focuses on understanding the role of
connectivity among and within ecosystems (see Theme 2: Connectivity of Marine
Ecosystems), and the stability & state transitions dynamics of marine ecosystems (see
Theme 3: Stability & State Transitions), including the sensitivity, vulnerability and
resilience of ecosystem processes to perturbations. Connectivity is a critical ecosystem
property that determines the productivity of an ecosystem and the potential for
transitions between ecological states and ecosystem responses to perturbation. It is also
relevant for current marine spatial planning efforts. State transitions represent a specific
component of ecosystem responses to perturbations of particular importance to
ecosystem-based management. Does an ecosystem change radically or not much in
response to a change in drivers? Knowing this will help inform ecosystem restoration
plans for depleted fisheries and altered habitats.
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Humans are an integral part of marine ecosystems, thus understanding the
nature and extent of the interactions and feedbacks between humans and marine
ecosystems is an important challenge for the 21st century (see Theme 4: Human Society
and Marine Ecosystems). Humans act not only as key elements of ecosystems, but also
as fundamental drivers and responders, providing critical feedbacks between the causes
and consequences of ecosystem change.

CAMEQ recognizes the need to develop new theories, information and modeling
frameworks that enable us to synthesize and forecast the dynamics of marine
ecosystems, including the feedbacks between human society and marine ecosystems, as
well as between humans, fishing and climate (Theme 5: Comparative Analysis,
Synthesis and Forecasting). These advances are critical to improve our ability to
manage the ocean’s living resources, and to predict the effects of natural changes and
management actions.

These five themes are necessarily highly interconnected and many of the
scientific challenges identified cut across multiple themes. For example, the fundamental
ecological question of control by top-down versus bottom-up drivers of food web
dynamics appears first in the Responsiveness theme in the context of differentiating
human-induced top-down (via fishing) or bottom-up (via climate change) perturbations
from natural controls, and then again in the Connectivity theme in the context of
understanding how energetic connections drive ecosystem structure in marine systems.
It is anticipated that research conducted under in any one of these themes will
contribute to a broader understanding across themes.
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SCIENCE THEMES AND CHALLENGES

THEME 1: RESPONSIVENESS TO PERTURBATIONS
What determines the responsiveness of marine ecosystems to perturbations?

1.1: Identifying and developing metrics that are broadly applicable across ecosystems and will
characterize ecosystems and their responsiveness to perturbations.

1.2: Understanding how ecosystem properties regulate ecosystem response to changes at the top and
bottom of the food web.

1.3: Distinguishing qualitative and quantitative differences in ecosystem responses (in terms of
structure, function, and scale) to natural and human perturbations.

1.4: Understanding the temporal and spatial scales of ecosystem response to perturbations, and how
they differ among ecosystems.

THEME 2: CONNECTIVITY OF MARINE ECOSYSTEMS.
How do patterns of connectivity within and among ecosystems, and human impacts on those patterns,
influence the productivity and resilience of marine ecosystems?

2.1: Resolving how the strength and patterns of interactions among ecosystem components (e.g.,
species, functional groups) act to regulate food webs, energy flow and responses to
perturbations.

2.2: Understanding how the rate and patterns of spatial connectivity (individuals, nutrients, energy,
etc.) within and among ecosystems act to regulate productivity and response to perturbations.

2.3: Determining how spatial connectivity across ecosystem boundaries shapes the strength and
patterns of interactions within ecosystems.

THEME 3: STATE TRANSITIONS AND STABILITY.
How do different properties of ecological systems and coupled human-natural systems influence the potential
for transitions between different system states and their reversibility?

3.1: Determining the role of diversity in state transitions.
3.2: Testing the application of the theory of state transitions and resilience in real ecological systems.
3.3: Understanding the relative importance of anthropogenic or natural controls on the transition
dynamics and determinants of resilience in coupled human-natural systems.
THEME 4: HUMAN SOCIETY AND MARINE ECOSYSTEMS
What is the nature and extent of the feedbacks and interactions between humans and marine ecosystems?

4.1: Determining how human activities (i.e., drivers such as fishing) change ecosystem processes
(biological, physical, etc.) and ecosystem structure and function and the benefits humans
receive from marine ecosystems (i.e., value of ecosystem goods and services).

4.2: Understanding how humans respond to changes in marine ecosystems and the follow on effects
of that response for ecosystem structure and function.

THEME 5: COMPARATIVE ANALYSIS, SYNTHESIS AND FORECASTING
How can the comparative approach to ecosystems improve synthesis
and forecasting in marine ecosystems?

5.1: Development of new ecosystem modeling strategies that increase our ability to synthesize and
predict marine ecosystems states.

5.2: Developing statistical and analytic methods that can extract information from existing
observations and which lead to better estimates and forecasts of marine ecosystems.

5.3: Developing modeling strategies that incorporate ecosystem and human feedbacks on the
drivers, and that are applicable across ecosystems.
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SCIENCE THEMES AND CHALLENGES

THEME 1: RESPONSIVENESS TO PERTURBATIONS
What determines the responsiveness of marine ecosystems to perturbations?

A central goal of CAMEQO is to identify, quantify, interpret, and predict
responses of marine ecosystems to perturbations from natural and human stressors.
External and internal drivers induce shifts in structure, which in turn alter ecosystem
function. Understanding processes and mechanisms that elicit responses to change is
critical for eventual development of decision support tools for ecosystem-based
management. Humans, as an integral component of marine ecosystems, respond to
changes in these ecosystems through alteration of human behavior. Altered human
behavior, itself representing a change in an ecosystem component, can be a driver of
further change in marine ecosystems and in the goods and services they provide. An
important part of CAMEO will be to develop comparative research that aids in
determining which forces/stresses on an ecosystem may be responsive to management.

Marine ecosystems may exhibit directional, progressive, or cyclical changes over
a range of spectral frequencies, or episodic changes in response to bottom-up and /or
top-down forcing. Ecosystem state transitions are an example of one type of ecosystem
response to perturbations and are highlighted in a following theme section. Responses
can be both complicated and complex, act over a variety of temporal and spatial scales,
and be expressed as changes in productivity, diversity, or trophic structure.
Comparative approaches are proposed as an effective way to investigate and
characterize marine ecosystem responses and susceptibility to change, not only to judge
the nature and magnitude of responses, but also the temporal and spatial scales over
which responses occur.

SCIENTIFIC CHALLENGES

1.1: Identifying and developing metrics that are broadly applicable across
ecosystems and will characterize ecosystems and their responsiveness to perturbations.

An objective of the CAMEO research program is to discern and explain how
ecosystems respond to change in natural and human-induced stresses or forces. While
numerous metrics and indicators have been proposed to characterize the state of marine
ecosystems, most fall short of describing an ecosystem with the specificity required for
predicting ecosystem responses. Development of new metrics that broadly define the
responsiveness and susceptibility of different ecosystems to change ultimately may find
application as reference points and decision support tools in ecosystem-based
management (Murawski et al. 2010). It is particularly important to identify and quantify
metrics that signal thresholds and tipping points in responses of ecosystems to natural
and human perturbations.

-4 -



CAMEO Science Plan - Part 1 Draft Sept 1, 2010

Numerous biotic and abiotic metrics and indicators of ecosystem state and
constituent biological communities have been evaluated to categorize and compare
structure and productive potential of ecosystems. Rice (2000) proposed four broad
categories of response metrics to evaluate ecosystems: 1) diversity and similarity indices,
2) ordination methods, 3) aggregate community property metrics, and 4) emergent
properties (derived from ecosystem modeling). Jennings (2005) identified pressure, state,
and response indicators, the latter representing human responses, i.e., policy and
management measures to relieve pressures and change or maintain the state of
ecosystems. In a series of papers, Link (2002b,c, 2005) provided examples of indicators
and metrics, arguing that many can serve as reference points for ecosystem-based
management plans. A proposed hierarchical approach for indicator development,
evaluation and utility presents a useful framework for future research (Rice and Rochet
2005). The power of comparative ecosystem analysis was demonstrated in two series of
papers (Progress in Oceanography, Vol. 81, Journal of Marine Systems 79) in which
indices were applied in comparisons of marine ecosystems across the globe (Megrey et
al. 2009, Alheit et al. 2010). There is a foundation of research on metrics categorizing ecosystem
structure, trophic relationships, and productive potential, and a strong need for further research
to identify and evaluate their performance.

Quantifying and distinguishing responses that represent shifts in ecosystem
structure and function is important to understanding how ecosystems respond when
under stress. Developing indicators or suites of indicators that 1) characterize responses,
2) are comparable across ecosystems, and 3) are based on time series to discern patterns
and trends in ecosystem change will contribute to fundamental understanding of
ecosystem behavior. Suites of indicators may include both static measures and dynamic
metrics of ecosystem response; process-related indicators have special value. Indicators
that compare and discern responses of ecosystems to natural (e.g., climate) and human causes
(e.g., fishing, contaminants, habitat degradation) will be particularly important in CAMEOQ.
Quantitative indicators that potentially serve as management reference points will be important
in development of marine ecosystem-based management plans.

1.2: Understanding how ecosystem properties regulate ecosystem response to
changes at the top and bottom of the food web.

Ecosystems are sensitive to human extractive activities (e.g. fisheries, including
bycatch of vulnerable species) and to anthropogenic and natural climate change. Both of
these drivers can alter the abundance of species at the top trophic level that, through
predator-prey relationships, may precipitate change in abundances in lower trophic
levels (See Theme 2: Connectivity in Marine Ecosystems). One specific type of top-down
impact termed a trophic cascade is an alternating pattern of increased and decreased
abundance in successively lower trophic levels (Pace et al. 1999). For example, in some
ecosystems the loss of herbivores in coral reefs or sea otters in kelp forests leads to top
down changes that produce a major shift in ecosystem structure and energy flow.
Alternatively, changes in resource availability at the bottom of the trophic web,
generally induced by oceanographic or climate change, may propagate upward altering
similar shifts in abundances at all trophic levels. Although the relative importance of
top-down and bottom-up forcing may vary, both types of forcing are present in marine
ecosystems. Hence, understanding ecosystem responses resulting from the interplay of both
bottom-up and top-down drivers is a priority for science and management.
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CASE STUDY 3: DEFINING METRICS FOR CROSS-ECOSYSTEM
COMPARISON: THE NETWORK ANALYSIS APPROACH.

All ecosystems have unique species assemblages and biophysical forcing
processes that dictate their dynamics and organization. Because of this distinctiveness
and the resulting perceived absence of standardized metrics for comparison,
quantitative cross-ecosystem comparison has often been limited. A crucial component of
cross-ecosystem analysis is the identification of ecologically-relevant metrics that both
speak to important structural or functional attributes of ecosystems and are comparable
across ecosystems. Network analysis of ecosystem models provides one way to derive
quantities that describe ecosystem organization that can be compared across ecosystems.
For example, Baird and Ulanowicz (1993) applied an analysis of network models of four
estuarine ecosystems to evaluate their hypothesis that more highly disturbed systems
would exhibit properties that were indicative of stress.

Unlike their earlier work (Baird et al. 1991), these comparisons were drawn
among similar ecosystem types (estuaries) so that differences among systems could
more easily be attributed to physical attributes or the degree of anthropogenic
disturbance (nutrient and other pollution and altered freshwater flows). The ecosystems
used in this comparison were: the Ems estuary, a relatively undisturbed ecosystem
exhibiting little evidence of eutrophication, the Swartkops and Ythan estuaries, both
considered to be impacted by pollution from sewage, industrial and agricultural
activities, and the Kromme estuary which had been impacted through diversion of
freshwater inputs by impoundments.

Baird and Ulanowicz (1993) used data on standing biomass and rates of energy
flow among compartments and across ecosystem boundaries to parameterize network
models for each ecosystem. By using a common model framework, they could compare
multiple network metrics that described the patterns of energy flow in ecosystems and
thereby reveal relationships between structural and functional attributes of these
ecosystems and the relative extent of human impact. These metrics included trophic
efficiency (how much energy contained in one trophic level is transferred to the next
highest level), average path length (the average number of transfers a unit of carbon will
undergo until it leaves the ecosystem), energy retention, plus several measures of
“global ecosystem organization” that account for the rates and organization of flows
within each ecosystem.

This analysis revealed relatively similar structures among the four ecosystems,
but very different patterns and pathways of energy cycling (Table CS 3.1). They
concluded that:

(1) The efficiency of energy transfer - especially among mid and upper trophic
levels - were markedly different among the ecosystems

(2) Relative importance of phytoplankton vs. macroalgae was variable and was
likely a consequence of differences in water depth among ecosystems
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(3) The Ems estuary was characterized by the greatest number of cycles and the
highest overall trophic transfer efficiency. Moreover, relative ascendancy (a
metric describing the size and configuration of energy flows) was greatest for
this estuary

(4) The Swartkops estuary exhibited network properties that were most consistent
with predicted patterns of a disturbed or stressed estuary.

One limitation of this comparative analysis - like many others - is that results are
correlative in nature and more than one set of hypotheses might explain the observed
differences among ecosystems. These ecosystems provided contrasts not only in the
relative degree of anthropogenic disturbance, but they also differed in latitude, and
other physical attributes. Still, this type of comparison served to raise several hypotheses
explaining how ecosystem structures are dependent on these covariates. This study
provided crucial guidance and a theoretical underpinning for future empirical studies
aimed at understanding ecosystem-level impacts of human influences.

Table CS 3.1. Comparison of network attributes across estuarine ecosystems.

Estuary

Network Attribute Ythan Swartkops Kromme Ems
% Total ecosystem flow in cycle of 1 path 163.9 80 619 6138
length

Mean cycles / nexus 1.4 1 111 153
Average Path Length 2.86 3.95 238 342
Number of cycles 15.1 14.6 19 26
Trophic Efficiency (geometric mean, %) 6.64 4.02 6.02 1249
Relative Ascendancy (%) 34.4 28 33.7 383
Total cycled flow (mg C m2d-1) 2389 7679 4378 390
Total system throughput (mg C m=2 d-) 9350 17541 16879 1298

There is a critical need to advance our ability to predict how top-down and bottom-up
responses will propagate through the trophic web and to quantify the magnitude of their impacts
at each trophic level. Are there general rules based on aspects of the structure and function
of marine ecosystems that allow us to predict ecosystem responses from the top-down,
bottom-up, or combined forcing? Can we identify which types of ecosystem are
responsive to either top-down or bottom-up forcing? Is there a minimum proportion of
apex predators that should be maintained in an ecosystem to reduce adverse effects on
the ecosystem of top-down forcing?

-7



CAMEO Science Plan - Part 1 Draft Sept 1, 2010

1.3: Distinguishing qualitative and quantitative differences in ecosystem
responses (in structure, function, and scale) to natural and human perturbations.

Marine ecosystems are affected by a broad spectrum of natural and human
stressors. These forcing mechanisms can be expected to exert differential impacts on
ecosystem states in different systems. Structural and functional features of individual
systems can modulate effects of these stressors and influence relative impacts in
different ecosystems. Climate-induced impacts, including both natural and human-
induced factors, can be expected to exert effects on large spatial and broad temporal
scales, potentially affecting virtually every aspect of ecosystem structure and function
from biogeochemical cycling to community composition at all trophic levels (Stenseth et
al. 2002, Cury et al. 2008). Fundamental shifts in ecosystem productivity may occur in
these systems under global climate change. We can posit a gradient of vulnerability to
climate-related forcing in relation to ecosystem attributes such as diversity and
functional redundancy, with systems having low overall levels being more vulnerable
and responsive to change (Levin and Lubchenco 2008). Within ecosystems, we expect
that species at or near the margins of their range will be impacted more by climate
change than those living closer to the center of the range. Some forms of natural change
(e.g., storm events, hydrological cycles affecting nearshore environments, ENSO events
and other modes of interannual and decadal variability) can, in contrast, be expected to
affect marine ecosystems at high to moderate frequency time scales.

In general, human-induced impacts on marine ecosystems, including fishing
effects on abundance and species composition and responses of ecosystems to habitat
degradation, pollution, and coastal development exert ubiquitous but more localized
effects. In contrast to our expectation of the dominance of low-frequency change under
climate influences, human-induced pressures potentially exert relatively rapid
(interannual to decadal scale) impacts. Understanding whether these changes are
reversible through management intervention is fundamentally linked to aspects of
ecosystem structure that affect existence of multiple stable states (See Theme 3: State
Transitions and Stability). For example, direct effects of fishing through removal of
biomass of target species can be directly tracked and related to change in abundance and
demographic structure. However, indirect effects can also occur as a result of alteration
in community structure through effects of harvesting target species and bycatch species
on the relative abundance of interacting species, thus affecting trophodynamics in the
ecosystem. Other harvesting impacts, such as a reduction of structural complexity of
benthic habitats by towed fishing gear, can potentially exert effects on ecosystem
dynamics (Auster 1998, NRC 2002). Again, these impacts are likely to be more localized
and dependent on factors such as natural disturbance regimes. Many types of pollution
impacts are expected to have their greatest effects in proximity to point sources although
broader-scale effects of non-point source pollutants and those attributable to
atmospheric deposition are also important. Unlike effects of size- and species-selective
harvesting patterns, pollutants can affect a broader spectrum of life stages and species in
affected areas.

Stressors may act in a cumulative and synergistic fashion, controlling thresholds
of ecosystem response. Potential synergistic effects of changes in pressures affecting the
system are of particular concern. For example, with low frequency variation due to
climate, the potential interaction between changes in the environment and harvesting is
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critical because persistent shifts in population productivity require managers to be
prepared to revise biological reference points. An illustration (Figure 2) of exploitation
regimes that are sustainable under one set of environmental conditions but not under
another is reflected in a change in overall yield but also in the level of fishing pressure at
which yield is maximized and at which a stock collapse is predicted. Under the lower
productivity regime, the stock collapses at a fishing pressure that is sustainable
(although sub-optimal) under higher productivity levels. It is clear that a dynamic
concept of maximum sustainable yield and other reference points is required that
accounts for changing conditions in the biological and physical environments
experienced by the population.

These general observations provide a framework for specification of hypotheses
related to the effects of natural and human-induced impacts, and the characteristic
temporal and spatial scales on which they operate. The comparative approach adopted
by CAMEO is well suited to develop tests of these hypotheses. For example, patterns of

biodiversity are often poorly understood for
lower trophic levels of marine ecosystems.

Understanding controls on patterns of
biodiversity and testing its effects on stability and
resilience in response to natural and anthropogenic
disturbance in comparative analysis of marine
ecosystems is a priority research area for CAMEO.
Separation of natural and anthropogenic forcing is
critical in any attempt to develop management
interventions. By carefully selecting ecosystems
and sites subject to differing levels of natural
and anthropogenic impacts, it is also possible
to address the issue of whether effects of these
stressors are cumulative and synergistic.

Yield

Fishing Mortality

Figure 2. Yield as a function of
fishing mortality under two

environmental regimes in which
the intrinsic rate of increase of the
population is affected by changing
productivity. In the lower
productivity regime the fishing
mortality rate and the resulting
Maximum Sustainable Yield (MSY)
are lower relative to the higher
productivity regime (shaded area
depicts the difference). Dashed line
shows the level of fishing mortality
sustainable under the higher
productivity pattern.

1.4: Understanding the temporal and
spatial scales of ecosystem response to
perturbations, and how they differ among
ecosystems.

The state of an ecosystem is a result of a
balance between a myriad of processes that
occur over varying temporal and spatial scales.
Marine research has tended to focus on specific
regions (e.g., Georges Bank, California Current
System, etc.). Variability in regional ocean
ecosystems, however, is an integrated response
to local/short- and basin/climate-scale
environmental changes. Resource managers
must know the spatial and temporal scales of

ecosystem response to stress if they are to develop appropriate support tools and
regulations that protect marine resources. To measure an ecosystem response to external
or internal forcing, or a change in ecosystem state, the spatial domain of the ecosystem
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and the frequency of observations must be defined relative to key physical, chemical,
and biological processes that underlie ecosystem structure and function. For example,
some processes, such as the timing of spring blooms or harmful algal blooms, are
episodic, whereas other processes, such as ocean warming, occur slowly over decades.
El Nifio-Southern Oscillation events strongly impact ecosystems over time scales of one
to two years, while other atmospheric-ocean oscillations (e.g., the Pacific Decadal
Oscillation) operate over longer time scales and may lead to regime shifts (Hare and
Mantua 2000, Mantua 2004). Understanding teleconnections and cumulative effects of large-
and local-scale forcing on ecosystem dynamics and variability is a significant challenge.

There is a critical need to quantify the critical temporal and spatial scales of marine food
web interactions and to determine the data gaps and assumptions that contribute the greatest
uncertainty in understanding and predicting ecosystem response. Nonlinear interactions or
stochastic events may play a critical role in rapid and unpredictable shifts in ecosystem
states. Although physical processes clearly control many marine food web interactions
and energy transfers, some studies indicate that nonlinear amplification of stochastic
physical forcing by biological processes may strongly influence ecological dynamics
such as regime shifts (Scheffer 2009). Since different organisms have different generation
times and spatial ambits, the spatial and temporal scales of interactions between external
forcing and internal food web dynamics must be considered. Furthermore, transient
temporal dynamics may permit coexistence of predators, prey, and competitors and,
ultimately, the persistence of ecosystems (Hastings 2004).

Spatial heterogeneity within ecosystems may allow different systems to
accommodate stressors in different ways and account for varying response thresholds
(Hsieh et al. 2005). Separation of spawning and nursery areas, seasonal migrations, and
connectivity between metapopulations may act to ameliorate spatially-focused
perturbations. Marine protected areas provide opportunities to evaluate the role of
spatial refuges. Human activities, such as fishing, also may alter the spatial scale of
ecosystem response. For example, larvae of exploited fish species were shown to have a
greater geographical shift in distribution compared to unexploited species in response to
environmental change (Hsieh et al. 2008). As a result, reduced spatial heterogeneity may
cause exploited populations to be more vulnerable to climate variability.
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THEME 2: CONNECTIVITY OF MARINE ECOSYSTEMS.

How do patterns of connectivity within and among ecosystems, and human
impacts on those patterns, influence the productivity and resilience of marine
ecosystems?

The structural and functional processes that underpin all marine ecosystem
services (e.g., recreational and commercial fisheries) are strongly influenced by the
interactions between an ecosystem’s component connectivity - the fluxes of energy and
matter through an ecosystem -- and its spatial connectivity -- the influx and export of
organisms, energy, nutrients, and humans among ecosystems. The ability to anticipate
responses of ecosystem services to natural and anthropogenic disturbances requires an
understanding of the strength and patterns of connections among ecosystem
components. For example, species interactions and biophysical processes determine
patterns and rates of transfer of energy and matter. These interactions include trophic
interactions as well as other interactions such as interference competition, and
mutualistic interactions that underpin the structure and diversity of ecosystems (e.g.,
ecosystem engineers, biogenic habitat). Ecosystem connectivity is evidenced in the
substantive and influential fluxes of organisms, nutrients, energy and matter between
pelagic and benthic communities (e.g., Witman et al. 2003, Navarrete et al. 2005, Kirby et
al. 2008), terrestrial, freshwater and coastal marine ecosystems (e.g., Diaz and Rosenburg
2008), nearshore and offshore ecosystems (e.g., Estes et al. 1998, Vetter and Dayton 1999)
and among adjacent ecosystems defined by discrete habitats (e.g., estuaries, salt
marshes, seagrass, mangrove, coral and temperate reef ecosystems, Nagelkerken 2009).
Recognition of the profound influences of connectivity within and among ecosystems
underpins the necessity for understanding and predicting how connectivity determines
the productivity and resilience of marine ecosystems. Central to the ecosystem-based
approach is the application of these principles to inform policy decisions.

Better understanding of how fishing and climate variability and change influence
the mechanisms and strengths of ecosystem connectivity and how connectivity directly
and indirectly effects the stability, productivity and resilience of ecosystems will
enhance management of living marine resources in two fundamental ways. With
knowledge of how fishing influences mechanisms and strengths of connectivity within
and among ecosystems, managers will be better able to avoid fishing practices and
pressures that impair the mechanisms and strengths of connectivity that underpin the
stability, productivity and resilience of fisheries. Knowledge of how climate variability
and climate change alters the kinds and strengths of connectivity allows managers to
adapt fishing practices and levels so as to accommodate climate change and avoid
synergistic effects of fishing and climate on key ecosystem properties and the fisheries
they support. Understanding connectivity within and between ecosystems will provide
information critical to defining the appropriate spatial scale of management activities.
The following research questions illustrate some of the ways that increased
understanding of the roles of and threats to connectivity within and among ecosystems
can inform management approaches that facilitate sustainable, productive and resilient
ecosystems and the fisheries they support.
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SCIENTIFIC CHALLENGES

2.1: Resolving how the strength and patterns of interactions among ecosystem
components (e.g., species, functional groups) act to regulate food webs, energy flow and
responses to perturbations.

The CAMEO program identifies research to foster our understanding of linkages
among food web components as a central goal to improve ecosystem-based
management. This diverse field has a long history in ecology, dating to Odum and
Odum’s (1955) pioneering work on energy flux in coral reef ecosystems. Since that time,
the field has developed multiple approaches to gauge connectivity in food webs (Post
2002), each of which reveals different information about the nature of interactions
between ecosystem components.

Energetic or mass-balance approaches describe the flux and fate of energy or
material in food webs and can provide indirect measures of ecosystem state. This
approach has a rich history in comparative marine ecology, revealing stark differences
among ecosystems in the proportion of primary production that ultimately reaches
upper trophic level organisms (Baird et al. 1991). Energetic approaches might be used to
measure the fate of primary productivity, and the comparative framework can ask what
key forcing variable or ecosystem component regulates this important ecosystem
attribute. Ulanowicz (1996) developed a detailed theory of energetic characteristics of
food webs that might be used to derive indicators of stressors (See also Case Study 3:
Defining metrics for cross-ecosystem comparison: the network analysis approach). Today, there
are multiple stand-alone modeling frameworks that facilitate the development of
energetic food web models (Polovina 1984, Christensen and Walters 2004).

These approaches have also been central to examining coupling of food webs
across habitats. Most prominent has been the quantification of benthic-pelagic coupling
in estuarine ecosystems and the role of key organisms therein. For example, filter
feeding bivalves may act to shift production from pelagic to benthic components of food
webs (Reusink et al. 2005), and under certain conditions may act to regulate primary
productivity and hypoxia (Newell 1988, Pomeroy et al. 2006). Mobile organisms may
also play a key role in governing the fate and flux of material across ecosystem
boundaries or within food webs.

One objective critical to advancing our understanding of connectivity within ecosystems
is to identify how anthropogenic and natural disturbances alter the fate and flow of energy in food
webs. Interaction strength approaches describe the dependencies between the temporal
dynamics of interacting species (e.g. predators, competitors). This approach can be used
to describe the stability of ecosystem structure and function as they relate to the pattern
of weak and strong interactions (de Ruiter et al. 1995). Identifying strong interactions is
also an essential component needed to improve predictive capacity and gauging
ecosystem responses to targeted removal of ecosystem components (Bascompte et al.
2005). Interactions can be both “top-down” and “bottom-up”, and there is ample
evidence of both of these in marine food webs (Baum and Worm 2009, Essington 2010).
Measuring and predicting interaction strength is often hampered by limited data and
the inability to conduct properly scaled experiments. Thus, there is a need for further
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development of quantitative tools that can use existing data to predict interaction
strengths from other covariates (e.g. information on energetics and life histories).
Moreover, there is a need to identify how interaction strengths themselves change over
time in response to physical forcing and climate change (Hunt et al. 2002, Essington
2010).

Another critical research objective is to identify the structural and functional properties
of ecosystems that govern interaction strength and how the strength of these interactions can be
predicted, including the conditions that facilitate strong interactions. Topographical analyses
can be used to describe the overall structure of connections within an ecosystem. Here,
ecosystems are viewed as networks of connections, and the focus of analyses can be to
describe the overall connectivity of a system (defined by the number of linkages, Link
2002a), or by several other indices that aim to define the potential importance of
individual components that are revealed by their key position within networks (Jordan
and Scheuring 2002). In a fisheries context, this might include identification of
potentially key species that act as “hubs” (Gaichas and Francis 2008). This approach also
underpins a large body of theoretical literature that relates patterns of connections in
food webs to ecosystem stability (e.g., Dunne et al. 2002a,b). Comparative approaches
are needed that can rigorously test these hypotheses across ecosystems that provide key
contrasts with respect to degree of disturbance and human activity.

Common to all approaches is the need for comparative analysis that reveals the
organizing processes that give rise to observed patterns and strength of connectivity.
Network analysis can be applied to reveal "nexus" species or for identifying how the
responsiveness of ecosystems is related to the degree and nature of connectivity. These
may include the importance of biophysical forcing, biodiversity at multiple ecological
levels, or depletion of ecosystem components through fishing.

2.2: Understanding how the rate and patterns of spatial connectivity
(individuals, nutrients, energy, etc.) within and among ecosystems act to regulate
productivity and response to perturbations.

The vast potential for movement of organisms, nutrients and energy in the
marine environment is reflected in the great spatial connectivity of populations,
communities and marine ecosystems (Steele 1985, 1991, Carr et al. 2003, Shurin et al.
2006). Two different forms of spatial connectivity fundamental to ecosystem-based
approaches to management are population and ecosystem connectivity. Population
connectivity is the genetic and demographic consequence of movement of individuals
from one local population to another (e.g., Kritzer and Sale 2006, Cowen et al. 2007,
Cowen and Sponaugle 2009). Ecosystem connectivity is the movement of organisms,
energy, nutrients, matter, and humans between ecosystems (e.g., Polis et al. 1997, 2004,
Nagelkerken 2009). Together, these forms of spatial connectivity influence the structure,
diversity, productivity, dynamics, and resilience of populations and marine ecosystems.

One critical objective for advancing our understanding of ecosystems will be identifying
the attributes of connectivity (e.g., magnitude, predictability, reciprocity), characteristics of
species (e.g. longevity, fecundity) and features of ecosystems (e.g., spatial heterogeneity) that
influence the importance of spatial connectivity in determining the structure, function and
resiliency of populations to natural and anthropogenic perturbations. Population connectivity
determines the genetic and demographic structure of marine populations. Genetic
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structure (i.e., relative representation of alleles within and among populations)
contributes to the genetic diversity and capacity of a species to adapt to changes in its
environment, including intensive or selective fishing mortality. Correspondingly, the
geographic distribution of fishing mortality can influence the genetic structure and
diversity of populations (e.g., Kendall et al. 2009). The influence of biophysical processes,
species traits, and patterns of habitat structure on dispersal, gene flow, and genetic
structure have been explored for a number of species in many marine ecosystems. These
studies provide opportunities for comparative synthetic analyses of the relative
importance and interactions among these ecosystem features, including the magnitude,
predictability and reciprocity of connectivity among populations on the genetic diversity
and structure of populations.

Moreover, the mechanisms by which connectivity and its effects on genetic
structure influence the productivity and resiliency of populations remain poorly
understood. Given the particular importance of larval dispersal to the spatial structure
and persistence of regional populations and the role of oceanographic processes in
determining larval connectivity (e.g., Pineda et al. 2007, Cowen and Sponaugle 2009,
Mitarai et al. 2009), how climate change will alter the patterns and strengths of
connectivity will be critical to forecasting how fishery stocks will respond to climate
change. For example, truncation in size structure and constricted geographic
distribution from fishing may cause exploited populations to be more vulnerable to
climate variability (Hsieh et al. 2008).

Another critical objective of research on spatial connectivity will be to determine
the relationships between scales or patterns of heterogeneity (e.g., landscape scale habitat
configuration, spatial variation in fishing mortality) and population connectivity, and how
knowledge of these spatial scales and geographic patterns of connectivity can inform spatially
explicit approaches to ecosystem-based management. Though diadromous species exemplify
life histories with obligate movement among ecosystems (e.g., Quinn 2005), many
strictly marine species also exhibit ontogenetic movement from shallow nursery
ecosystems (e.g., estuaries, salt marshes, seagrass, mangrove and kelp forests) to
offshore ecosystems inhabited by adults (Deegan et al. 2000, Beck et al. 2001, Kneib 2003,
Gillanders et al. 2003, Adams et al. 2006, contributions in Nagelkerken 2009). Other
species move among habitats in regular migratory behaviors associated with seasonal
shifts in resource availability and reproduction (Pittman and McAlpine 2003). In turn,
the spatial configuration of ecosystems across a landscape can strongly influence the
structure of fish populations and assemblages associated with an ecosystem (e.g.,
Grober-Dunsmore et al. 2007, 2008). However, few studies have assessed the effects of
natural or anthropogenic alteration of nursery habitats or strength of connectivity, such
as habitat fragmentation or fishing impacts, on the spatial structure and persistence of
adult populations and fishery production (e.g., Layman et al. 2004, Aburto-Oropeza et al.
2008, Lipcius et al. 2008). Yet population asynchrony resulting from spatial variation in
the dynamics of ecosystem connectivity can help create sustainable fisheries (Hilborn et
al. 2003).

Our understanding of and capacity to predict how the consequences of
population connectivity will vary in response to a changing climate will require the
development of models that link the responses of populations across linked ecosystems,
including responses of species interactions, metapopulations, and metacommunities

-34 -



CAMEO Science Plan - Part 1 Draft Sept 1, 2010

(Kirby et al. 2008, Schindler et al. 2008). Similarly, the rates and spatial patterns of
connectivity underpin the design and effectiveness of spatially explicit approaches to
fisheries management, including networks of marine protected areas (MPAs: Sale et al.
2005, Fogarty and Botsford 2007, Gaines et al. 2010). Limits to our understanding of the
relationships between adult movement or larval dispersal, physical processes and
spatial structure (i.e. spatial configuration) of pelagic and benthic habitats continue to
constrain our ability to predict community-wide patterns of population connectivity and
applications of metapopulation and metacommunity theory. For example, one
consequence of the movement and transport of organisms, matter, energy and nutrients
among ecosystems is the increase of these resources in the connected ecosystems.
Subsidies include the movement of organisms as parcels of nutrients and energy (e.g.,
Deegan 1993, Menge 2004) and the transport of materials by water movement (e.g.,
upwelling) among ecosystems. Though ecosystem studies have examined the
magnitude and influences of these resource subsidies, we lack a general mechanistic
framework for predicting their effects. The magnitude of structural and functional
responses to resource subsidies can vary markedly among ecosystems depending on
subsidy type, vector, and the physical and biotic characteristics of both providing and
receiving ecosystems, including the ratio of increase to the availability of a particular
resource (Witman et al. 2004, Marczak et al. 2007, Mumby and Hastings 2008). There is
very poor understanding of how human activities (e.g., fishing) affect the production
and export of from ecosystems, the receptivity of connected ecosystems, or the
mechanisms of transport and connectivity, whether intended (e.g., stock enhancement)
or unintended (e.g., ballast water) (e.g., Valentine ef al. 2008). Knowledge of the
mechanisms responsible for variation in contributions from ecosystems to the
productivity, integrity, and resiliency of connected ecosystems can help identify
essential fish habitat and guide policies on habitat restoration (Peterson and Lipcius
2003, Lipcius et al. 2008).

2.3: Determining how spatial connectivity across ecosystem boundaries shapes
the strength and patterns of interactions within ecosystems.

Central to understanding and predicting how changes in the spatial connectivity
among populations and ecosystems influences the productivity and resiliency of marine
ecosystems is an understanding of how influxes of species, nutrients, and energy alter
the structure, functions, and component connectivity of recipient ecosystems (Polis et al.
1997, 2004, Amarasekare 2008). Although spatial connectivity models and ecosystem
models continue to receive growing attention, the lack of integration of these models in
marine systems impairs advances in our understanding of the fundamental relationship
between spatial and component connectivity and the productivity and resiliency of
marine ecosystems. Thus, another crucial research direction is the development of
analytical approaches that integrate spatial and component connectivity to better predict region-
wide and ecosystem-wide responses of species and ecosystems to human activities and
management approaches (e.g., networks of marine protected areas). Comparisons of integrated
modeling approaches within and among ecosystems can be particularly informative to
this shortfall in the science of marine ecosystems. Advances in this direction will require
the collaborative development and application of models involving at minimum
oceanographers and ecologists, and social scientists and resource economists.
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THEME 3: STATE TRANSITIONS AND STABILITY

How do different properties of ecological systems and coupled human-natural
systems influence the potential for transitions between different system states and their
reversibility?

One goal of marine ecosystem-based management of some marine systems is to
implement “ecologically sustainable fishing,” a management approach that allows the
persistence of a particular ecological state and the sustainable delivery of the ecosystem
services associated with that state (Zabel et al. 2003). Therefore, the foundation of such a
plan is an understanding of the controls on transitions between ecological states. State
transitions can occur gradually or abruptly as environmental conditions change,
whether due to anthropogenic or natural drivers (Figure 3). If a system exhibits
alternative stable states, or more than one state being stable for a set of conditions, then
hysteresis can occur, where the path to recover a state differs from that which caused the
original shift (Scheffer et al. 2001). An understanding of the likelihood of shifts between
ecological states and the conditions required to reverse such shifts is critical to managing
systems at the ecological level in terms of reducing the chance of state shifts or restoring
previous states.

The probability of transitions between ecological states, and their reversibility, in
response to perturbations can be described in terms of resilience and stability. Defining
these terms requires that we define not only the types of response but also the system
being perturbed and the perturbation. Two technical definitions of resilience are

currently recognized (Levin
and Lubchenco 2008). The

a) GRADUAL a) ABRUPT a) ALTERNATIVE . . . -1s
TRANSITION TRANSITION STABLE STATES first, engineering resilience,
—— STABLE describes the response of a

==== UNSTABLE .
system to small perturbations

_—
2 \ 4\ e where the system is
” ‘ — linearized around the steady
CONDITIONS state. Such responses are
either unstable or stable with
Figure 3. Possible changes in ecosystem state as exponential decay, where the
environmental conditions change, whether due to time scale of decay (referred
natural or anthropogenic perturbations. Solid lines to as e-folding) is a measure
indicate stable states while broken lines indicate of resilience. The second,
unstable states. (after Scheffer et al. 2001). ecological resilience, refers to

the responses of non-linear
systems to large perturbations where resilience is the size of perturbation beyond which
the system does not return to the previous steady state (Holling 1973). These limits are
related to various possible state transition properties, such as thresholds, regime shifts,
and tipping points. Engineering resilience is exact but of limited use ecologically.
Ecological resilience is more useful but also ambiguous, as the outcome is dependent on
the nature of the “system” being perturbed.
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A major consideration in understanding resilience is the “system” or level within
an ecosystem being considered. Is it a population, community, or ecosystem? Does it
involve interactions between the human and natural systems? A critical management
concern is “restoration” of individual species, yet there is emerging evidence that, for
some ecosystems, resilience may be a property expressed at the community rather than
individual species or population level. For example, even if diversity returns to previous
levels, the original species composition might not return, leading to “resilience without
restoration” (Gifford et al. 2009). At the community level within or across taxa, the
system may be considered resilient, but at the population level it may appear to have
crossed some threshold or tipping point. Therefore, studies that investigate state shifts
across ecological scales are critical to our understanding of resilience.

Defining and understanding the resilience of a system depends on careful
consideration of appropriate spatial and temporal scales. Part of the choice of system
and scale depends on the data available and on analytical capability. In addition, part
depends on the management questions being asked and the scale of governmental
jurisdiction. Thus the spatial scale can extend from a small coral reef, through a marine
protected area (MPA) to a large marine ecosystem (LME), while the governance scale
can span local, national, and international jurisdiction. Resolving the spatial scale is a
necessary prelude to comparing the attributes and mechanisms that determine resilience
across ecosystems. Finally, determination of whether a state shift has occurred, as
opposed to delayed but eventual recovery from a perturbation, requires implementing a
study at the appropriate time scale as it depends on the ecological system and the scale
of perturbation.

An additional framework useful for defining resilience in the context of state
shifts is the framework of complex adaptive systems. Here “adaptive” refers not to
optimization but rather to the overall response of a system to a perturbation as it
emerges from the interacting responses of individual components. The theory of
complex adaptive systems indicates that both resistance to and the probability of
recovery from a change in system state following perturbation is dependent on four key
properties: the diversity, modularity, redundancy, and tightness of feedback loops (one
type of connectivity discussed in Theme 2: Connectivity of Marine Ecosystems) within and
between components of the system. This framework can be used to understand the
dynamics of state transitions of marine systems, but also to inform ecosystem-based
management when considering the coupled human-natural system as a complex
adaptive system (Levin and Lubchenco 2008).

A critical research need is the development of more fully realized models of thresholds and
regime shifts. Existing models generally have one or two state variables with one forcing
function such as temperature, nutrients, or fishing effort. This simplistic model is
appropriate for certain systems, such as experimental ponds, but is inadequate for
marine ecosystems where the critical problems involve the interaction of two or more
drivers, such as climate and fishing effort. The responses across three or more
dimensions and the inclusion of greater biological realism can lead to dynamics that are
not confined to stable or unstable regions but can also include bounded oscillation,
chaos, etc. For example, work in the Black Sea (Oguz and Gilbert 2007) illustrates the
initial appearance of alternate stable states in response to nutrient forcing, however,
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when climate is included it becomes clear that the two states are a smoother transition
driven by different temperature regimes. A major challenge for CAMEQ is to develop
methods to integrate data and theoretical models that illuminate ecosystem responses to combined
stresses.

CASE STUDY 4: STATE SHIFTS IN CARIBBEAN CORAL REEF SYSTEMS
ELUCIDATED BY COMPARISON OVER TIME IN MULTIPLE SYSTEMS.

Transitions between coral-dominated states and macroalgae-dominated states in
tropical reefs illustrate the importance of comparisons in time and across systems to
understand the potential for state transitions in ecological systems, ecosystem responses
to perturbations, and the role of food web connectivity in structuring ecological systems.
For example, in Jamaica, a series of events caused a shift from the coral-dominated to
macro-algae dominated state (Hughes 1994). First, harvesting reduced the diversity of
herbivores from a heterogeneous complex of fish and invertebrates to one primary
herbivore, the sea urchin, Diadema antillanm. Second, a disease outbreak substantially
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Figure CS 4.1. State shifts in coral reef ecosystems. The Tlsetrelas & mmmer o
top row illustrates living coral and macroalagal key properties of state
biomass. The bottom row shows histograms of the transitions, such as the
phase shift index (PSI) in the four regions. Adapted role of diversity (here,
from Bruno et al. 2009. herbivore species

richness) in resilience and
the interaction between multiple natural and anthropogenic impacts (fisheries, disease,
storms) in state shifts. Here, a comparison across time (pre- and post-hurricane
disturbance) was necessary to understand the potential for alternative ecosystem states
as well as the interaction between top-down (herbivore grazing) and bottom-up (storm-
dependent coral mortality) processes in structuring the ecological system and driving
the overall response. In addition, a more recent analysis by Bruno et al. (2009) that
compares tropical reef systems globally allows exploration of the extent to which results
from Jamaica are applicable to other coral reef ecosystems. Their comparison of the
macroalgae cover and “phase shift index” across five tropical reef systems spanning
multiple ocean basins indicates that Jamaica is unique in its persistent distinct states
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(Figure CS 3.1), suggesting a lower likelihood of long-lasting transitions to macroalgae-
dominated states than previously assumed. However, the effects of transient dynamics
and additional guilds such as turf algae likely confound the potential to distinguish
phase shifts based on macroalgae cover. This ongoing debate over whether coral- and
macroalgae-dominated states are alternative stable states and the feasibility of coral
recovery demonstrates the challenge of connecting state transition theory to data.

SCIENTIFIC CHALLENGES
3.1: Determining the role of diversity in state transitions.

The associations between diversity, productivity and resilience of ecosystems are
important considerations for conserving, harvesting, and managing marine resources.
These links are two-way: both productivity, an ecosystem function, and resilience, a
description of ecosystem response to perturbation, depend on, as well as drive, changes
in the diversity of the system. Furthermore, different approaches to conservation such as
effort limitation or protected areas have the potential to produce different patterns of
diversity, different stock levels available for harvest, and different responses to other
perturbations from climatic changes or eutrophication. At the center of these interactions
is the question: what is the role of diversity at different ecological levels (population,
community, ecosystem) in resilience and in changing ecosystem structure? In particular,
we need to understand how state transitions at the population level fit into changes at
the community and ecosystem level. For example, if total production remains the same,
a transition in dominance between fish species may signal resilience at the level of the
fish community or trophic level. Furthermore, we need to determine the consequences of
resilience at these different levels for a range of management priorities. Community
resilience may be an appropriate measure for some aspects of conservation, whereas
persistence of populations of particular species can be considered essential for fisheries.

Knowing whether societal choices in target fisheries can be changed to improve diversity,
productivity and, especially, the resilience of the managed system is critical to ecosystem-based
management. Just as diversity is an important property of the natural system, the human
system involves a diversity of uses, impacts, and management approaches, which
interact with a variety of natural perturbations to influence the potential for transitions
between states in the coupled human-natural system (Case Study 2). By affecting the
potential for state transitions, different uses affect the sustainable delivery of other
ecosystem services. Trade-offs between multiple uses of ecological systems and
regulatory choices are inevitable.
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3.2: Testing the application of the theory of state transitions and resilience in
real ecological systems.

A major challenge to understanding the applicability of state transition theory is
connecting the theory to data from real ecosystems. Our current understanding of state
transitions, stability and resilience primarily derives from theoretical models. However,
the applicability of these models to actual ecosystems systems is controversial (Petraitis
and Dudgeon 2004). Our practical understanding of how these theories play out in the
marine environment is limited by the long temporal scale necessary for data-driven
confirmation of theory (Scheffer at al. 2009). Given the importance of understanding the
sustainability and resilience of marine ecosystems to the long-term impacts of human
activities and the appropriate management approaches to restoration, a critical question
is: when do alternate stable states and hysteresis apply to managed marine systems?
Furthermore, how do we distinguish shifts between alternative stable states from
environmental-condition-dependent state transitions, without alternate stable states but
with slow recovery? In addition to the recovery of a previous state, a scientific
understanding of state transitions could also inform the potential for management to
avoid state shifts. This potential centers on developing practical methodology for
detecting the proximity of a system to a threshold or regime shift. Is it possible to
anticipate shifts between states, and if so, how? Both the ability to anticipate shifts and
the ability to detect shifts once they have occurred, and thus the need for recovery- or
restoration-oriented management, rely on the ability to distinguish state shifts from
background noise. Are there signatures of a state shift that distinguish it from stochastic
processes? In other words, we need improved theoretical and observational methods to assess the
probability of state transitions occurring. At present we can see such shifts only relatively long
after the event, and only for relatively simple switches. Management requires earlier prognoses
for more complex situations.

3.3: Understanding the relative importance of anthropogenic or natural controls
on the transition dynamics and determinants of resilience in coupled human-natural
systems.

Increasing the organizational scale from natural ecological systems to
dynamically coupled human-natural systems raises a unique set of questions. Given the
variety of anthropogenic and natural influences on the state of ecosystems, changes in
one forcing function can substantially influence the resilience to another, with state
shifts being more likely given multiple perturbations (Case Study 5. Multiple independent
stresses not alternative stable states In the Black Sea ecosystem). As noted above, a major
challenge to the study of state transitions is to expand consideration to multiple forcing
functions in order to understand their interaction and overall impact on ecosystem state.
A key central question is: what is the interaction between multiple anthropogenic and natural
forcing functions in determining possible ecosystem states and resilience? We need to be able to
distinguish between the effects of different variable stressors acting simultaneously. For example,
we have combinations of external forcing that are top-down and bottom-up, natural and
anthropogenic, or operate at small and large spatial scales.

When considering the dynamics of coupled human and natural systems, the
management approach can influence the resilience within and across both systems (Case
Study 1 Transitions in the NW Atlantic). For example, some management approaches (e.g.,
spatial planning in the form of marine protected areas, MPAs) might enhance the
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resilience of the ecological system to natural perturbations, and management
approaches that allow tight feedback between ecological changes and management
adjustments might reduce the chance of anthropogenically-driven state shifts.
Collaborative efforts between natural and social scientists are necessary to better
understand these possibilities and address a number of questions at the intersection of
both disciplines. How does the feedback between changes in the natural system and
changes in the human system determine the overall resilience? How does the potential
for state transitions and the stability of marine ecosystem services depend on
governance structure, the participants in governance decisions, and regulatory approach
(e.g., collective choice vs. operational rules)? What is the interaction between resource
use (e.g., food extraction) security, as it depends on ecological resilience, in coastal
ecosystems and the political, economic, and social attributes of the human system? How
do scientific and popular interpretations of transitions influence management
adjustments and behavioral responses, which may in turn affect the nature and timing
of anthropogenic processes affecting state shifts? How does the societal perception of
state shifts and economic adjustments to new ecosystem states influence efforts to
restore depleted populations? In sum, we need to discover the effects of alternate management
strategies on resilience at the population and community levels. For example, it is likely that
MPA’s, gear restrictions, and fish catch limits will have different consequences for resilience of
marine populations and communities. Similarly, different governance structures will affect the
resilience of the coupled human-natural system.
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CASE STUDY 5: MULTIPLE INDEPENDENT STRESSES NOT ALTERNATIVE
STABLE STATES IN THE BLACK SEA ECOSYSTEM

The iconic picture for regime shifts portrays the response of one internal metric
to one variable external forcing function (Figure 3 in main text). But large marine
systems are often subject to two or more independently varying external forces.
Identification of the consequences of each driver, such as climate change, nutrient input
or fishing- whether their actions are additive or synergistic - is critical for management
decisions. One issue for such situations is whether the concept of phase transitions
between alternative stable states is still appropriate. The Black Sea ecosystem has been
subjected to a number of changes in external forces, decadal changes in sea temperature
and in nutrient input, invasions of an alien jelly fish predator on zooplankton, and
increased harvesting of anchovies (Oguz et al., 2008). The changes in average
concentration of phytoplankton biomass provide an integrating metric for responses
within the ecosystem to these forces operating through physical, chemical and biological

processes and at a wide range of
trophic levels.
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THEME 4: HUMAN SOCIETY AND MARINE ECOSYSTEMS

What is the nature and extent of the feedbacks and interactions between humans
and marine ecosystems?

Central to CAMEO’s mandate of supporting research that contributes to
management is bringing social sciences into the effort to understand which forces or
stresses can be managed. Because human activities can be subject to management
intervention, understanding the roles of humans in relation to marine ecosystems is
important. CAMEO supported research including human dimension should lead to a
better understanding of the multiple ways in which humans interact with the oceans
and affect marine ecosystem structure and function, and should provide insight into
effective management strategies. The primary intersections between the natural sciences
and social sciences occurring within CAMEQO include disciplines that explicitly make the
links between changes in human and natural systems, such as governance of marine
systems and the resultant impacts on marine ecosystems. The Northwest Atlantic
codfish collapse (Case Study 1: Transitions In coupled natural-human ecosystems in the
Northwest Atlantic) provides a well-documented example of the impacts of the dual
drivers of fishing and climate, and the interrelationships between change in the marine
ecosystem and the human society that depended on the productivity of this system. In
the longer term, CAMEO hopes to address two-way interactions between the services
provided by natural ecosystems and the impacts on multiple dimensions of human
society.

To understand and manage the influence of expanding human dominance on
marine ecosystems requires an understanding of the interactions and feedbacks among
human decisions and natural system responses. Key concepts are the coupled social-
ecological system (e.g., ocean and lobster productivity, the lobster fishery and its fishing
community) and the effects of different management approaches (e.g., regulation,
incentives, spatial planning) on ecological (e.g., lobster biomass, landings, biodiversity)
and social (e.g., efficiency, equity, accountability) outcomes (Ostrom 2009). This
framework can be used to answer questions such as when the users of a resource will
invest time and energy to avert ‘a tragedy of the commons” and thus produce a
sustainable fishery and fishing community. The features of governance systems (e.g.,
property rights systems, operational rules), user groups (e.g., social heterogeneity,
leadership), and resource units (e.g., economic value, behavior of lobster) that give rise
to different ecological and social outcomes can be quantitatively or qualitatively
assessed using well-developed methodologies (Ostrom 2009). Improvement in
understanding of coupled social-ecological systems (Ostrom 2009) or coupled human
and natural systems is heavily dependent on comparative analyses (Liu et al. 2007a).

Understanding the emergent properties, systemic mechanisms, non-linear
processes, and whether the feedback loops lead to acceleration (positive) or deceleration
(negative) in rates of change of both human and natural components (Liu et al. 2007a,b)
is critical to ecosystem-based management. Understanding whether couplings between
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human and natural components of a marine ecosystem are direct and local or indirect
and global can be a key to influencing how humans respond to signs of change in the
ecosystem (Ostrom 2009). This may be an increasingly important area in which we need
better understanding, given the globalization of both human and natural processes.

The associations between diversity, productivity, and resilience and their links to human
interventions in conserving, harvesting, and regulating are a special focus of CAMEQ.
Resilience, or the capacity to recover from changes in system state, for example, can be
to some degree a function of human behavior, which is in turn affected by governance
institutions such as government itself but also science, business, family, and community.
More generally, research integrating the biophysical and social sciences and agency and
academic scientists is essential to the development of ecosystem-based approaches to
management of marine resources.

SCIENTIFIC CHALLENGES

4.1: Determining how human activities (i.e., drivers such as fishing) change
ecosystem processes (biological, physical, etc.) and ecosystem structure and function
and the benefits humans receive from marine ecosystems (i.e., value of ecosystem goods
and services).

Comparing socio-economic and demographic trends in human use and pressures
on natural systems can improve our understanding of consequences of human activities
on marine systems (e.g., Lotze et al. 2006, Halpern et al. 2008). For example, exploring
how the distribution and density of human populations are changing along coasts, and
how those changes affect the status of species, habitats, or freshwater supply to estuaries
is important to predicting changes in ecosystem structure and function. A comparative
approach will highlight the extent to which results are likely to be general, or conditions
under which different patterns are expected. More direct human-related impacts such as
harvest or pollution loading are relatively well described in their individual impacts on
marine systems, but the cumulative and interactive impacts of climate, harvest, and
other human-induced pressures are not well understood. Another significant gap in our
knowledge is how those cumulative impacts compare across ecosystems, and whether
there are predictable ecosystem attributes that are associated with vulnerability or
resilience of marine systems.

Understanding the linkages between changes in marine ecosystem functions and
changes in ecosystem services--values humans get from ecosystems —is critical
information to understanding the ability of marine systems to support multiple human
needs (Barbier et al. 2008, Aburto-Oropeza et al. 2008, Palumbi et al. 2009, Lester et al.
2010). Ecosystem services from marine systems include provisioning of food from wild-
caught fisheries or aquaculture, protection offered by biogenic habitats from coastal
erosion or inundation, energy generation, recreational activities such as surfing, SCUBA,
and beach-going, and supporting services such as water purification, carbon storage and
sequestration, and biogeochemical cycling (Peterson and Lubchenco 1997). Few studies
have quantified how changes in marine ecosystem processes give rise to changes in the
value of services provided (e.g., Sanchirico and Mumby 2009). For example, quantifying
how human activities change marine habitats and food webs--which in turn changes
fishery landings, wildlife viewing opportunities, and shoreline protection from storms —
can improve our understanding of what benefits ecosystems are capable of producing
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under different states. Comparing changes in ecosystem services due to climate or
human activities in different ecosystems will improve our mechanistic understanding of
the linkages among such drivers.

Comparative analyses of the adaptability of natural systems to perturbations,
including climate change and fishing, will provide useful insights into inherent
properties of ecosystems and how resilient they are to future pressures. Valuation
methods are relatively well developed for goods traded in markets (e.g., fisheries), but
methodologies are in their infancy for valuing other marine ecosystem services humans
care about, such as recreational activities in different locations or aesthetic and cultural
values (NRC 2005, Wilson and Liu 2008, Wainger and Boyd 2009).

4.2: Understanding how humans respond to changes in marine ecosystems and
the follow on effects of that response for ecosystem structure and function.

Comparing governance systems, their effects on human use patterns, and the
resulting effects on ecosystem attributes (e.g., productivity, biodiversity) can shed light
on whether governance reform will contribute to ecosystem recovery and sustainability.
Governance refers to “the formal and informal arrangements, institutions, and mores
which determine how resources or an environment are utilized, how problems and
opportunities are evaluated and analyzed, what behavior is deemed acceptable or
forbidden, and what rules and sanctions are applied to affect the pattern of resource and
environmental use” (Juda 1999). Similarly, analyses of regulatory systems and the
resulting human use patterns can illuminate similarities and differences in ecosystem
response and organization (Murawski et al. 2010, Table 1). For example, it is not well
understood how particular approaches to fisheries management, such as marine
protected areas or catch-share programs, will work in marine ecosystems with different
properties. Conversely, determining how different approaches to fisheries management
function in marine ecosystems with similar properties can highlight promising fishery
management options. Comparing place-based systems, such as short-distance fisheries
or spatial regulations (protected areas, area licenses), with highly mobile, large scale
fishery systems in similar marine ecosystems or in different areas of the same marine
ecosystem can illuminate whether couplings between human and natural components of
a marine ecosystem are direct and local or indirect and global. The scale of such
relationships can be a key factor influencing how humans respond to signs of change in
the ecosystem.

There is a very poor understanding of how human activities (e.g., fishing) affect
the production of resources, and likewise how human activities affect mechanisms of
transport and connectivity, thus influencing the strengths of cross-ecosystem
interactions (see Theme 2: Connectivity in Marine Ecosystems). However, the economic
implications of spatial-dynamic processes at various scales have been developed in
theory, showing how connectivity and related processes such as dispersal rates affect the
fishing sector under different conditions of access and control (Smith et al. 2009,
Sanchirico and Wilen 2007). Economics and institutional arrangements in turn feed-back
onto the ecological system through the redistribution of harvesting effort in space and
time, and very little comparative work on these dynamics in different ecosystems has
been done. Human movement among ecosystems can take place very rapidly, outpacing
regulatory efforts, and with significant ecological consequences, as shown in the history
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of sea urchin exploitation around the globe (Berkes et al. 2006). Accordingly, studies of
marine ecosystems that incorporate coupled human-natural phenomena and take into account the
connectivity implications of regional and global movements of people, material, and information
transfer, will greatly improve our ability to predict the outcomes of coupled human-natural
systems such as occur in fisheries.

Recognition of biophysical transitions such as regime shifts in marine ecosystems
(see Theme 3: State Transitions and Stability) has highlighted the importance of exploring
whether and how fishing effort and climate contributes not only to ecological impacts,
but also social and economic consequences of regime shifts. For example, such
comparative analyses can be used to generate systems-level indicators of “regime shift
risk” to combined climate and fishing pressures (Kenny et al. 2009).

Examining the environmental, economic, knowledge, and governance conditions
which lead to “adaptive” responses by fishing fleets, industries, and/or management
systems can provide insight into the obstacles to resilience in complex adaptive systems.
For example, comparing marine ecosystems with “data-poor” knowledge institutions
with those where data are better or seen as trustworthy will highlight the types of
information and knowledge most critical for marine ecosystem-based management.
Comparisons among ecosystems where marine resource-dependent communities are
poor, as in much of the developing world, versus those where they have more resources,
including alternative livelihoods, will elucidate the degree to which economic status
affects the ways that human communities respond to environmental change and hence
the adaptive capacity of the coupled system. For instance, systems with strong El Nifio
effects and frequent experience with them may have more socio-economic and
governance capacity for adaptive response than systems that are experiencing
incremental and novel effects of climate change.

Comparative studies of marine ecosystems can be furthered by analyses of the
coherence between key bio-physical features and the governance structures. This
includes political jurisdictions (i.e., whether international boundaries or state-federal
distinctions exist and are appropriately dealt with), legislative mandates (i.e., whether
appropriate laws exist, the gaps and overlaps that occur, e.g., Ekstrom et al. 2009), and
how institutions structure the incentives for behavior (including the large topic of
property rights, e.g., Sutinen 2000). Particular approaches to marine ecosystem
management, such as ocean zoning, marine protected areas or limited access and catch
share programs can be analyzed as governance components of marine ecosystems.
Different approaches to conservation such as effort limitation or protected areas have
the potential to produce different patterns of diversity, different stock levels available
for harvest, and different responses to other perturbations from climatic changes or
eutrophication. Addressing significant gaps in the empirical and modeled understanding of
requlatory systems and their effects on human use patterns and ecological systems is needed.
Theory is well developed for the extremes of open access and full private property, but emerging
realities and policies involve complex variations between those extremes.
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THEME 5: COMPARATIVE ANALYSIS, SYNTHESIS AND FORECASTING

How can the comparative approach to ecosystems improve synthesis and
forecasting in marine ecosystems?

The goals and characteristics of the CAMEO program will require the
development of novel analytic methods. These include advancements in quantitative
modeling and statistical analysis that foster the comparative approach in its application
to ecosystem-based management. Indeed, a central rationale for ecosystem-based
management is the idea that processes operating at multiple scales (e.g., biogeochemical
cycles, physical transport processes, predator-prey dynamics, fisheries and related social
systems) all act to regulate the dynamics of ecosystems, and that a more holistic view
can better assess and disentangle the multiple impacts of human activity and climate.
The broad scope of the ecosystem-based approach that CAMEO seeks to enhance
implies an expansion of the types of quantitative models that have traditionally been
used to provide strategic and practical advice.

The expansion from the traditional single populations of fisheries science to
include the ecosystem, and perhaps also to include adaptive human interactions (see
Theme 4: Human Society and Marine Ecosystems) has two broad implications. The first is
that advances in modeling approaches will be needed, such as fully integrated or "multi-
models" (Gross and DeAngelis 2002) that link radically different kinds of models, such
as models downscaling of climate change predictions, models of ocean currents,
chemistry, and temperatures, and models of trophic interactions, individual fish
populations, and human actions. Multi-modeling is still in its infancy, and the mix of
mathematics, statistics and computational methods still needs to be developed. Therefore,
CAMERQ is expecting to support work that develops and tests complex multi-component models
that span different levels of ecological processes (e.g. biogeochemistry, physical oceanography,
predator-prey, fisheries and economics).

The second implication is that such an expansion to large models, or multi-
models, can add complexity in an almost open-ended way, which can lead to a dramatic
rise in the uncertainty of predictions (Yodzis 1988), particularly when model
parameterizations are not constrained by formal statistical fitting or even "tuning" to
past dynamics. Moreover, Punt and Butterworth (1995) demonstrated that the predicted
impact of a management action (the culling of seals) was highly sensitive to the way in
which model components were aggregated, producing either positive or adverse effects
on the intended policy goal (fishing yields). This poses a fundamental problem for
generating ecological forecasts for marine ecosystems. Because of the uncertainties in
predictions of complex systems, CAMEQ is interested in the development of effective approaches
that contribute to reducing these uncertainties. These approaches may come, for example, from
methodologies of ecosystem comparison, advances in mechanistic modeling, or advances in
statistical techniques for both estimating parameters and extracting other relevant information
from data.

The ongoing advancement of statistical methods - fostered in part by
improvements in computing power - provides an opportunity to identify, develop, and
apply novel statistical methods to the comparative analysis of marine ecosystems. How
to develop standardized, powerful and unbiased procedures that can best identify the
contribution of individual human activities to ecosystem responses in a comparative
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framework is an important area of work. The challenge lies in separating true effects
from confounding effects that result from uncontrolled comparisons across temporal
and spatial scales. Integration of statistical and machine learning methods with
modeling may benefit from a greater standardization and uniformity in the way
fundamental biological processes are modeled.

Many models of marine ecosystems exist, but it has been pointed out that there is
a general “lack of a common set of parameterizations of fundamental biological
processes” in these models and this “hinders progress in simulation skill, reliability, and
predictability” (Tian 2006). For example, a fundamental feature of food web models is
the functional response, which relates feeding rates of predators to prey and predator
densities, yet there is no consensus on which is most appropriate and in which contexts.
Jeschke et al. (2002) identify over 40 forms of this relationship that have very different
implications for the dynamics of populations of predators and prey. Which form should
we use in what situation? Synthesis work to test and reduce the number of alternative
representations to a smaller and more standardized set may improve prediction and also lead to
more meaningful ecosystem comparisons.

The comparative synthesis and forecasting approach relies also on developing
and using key indicators, both biological and physical, that track the marine ecosystem
state when direct observations of a specific ecosystem component of interest are
impossible or difficult to attain. A set of more easily observed indicators that are known
to be strongly causally related to future trends of the variable or variables of interest, but
easier to observe, are used as surrogates. If the relationship is strong, then the use of
such surrogates might greatly improve predictability. The development of new
ecosystem indicators critically relies on understanding the dynamics underlying the
statistical links between the indicators and the ecosystem variables of interest. One
possible product of development of forecasting approaches could be the development of
decision support tools or systems, which may be thought of as a kind of synthesis
specifically designed to bring together information and decision tools relevant to
particular problems. These tools integrate information of many different types, and often
models as well, in a system that allows managers to obtain relevant combinations of
information that bear on a specific issue.

SCIENTIFIC CHALLENGES

5.1: Development of new ecosystem modeling strategies that increase our ability
to synthesize and predict marine ecosystems states.

The current state of ecosystem modeling suggests a clash between the need to
include essential process realism and the ability to forecast change in marine ecosystems.
Past experience in food web modeling (e.g., Yodzis 1988) suggests it doubtful that there
is any easy way to predict through simulation modeling involving a large number of
components even just the directional effects of a driver change (e.g., temperature
increase, fishing pressure decrease) scenario on a particular species. This creates a
dilemma. On the one hand, ecological realism demands that some level of complexity be
included in a model of an ecosystem (e.g., Logan 1994). In addition, it may be essential
to include spatial extent and heterogeneity, to model physical conditions such as
currents, or to couple ecological models with economic or social models that have key
feedbacks on marine ecosystems to capture crucial mechanisms that ultimately
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determine the ecosystem response. Without them, phenomena of key concern, such as
regime change or resilience to change, propagation of top-down and bottom-up effects,
or the effects of spatial heterogeneity and connectivity, may be missed. On the other
hand, models that are highly complex may create a false sense of realism (May 2004).
The inclusion of greater complexity also leads to greater uncertainty (e.g., Yodzis 1988,
Fulton et al. 2003).

This dilemma occurs not only in the modeling of marine ecosystems, but is a
universal problem in the modeling of ecological and biological systems. For this reason,
a great deal of attention has been given to finding ways to avoid both the perils of
oversimplicity and overcomplexity. Modelers in all fields of biology and ecology are
seeking to find an intermediate zone of model complexity, called the ‘Medawar zone” in
honor of the biologist Peter Medawar, who called attention to the problem of finding the
right level of model mechanistic complexity (Grimm et al. 2005). Predictability is a
balance between a highly detailed description

Medawar zone and a simple description. There is a tradeoff
between realism of mechanisms and
multiplication of uncertainty.

As the above considerations indicate,
avoiding the uncertainty associated with
attempting to model all relevant aspects of
ecosystem dynamics requires compromises
and simplifications. Detailed structures of

Model complexity biological populations are idealized by
A A considering only key species, or by grouping
T\ Multiple species when their functional and behavioral

/Problem\ Patterns /' Data traits appear similar. The challenge to the

z . modeler is to take those aspects that are
(approximately) known, and to build a
formulation that still enables the extraction of
new results and understanding. Numerous
approaches to the aggregation of individual

Payoff

Figure 4. The largest ‘payoff” in model
success is expected for models of
intermediate complexity, where multiple

patterns are used to help formulate the species into trophic levels or functional
structure and determine parameters of the groups (i.e., a group of several species with
model. common prey and predators) have been used,

but improvements in the methodology are

still needed. Given the centrality of multispecies
trophic models and current modeling approaches to ecosystem-based management, comparisons of
different approaches to modeling marine food webs, including aggregative techniques, are
important (Hollowed et al. 2000, Whipple et al. 2000). Appropriate methods of aggregation
should facilitate application of common models across different ecosystems (Link et al. 2010).
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5.2: Developing statistical and analytic methods that can extract information
from existing observations and which lead to better estimates and forecasts of marine
ecosystems states.

Observations of ecosystem variables are often unable to constrain the state and
functions of a given marine ecosystem. Combining existing observations with modeling
techniques is necessary to improve the models and to estimate the ecosystem state.
Estimating the state of a marine ecosystem is critical to initialize the ecosystem forecast
models. Due to the high degree of non-linearity in the ecosystem dynamics, common
data assimilation methods that combine observations with “linearized” versions of the
ecosystem dynamics may have limited success in estimating ecosystem functions and
states, and in initializing the forecast models. Novel approaches, however, are being
developed in ecology and related fields that have potential to deal with complex, non-
linear systems.

The so-called Pattern-Oriented Modeling (POM) is one such approach. A typical
approach in building simulation models is to attempt to fit all the available data as
closely as possible. This is likely to lead to development of a model that is too far to the
right of the Medawar zone, that is, too complex. POM attempts to provide a more
rigorous and comprehensive methodology to building bottom-up models (e.g., Grimm
and Railsback 2005). In POM, the idea is not to provide a detailed fit to data, but to
describe a number of observed patterns. A pattern is any display of order above random
variation. Patterns are defining characteristics of a system and therefore likely to be
indicators of essential underlying processes and structures. Patterns thus provide
information on the internal organization of a system, but in a ‘coded” form. The purpose
of POM is to ‘decode’ this information (Wiegand et al. 2003). The key idea of POM is to
use multiple patterns observed in real systems as a guide in designing a model’s
structure. By utilizing observed patterns for model design, one is directly tying the
model’s structure to the internal organization of the real system. When designed to
reproduce multiple patterns, models are more likely to be ‘structurally realistic’
(Wiegand et al. 2003, Grimm et al. 2005). In a more general sense, the POM is comparable
to data assimilation methods that operate in a reduced space of parameters and
variables.

An important aspect of modeling marine ecosystems involves advances in statistical and
empirical modeling. New statistical methods are continually being developed to make
more effective use of available data, such as drawing inferences from comparative
studies or making better estimates of model parameters. For example, Bayesian
approaches have been applied to improve estimates of parameters (e.g., van Oijen et al.
2005) and relationships, such as functional responses (Bailey et al. 2010). Bayesian
calibration is especially useful, as it applies to models of any type or size. It provides not
only parameter estimates, but also measures of uncertainty and correlation among the
parameters. The predictive uncertainty of the model can be quantified by running it with
different parameter settings, sampled from the posterior distribution. One can also
evaluate the posterior probability of the model itself (rather than that of the parameters)
and compare that against the probability of other models, to aid in model selection or
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improvement. Bayesian approaches are being used in large-scale modeling in ecology
and related sciences, and further advances in the approach are likely, e.g., Bayesian
belief networks as applied to the analysis of large complex ecosystems (Hosack et al.
2008).

Other needed statistical advances are in the analysis of time series data, which
can help identify causal connections. Hierarchical state-space models (Cressie et al. 2009)
offer promise in revealing underlying processes that dictate dynamic behavior of
ecological systems. One of the key uses of statistics, in combination with mathematical
or computer models, will be to reveal the proximity of possible major regime shifts in
ecosystems (see Theme 3: State Transitions and Stability). Mathematical and computer
simulation models may indicate that certain temporal patterns in the ecosystem may
signal an impending shift. However, picking out such signals from noise will require
sophisticated methods of pattern recognition. Machine learning techniques (e.g.,
Recknagel 2003, Welk et al. 2008) are likely among the methodologies that will advance
prediction in complex ecosystems.

Modeling approaches that address the response of ecosystems to climate and
fishing induced changes in populations and in ecosystem organization and processes in
marine ecosystems are a priority for CAMEOQ. Theoretical models in ecology have
dealt with resistance to changes in the sizes of populations within food webs in
the face of perturbations (e.g., Harrison and Fekete 1980 and many subsequent
papers), and resilience, or the ability to resist regime shifts (e.g., Borrvall et al.
2000). As another example, structurally dynamic models (SDMs), which account
for the changes in the model parameters due to the adaptation or the shift in
species composition resulting from current changes in the forcing functions, will
also be applicable in this general context (Jorgensen 2009). Studies on the effects
of climatic change and fishing on marine ecosystems might ideally be tied to
testing current theory or advancing theory in these areas (see both State
Transitions and Stability and Responsiveness to Perturbations).

5.3: Developing modeling strategies that incorporate ecosystem and human
feedbacks on the drivers, and that are applicable across ecosystems.

Ecosystems differ in spatial scale, in physical conditions, such as currents and
seasonality, in trophic structure, in human impacts, and in the dynamics of particular
species of interest, posing significant challenges to developing general models that apply
across ecosystems. A full representation of differing ecosystems may involve linking a
variety of different models. Difficulties can arise due to different spatial and temporal
scales of concern to various disciplines, differences in degrees of uncertainty of data and
models, and communication problems between disciplines.

Nevertheless, linked-modeling approaches have been advocated in aquatic-
ecosystem modeling (DeAngelis and Cushman 1990, Crockett 1994), in part because a
major advantage of linked modeling is that well-accepted models for specific processes
can be used. For example, Saito et al. (2001) and Hanna et al. (1999) linked a two-
dimensional hydrodynamic model (CE-QUAL-W2) with a bioenergetics model and a
food web-energy transfer model to investigate effects of revised dam operations on the
upstream reservoir ecosystem at Shasta Lake, California. Linking of different model
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types exists in marine ecosystems as well, including the linking of hydrodynamic and
food web models (Lynch et al. 2009). Numerous models include some human
component (see the Human Dimension), e.g., Duarte et al. (2003). Human components of
models may need to be expanded to whole submodels, in which humans react
adaptively to changes in the marine system.

Hybrid modeling methods are approaches that can be useful in linking models.
These approaches are being used where, for example, individual-based modeling (IBM)
is employed for higher trophic levels, while a state variable model is employed from
other components. That is, fish populations of interest, are modeled using IBMs, but are
coupled to traditional state variable nutrient-phytoplankton-zooplankton-detritus
(NPZD) models that provide the prey fields. Hybrid approaches in the marine
environment to date have focused on larval fish (e.g., Hermann et al. 2001).

Other concepts from theoretical ecology, such as macroecological relationships,
can be combined with food web approaches. Progress in the theoretical area of
macroecology is providing ways to simplify marine ecosystem models, yet to simulate
the key processes, especially energy flow. The main idea is to predict the energy flow to
the higher trophic level consumers. This can be done using a minimal level of
knowledge on temperature, size spectra of organisms, and primary production. The size
spectrum of organisms allows one to determine the trophic structure, and theory from
macroecology provides relationship between body size, temperature, and metabolism.
From this information, energy reaching top consumers can be estimated. This approach
does not provide precise information for a given marine ecosystem, but can provide
estimates of global patterns of production of higher trophic levels. One such example is
that of Jennings et al. (2008).

Spatial upscaling of models can be used to extend local measurements to spatially
extended models. One of the most fundamental issues of modeling at the level of whole
ecosystems is how to scale up from measurements at small spatial scales to the much
larger scales that are often of interest. Simple scaling can lead to errors in estimates of
such quantities as primary production and carrying capacities (Duarte et al. 2003).
Progress in upscaling is being made in many areas of ecology (e.g., Bugmann et al. 2000,
Wirtz 2001), and further innovative approaches will be needed to improve the ability to
compare ecosystems.
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SUMMARY

The CAMEO program supports research in which similarities and divergences
among and within ecosystems are evaluated to provide insights into marine ecosystems
relevant for management and policy. CAMEOQ research will focus on the science that
underpins ecosystem-based management of marine species, habitats and ecosystems,
and will likely involve multiple trophic levels. The program has an explicit emphasis on
exploited ecosystems and species, and addresses processes affecting higher trophic
levels (e.g., beyond zooplankton) and/or multi-species interactions.

Central to the program is an emphasis on collaborative partnerships between
academic research communities conducting basic science and federal agency scientists
with mission responsibilities to inform ecosystem management activities. NSF and
NOAA will jointly provide funding for federal and academic scientists to collaborate,
share existing data sets, and develop new empirical studies and mathematical
approaches which will inform model development and evaluate their predictive
capability.

The scientific challenge for CAMEQO is to use comparative analysis of marine
ecosystems in concert with experimental, observational and mathematical approaches to
advance our understanding of and ability to forecast changes in managed marine
ecosystems.
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PART II: PROGRAM IMPLEMENTATION

NOTE: This section is under development by the Science Steering Committee
1 Sept 2010.
Agency Participation
Program Office
Data Management
Philosophy
Policies and Obligations of Participating Researchers
Relationship with BCO-DMO
Documenting the Program
Research Articles
Workshop Reports
Data Compilations
International Collaborations
Strategic Outlook
Evaluation Strategy
Science Team Meetings

Communicating with the Broader Scientific Community
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